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Abstract 

This thesis describes unrestrained microsecond-scale molecular-dynamics (MD) simulations of the 

structurally related peptide hormones Arg8-vasopressin (AVP), urotensin II (UII), urotensin-related 

peptide (URP), Leu8-oxytocin (OT) and analogous. All are agonistic ligands of G-protein coupled 

receptors that regulate a multitude of physiological functions. They are thus, connected with many 

pathophysiological processes, making them a major target for drug design.  

The common structural feature of these intrinsically flexible peptides is a cyclic 6-residue moiety 

closed by a disulphide bridge. The conformational space was explored and systematically clustered 

with the analysis method DASH. The main conformations were classified: They all show two main 

classes of ring conformations independently of their primary sequence. One comprises unfolded 

ring conformations (denoted as open) with no significant transannular hydrogen bonds and the 

other folded, ring conformations with multiple turns stabilised by highly populated hydrogen bonds. 

The conformations of the latter type are often considered as the bioactive structure within the 

binding pocket of the receptor. C- or N-terminal tails either adopt extended or folded conformations 

that generally interconvert more frequently than the ring. An interdependence of ring and tail 

conformations is possible; however, it is most appropriate to base the conformational classification 

primarily on the ring conformation. Structure coordinates of the main conformations may serve as 

input for 3D drug design, receptor/ligand modelling or further simulations. 

Fast conformational equilibria in solution are difficult to access with experimental methods. A new 

technique is introduced that is able to decipher nuclear magnetic resonance (NMR) data of these 

equilibria with a combination of MD simulations and NMR calculations without classical analysis of 

Nuclear-Overhauser effect (NOE) distances and coupling constants. The technique was tested 

successfully for AVP, a “known system”, and subsequently applied to UII/URP, a “less well known 

system”. Based on these results, current single-conformation descriptions of AVP and UII/URP need 

to be replaced by a description as fast equilibria of open and folded conformations with 

characteristic open:folded ratios (AVP 30:70, UII 72:28, URP 86:14). Insights into the pre-allosteric 

dynamics may contribute to the understanding of factors that influence bioactivity.  

The NMR data from experiments performed within this research supplement experimental data 

from the literature (e.g. assignment of cis-Pro3-UII; 15N chemical shifts for AVP and UII/URP). 

The main results of this thesis have been published in peer reviewed journals. 
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QSAR Quantitative Structure Activity Relationship 

R2 Coefficients of Determination  

RadGyr Radius of Gyration 

RCSB Research Collaboratory for Structural Bioinformatics 

ref Reference 

rel Relative  

REMD Replica Exchange Molecular Dynamics 

RF Reaction Field 

RMSD Root Mean Square Deviation 

SCI Science Citation Index 

SDS Sodium Dodecyl Sulphate 

SI Supporting Information, Supplementary Information 

stddev Standard Deviation 

T6 DASH analysis of 6 torsions, e.g. ΦΨ 7 to 9 AVP tail states 

T10 DASH analysis of 10 torsions, e.g. ΦΨ 2 to 6 AVP ring states 

T16 DASH analysis of 16 torsions, e.g. ΦΨ 2 to 9 AVP overall states 

TIP4P-Ew Transferable Intermolecular Potential 4 Point - Ewald 

TM Trans Membrane 

TMS Tetramethylsilane, Si(CH3)4 (NMR standard) 

TOCSY Total Correlated Spectroscopy  
tws, tw.saddle twisted saddle 

UII  Urotensin II (here, also used for human urotensin II) 

UNICAEN Université de Caen Basse−Normandie 

URP Urotensin-Related Peptide 

UTR, UTS2R Urotensin II Receptor  

V1aR Vasopressin-1a Receptor (blood pressure) 

V1bR Vasopressin-1b Receptor (ACTH secretion) 

V2R Vasopressin-2 Receptor (antidiuresis) 

WHAM Weighted Histogram Analysis Method 

WKY Trp-Lys-Tyr 

WRMSE Weighted Root Mean Square Error 

YMe O-methyl-L-tyrosine 

ZIP Compressed File Format 

Δσ Coefficients of Distinctiveness  
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INTRODUCTION 

Chapter 1: Objectives and Outline 

The aim of this study was to elucidate the conformational space and dynamics of the cyclic peptide 

hormone AVP and structurally related peptides (OT, UII, URP, dOT, CT) in order to predict their 

conformational equilibria in solution. Sufficiently long simulations should expose all possible 

conformations (convergence) and should enable structural classification. Here, the first 

microsecond long-scale simulations were performed with these peptides. To predict 

conformational equilibria, a novel technique was tested and established combining results from 

NMR spectroscopy, density-functional theory (DFT)/ NMR calculations, long-scale MD simulations 

and enhanced sampling. The peptides investigated are agonists of their cognate G-protein coupled 

receptors (GPCRs). These peptides exhibit multiple physiological functions that make them a major 

target for drug design. As structure and function are interdependent, an atomistic understanding 

of the conformational dynamics of these peptides will contribute to the understanding of their 

bioactivity. 

The thesis is structured as follows: 

Introduction. The Introduction includes the current Chapter 1 (Objectives and Outline) and Chapter 2 

(Peptides – Biological Function and Structure). Chapter 2 gives an introduction to bioactive peptides and 

conformation in general, and an overview of known structural data for AVP, OT, UII, URP, dOT and 

CT, in particular. It supplements the information on AVP, UII and URP given in the Introductions of 

Paper 1 and 3 (Chaps. 4 and 6).  

Methods. The Methods part comprises Chapter 3, which explains the principles of the methods used 

in this work and discusses their advantages and limitations. The chapter supplements 

methodological details given in the Methods sections and Supporting Information of Papers 1, 2 

and 3 (Chaps. 4-6). 

Results. The research project went through three stages and the results of each stage were 

published consecutively. The thesis presents a cumulative form of these scientific papers (Chapters 

4, 5 and 6) complemented with unpublished results. The papers are given as postprints (unmodified 

content embedded in the formatting of the thesis). Each paper is preceded by a short foreword and 

a clarification of co-author contributions. The Online Supporting Information from the original 

papers is included as reprints in Appendices A1 to A3. The chapters content in particular: 
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Chapter 4 (Paper 1: Conformation and Dynamics of Arg8-Vasopressin). In the first stage of the research 

project, the structurally well-known system AVP was simulated to gain experience with long-scale 

simulations and to assess the reliability of this method. The applicability of the analysis method 

DASH for long trajectories was tested and optimised. It is shown that a separate consideration of 

ring and tail conformations is best suited to characterise the conformations of AVP, further 

supported by the finding that ring and tail conformations are not correlated. AVP comprises four 

main conformations that are described in detail. The results were published in 2014.1  

Chapter 5 (Paper 2 Deciphering NMR-Data for Conformational Equilibria). The second stage of the project 

focused on the determination and evaluation of the conformational equilibrium of AVP. A protocol 

was established and developed to decipher the experimental NMR-spectra of AVP with respect to 

its conformational equilibrium. The technique was validated and showed promise for generic 

application to assess the conformation (or conformational equilibria) of flexible peptides in 

solution. AVP exhibits approximately 70 % folded (saddle) and 30 % open (clinched open) 

conformations. The results and technique were published in 2016.2 

Chapter 6 (Paper 3: Conformation and Dynamics of Urotensin II and Urotensin-Related Peptide). In the third 

stage of the research project, the novel technique was applied to UII and URP. In this case, it was 

shown that conformational equilibria of open and folded conformations are better suited to 

describe the solution structures of UII and URP than single conformations. UII and URP favour open 

conformations in contrast to AVP. UII exhibits approximately 28 % folded and 72 % open 

conformations, URP 14 % folded and 86 % open. These findings were preceded by an in-depth 

exploration of the conformational space of these intrinsically flexible peptides and a systematic 

classification of their conformations. The results were published in 2017.3 

Chapter 7 (unpublished results: Related Peptides and General Conformational Classification). Ongoing projects 

are the investigation of structurally related peptides and analogues (OT, dOT, CT). The current 

results are summarised and common features of all peptides investigated are discussed. Finally, a 

general conformational classification of cyclic peptides with 6-residue ring moiety is given. 

Final Conclusions and Outlook. The last section summarises and reflects the work as a whole. The 

conclusions given in the papers (Chaps. 4 to 6) are combined with the unpublished results (Chap. 7) 

and placed in a general context. The relevance of the results is discussed and outlooks are given. 

Appendices. The Appendices include the Online Supporting Information of the published papers 

and further supplementary material to chapters of this thesis. 
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Chapter 2: Peptides - Biological Function and Structure 

Biological Function of Peptides 

Bioactivity. Peptides consist of amino-acid sequences of variable length. Depending on the chain 

length, one can distinguish between oligopeptides (<= 10 residues) and polypeptides (>10 residues). 

The latter are called proteins when the chain length exceeds 50-100 residues.4,5 Natural peptides 

are synthesised via both ribosomal and non-ribosomal processes.6 When a peptide shows an effect 

on body function, it is deemed bioactive. The functionality ranges from toxic, antioxidant, 

antimicrobial, antihypertensive to neurotransmittant.7,8 Malfunction of peptide signalling may lead 

to diabetes, cardiovascular diseases, arthritis, allergies, digestive dysfunctions, infections and 

inflammation, growth perturbation, obesity, cancer, diseases of the central nervous system, and 

many more.9-11 Some examples of bioactive functions of peptides are given in Table 2.1.  

Table 2.1 The diversity of bioactive peptide functions 
Peptide Function Effect (example)  Peptide (example) Ref.a 

Neurotransmitter, 
Ion channel gating ligand 

Neuronal signal transduction Vasopressin 12 

Hormone, 
Growth factor 

Cellular signalling  Glucagon  13 

Neurotoxin Paralysis Cobratoxin 14 

Antifungal Immunosuppression Cyclosporine A  
Antioxidant Inhibition of cellular oxidation processes Glutathione 15,16 
Antimicrobial Killing or inhibition of microorganisms α-Defensins 17 
Antihypertensive peptides Enzyme inhibition Angiotensin 16 

a References for further reading. 

 
Arg8-vasopressin, oxytocin, urotensin II and urotensin-related peptide are examples of natural 

cyclic peptide hormones found in humans. They mainly perform their function by activating 

GPCRs.18-23 The proposed mechanism for this agonism includes interaction with the cell surface,24,25 

the extracellular loops and intrusion of the peptide ligand into the transmembrane binding pockets 

of its cognate receptors, where a signal is triggered (for references, see Table 2.2). However, more 

complicated reaction paths have been discussed, including multiple conformations,26,27 upstream 

complexes21,28 and biased agonism.29 

Table 2.2 lists the corresponding receptors and main physiological functions of the peptides in the 

focus of this investigation, and gives references for reviews and further reading. Deamino-oxytocin 

(dOT, 1-(beta-mercaptopropionic acid)-oxytocin) and carbetocin (CT, (1-butanoic acid-2-(O-methyl-

L-tyrosine)-1-carbaoxytocin) are synthetic analogues of OT. CT is an approved pharmaceutical 

substitute of OT with a considerably longer half-life.30 It is used for the treatment of excessive 

postpartum bleeding after Caesarean sections.31 Deamino-OT demonstrates superagonistic activity 
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toward the OT receptor but is not used pharmaceutically. It was the first crystal structure 

determined for the aforementioned peptides.32 

Table 2.2 Physiological function and receptors of AVP, human UII, human URP, OT and the synthetic analogue CT 

Peptide Sequence a Receptor References b 

Physiological function (examples) 

AVP c [CYFQNC]PRGNH2 V1aR, V1bR, V2R  20,22,33-38 

 Antidiuretic, antipyretic, regulation of blood pressure, regulation of social and 
sexual behaviour 

39-42 

OT d [CYIQNC]PLGNH2 OTR  19,37,38,43 

 Milk ejection, uterotonic activity, regulation of social and sexual behaviour 41,42,44,45 

CT e [(BuA)(YMe)IQNC]PLGNH2 OTR 46 

 Prevents postpartum bleeding f 30,31 

UII, URP ETPD[CFWKYC]V, A[CFWKYC]V UTR (= UTS2R) 21,23,47,48 

 Vasoconstrictive (cardiovascular homeostasis)  49 
a Cyclic motif in square brackets. b Reviews and further reading. c AVP is also a partial agonist to OTR. d Trivial names: “trust, cuddle, love 
hormone”. e Synthetic analogue of OT. f Intravenous application. Abbreviations: see p. xii. 

 

Pharmacology. The diversity of their bioactive function makes peptides attractive for their 

pharmaceutical potential.8,11,50 GPCR targeting drugs share approximately 25-40 % of the global 

market.26 However, traditional drugs are small molecules and orally bioavailable, stable against 

digestion and able to cross membranes. These are all properties that are commonly not present in 

peptides. Bio-drugs often need to be delivered by injection (e.g. CT), they are usually metabolically 

unstable and show poor membrane permeability. Nevertheless, they outclass traditional small-

molecule drugs, demonstrating high specificity for their targets, high potency and low side 

effects.50,51 In 2010, 100 peptide-based drugs were registered holding approximately 10% of the 

therapeutics market with an increasing share.50 Most of these therapeutics are peptide hormonesi 

with chain lengths of 8-10 residues and cyclic peptides are especially interesting because of higher 

resistance against proteolytic degradation and increased bioavailability.11,50 Furthermore, it is 

assumed for cyclic peptides that their conformational flexibility, in combination with the ability to 

build intramolecular hydrogen bonds (reduction of hydrophilic surface) may facilitate membrane 

crossing.52 Synthetic therapeutic peptides derived from AVP include argipressin (I), desmopressin 

acetate (II), lypressin (III), and phenypressin (IV), indicated for the treatment of diabetes insipidus 

(I, II, III), enuresisii (II), Cushing´s syndrome (III), stomatitis and pharyngitisiii (IV).11 Those derived 

from OT include carbetocin, mentioned above, and atosiban acetate. The latter is used as 

antagonist (tocolyticsiv) for the treatment of premature contractions.11 CT and the mentioned AVP 

                                                           
i or derivatives with hormone function 
ii uncontrolled wetting 
iii inflammation of mouth/lips and back of the throat, respectively 
iv labour suppressants 
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derivatives act agonistically and an activation of 5-20 % of the receptors is sufficient to be effective.i 

UII and URP or their derivatives are not yet used as drugs. 

 

The Structure of Peptides 

Conformation. In 1874, the postgraduate student J. H. van´t Hoff ( who 26 years later became the 

first winner of the Nobel prize in Chemistry)53 made a “suggestion looking to the extension into 

space of the structural formulas at present used in chemistry”54 and proposed that the four covalent 

CH bonds of methane (CH4) adopted a tetrahedral spacial orientation. Though strongly criticised as 

“childish fantasy” by his contemporary H. Kolbe,55 van´t Hoff´s idea prevailed. It introduced the third 

dimension to chemistry and started the fields of stereochemistry and conformational analysis. 

Conformation is generally understood as the “arrangement of atoms in a molecule obtained by 

rotation about one or more single bonds”.56 However, how can conformation best be described? 

2D structural formulae (e.g. Fischer projections) give a limited indication of 3D structure but are 

inadequate to represent the 3D arrangement of macromolecules. A precise definition is given by 

the Cartesian coordinates of the atoms, but this is too detailed a view for many purposes and needs 

computational visualisation to be imaginable and figurative names are often used to communicate 

conformational shapes (e.g. boat or chair for the 3D structure of cyclohexane). 

The prime mover in facilitating the lingua franca of protein structure has been decades of X-ray, 

followed later by neutron, diffraction crystallography and a notation using four structural levels is 

established. The primary structure refers to the defined sequence of amide-bond connected amino 

acids also called residues. Names of the amino acids are abbreviated by 1- or 3-letter codes. The 

secondary structure describes conformational segments denoted as secondary structure motifs. 

Typical secondary structure motifs are turns and helices, which are illustrative descriptions of the 

local conformation. They are defined by distinct sequences of the dihedral angles (Φ and Ψ) of the 

backbone Cα atoms and energetically favoured regions for ΦΨ combinations can be visualised with 

Ramachandran plots.57 A helix describes a periodically repeatable motif, other periodic structure 

motifs are e.g. β-sheets. These structures are generally stabilised by repetitive hydrogen bonds and 

are further characterised by the number of Cα atoms involved in the periodic motif. A turn 

characterises a single conformational motif and a motif with consecutive turns is denoted as a 

multiple turn. The overall folding of all the secondary structure elements in a polypeptide chain 

defines the tertiary structure. A fourth structural level, quaternary structure, is applied if 

                                                           
i antagonists need to occupy at least 50% of all receptors to ensure therapeutic effectiveness 
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polypeptide chains build complexes of multiple subunits. For further basic details, the reader is 

referred to biochemical textbooks (e.g. Stryer´s “Biochemie”4). For a general taxonomy of protein 

structure, reference is made to Richardson.58 

In the context of this work, only the secondary structure elements that are relevant for the 

investigated peptides will be described in detail. Arg8-vasopressin and the structurally related 

peptides exhibit rather short chain lengths of 8 to 11 amino acids and the major motifs of these 

cyclic peptides are turns. Descriptions of the structure of these peptides in solution in terms of 

turns, turn centres and turn types are very common in the literature (cf. Tables 2.3, 2.4, 2.6). The 

classical turns are known as γ- and β-turns. A γ-turn comprises three Cα atoms and a β-turn four 

Cα atoms with characteristic turn centres (Cα
i+1 for a γ-turn, Cα

i+1 and Cα
i+2 for a β-turn), where the 

“course” of the chain is reversed. The classical β-turn includes a hydrogen bond between the 

carbonyl oxygen of residue i and the amide proton of residue i+3, and the ΦΨ torsions at the centre 

Cα atoms define the turn type. A table of classical turn types with further explanations is given (see 

Appendix A5). The classical terminology, however, falls a little short when considering the 

dynamical nature of small peptides in solution or in complexes with their receptor, which now can 

be observed by MD simulation. In this work, the term “classical hydrogen-bonded turn” was 

extended to “open turn” to take into account the conformational fluctuation of the peptides in 

solution and a detailed definition is given in the Supporting Information of Paper 33 (see Appendix 

A3, p. A46). The periodic motifs 310-helix, parallel sheet and anti-parallel sheet were also found in 

conformations of the cyclic oligopeptides in this study. However, periodic motifs emerge only to 

some extent and without long-range repetition due to the short peptide-chain lengths. A 310-helix 

motif comprises three residues and a hydrogen bond from the carbonyl oxygen of residue i to 

residue i+3 (in contrast to i+4 for α-helices) resulting in a ring motif of 10 atoms;58 the ΨΦ torsions 

of this motif fluctuate around -49° and -26° (cf. Appendix 5, Table A5.1). Parallel and anti-parallel 

sheets are subtypes of β-sheets, where adjacent amino-acid sequences are connected via “evenly 

spaced”58 hydrogen bonds with either ascending (parallel) or descending (antiparallel) consecutive 

order.58 While it is debatable whether it makes sense to use periodic structure elements for short 

sequence lengths, each specified secondary structure element matches the required torsion angles 

and/or hydrogen bonds and a notation as helix or sheet indicates a tendency to periodic motif 

repetition. 

In addition and in the spirit of communicative structure notation, most of the main conformations 

identified in the long-scale MD simulations of this work were given names that describe their three-

dimensional shape, e.g. saddle, scoop, twisted saddle and omega (shape of the Greek letter). 



 Introduction 
Chapter 2 

Page 7 of 118 

Relevance. To understand the functionality of peptides, it is necessary to understand their structure 

because of the interdependence of conformation with function. Distinct single conformations are 

the basis of the traditional Lock-and-Key hypothesis (LKH)59 and allosteric models.60-65 The LKH is 

the simple view that a ligand and receptor need to fit together to trigger a response, requiring a 

specific “bioactive” conformation of the ligand. Allostery describes the possibility of conformational 

changes of ligand and/or receptor caused by mutual contact (or contact with further components) 

on the reaction path that triggers a biological function.61,63,65,66 However, more recent models 

consider flexibility and even disorder or, in other terms, conformational dynamics as a functional 

feature: This implies the possibility that the bioactive conformation is not the lowest-energy 

conformation but a minor populated state that is selected from an equilibrium of multiple 

conformations and reproduced by population shift.67-69 All polypeptide chains are intrinsically 

flexible67,68,70 and exist as equilibria of a vast range of conformations. The thermodynamic stability 

determines the relative populations of the conformations and the barrier heights determine the 

timescale of interconversions (kinetics). 

Restrictions. There are several factors that restrict conformational freedom and promote distinct 

conformations.71 The amino acids of peptide chains are linked by peptide bonds. The rotation of a 

peptide bond is limited by its double bond character and a trans conformation of the adjacent 

residues is thermodynamically favoured in native peptides.4 The degrees of freedom increase with 

the sequence length. AVP, UII and other peptides studied here have relatively short sequence 

lengths of 8-11 residues. The chemical or stereochemical nature of the sidechains will also affect 

the 3D structure of peptides via attractive or repulsive interactions along with conformational 

rigidity of residues themselves (e.g. Pro). Examples of decisive sidechain interactions include 

hydrogen bonding, π-π stacking of aromatic rings (Phe, Tyr, Trp), steric hindrance of bulky residues 

(e.g. Arg, Lys), or covalent binding (e.g. Cys, disulphide bridge). Cyclisation is a further consideration 

constraining conformational diversity. The smaller the cyclic chain, the higher the constraint of 

conformations.71 AVP, OT, UII, URP and dOT comprise a 6-residue ring closed by a disulphide bond 

forming a 20-membered macrocycle. They are examples of flexible peptides that nevertheless may 

exhibit defined conformations due to their cyclic restriction (see below). Besides the intrinsic 

properties, the environment will also affect possible conformations. Polar solvents (e.g. H2O) favour 

chemical exchange (e.g. between amide protons and solvent), which may hamper the formation of 

defined secondary-structure motifs, which is why less polar solvents (e.g. dimethyl sulphoxide 

(DMSO)) facilitate them. A peptide in solution certainly has more conformational freedom than a 

peptide in contact with the cell-surface, an outer binding site or a peptide “trapped” in a binding 
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pocket. Consequently, a peptide conformation deduced from a crystal structure cannot be readily 

transferred to the situation in solution and vice versa. 

Analysis Methods. Classical experimental methods of structure determination include X-ray 

crystallography and NMR spectroscopy, accompanied by other spectroscopic methods, e.g. circular 

dichroism spectroscopy (CD). Computational methods are summarised under the term molecular 

modelling and range from quantum chemistry to molecular mechanics (MM), including MD 

simulations. They are able to provide atomistic insight into the conformational space of molecules, 

here, the peptides considered. The methods used in this thesis are discussed in Chapter 3. 

 

Structural Data for AVP, OT, UII, URP, dOT, and CT 

The structural determination of the above peptides started in 1953 when du Vigneaud et al.72 were 

able to identify the amino-acid sequence of oxytocin. This was the first time that the motif of a 

6-residue ring closed by a disulphide bridge was seen in nature, later also identified for vasopressin, 

urotensin, urotensin-related peptide (Scheme 2.1) and others (e.g. insulin). 

A literature review of structural information for OT, dOT, AVP, UII and URP from 1960s until today 

with focus on the ring and tail conformations is given (see Tables 2.3 to 2.6), including results from 

this work. Table 2.5 lists additional conformational aspects. The conformations from the literature 

are assigned to the main conformational ring types defined in this work where possible. These ring 

types are discussed in detail in Chapters 4 (Paper 1), 6 (Paper 3) and 7 (Related Peptides and 

General Conformational Classification).  

The conformational data can be summarised as follows: 

Oxytocin and Deamino-Oxytocin. After the determination of OT´s amino-acid sequence in 1953 by 

du Vigneaud,72 first crystallographic data of dOT followed in 1964 to 1966.73-75 Deamino-oxytocin, 

which only lacks the N-terminal amino group (Scheme 2.1), was considered as model for the 3D 

structure of OT, although dOT is twice as potent74 at the OT receptor. The first complete X-ray 

structure of dOT was published in 1986 by Wood et al.,32 refined by Husain et al. in 1995 (PDB ID: 

1XY1 and 1XY2, Fig. 2.1).76 The two crystal forms found for dOT are both characterised by a 3,4 β-II 

turn and hydrogen bonds Tyr2O-Asn5H and Asn5O-Tyr2H in the ring and a 7,8 β-III turn of the tail 

with a hydrogen bond between Cys6O and Gly9H. 
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Scheme 2.1 Primary structure of the natural peptide hormones AVP, OT, UII, URP, and the artificial analogues 
dOT (1-(beta-mercaptopropionic acid)-oxytocin) and CT (1-(butanoic acid)-2-(O-methyl-Tyr)-1-carbaoxytocin). 
The main sequence differences (AVP/OT/dOT/CT and UII/URP) are highlighted. 
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Figure 2.1a-c Deamino-oxytocin, PDB ID: 1XY1. dOT crystallises in two forms, “wet“ (space group C2, 
PDB ID: 1XY1, shown) and “dry” (space group P21, PDB ID: 1XY2). Both forms show the same ring 
conformation. The backbone shape resembles the ring-state type twisted saddle (= folded-IVb2). 
Depiction: (a) backbone (sticks), sidechains (lines), disulphide bridge (sticks), nonpolar hydrogens hidden, 
transannular hydrogen bonds (dotted lines), residue numbers labelled; (b) backbone (cartoon), sidechains 
(lines), disulphide bridge (lines), nonpolar hydrogens hidden, residue numbers labelled; (c) all atoms as 
spheres, perspective like b. 

 

In 1996, Rose et al.77 published the X-ray structure of OT bound to its carrier protein neurophysin 

(NP) (PDB ID: 1NPO, Fig. 2.2). Like dOT, OTNP exhibits a β-turn at residues Tyr3 and Gln4 but of 

different turn type (β-III). The tail of OTNP crystallises in two forms: a folded conformation with 7,8 

β-turn and an extended conformation with a hydrogen bond from Pro7O to Gly9HNH2. 

 
Figure 2.2a-c Oxytocin, PDB ID: 1NPO. Crystal structure of OT bound to its carrier protein neurophysin 
(not shown). The NP-OT complex crystallises as dimer. Both OT molecules show the same ring 
conformation but differ in their tail conformation, extended (shown) and folded (7,8 β-turn), respectively. 
The backbone shape resembles the ring-state type saddle (= folded-I). Depiction: (a) backbone (sticks), 
sidechains (lines), disulphide bridge (sticks), nonpolar hydrogens hidden, transannular hydrogen bonds 
(dotted lines), residue numbers labelled; (b) backbone (cartoon), sidechains (lines), disulphide bridge 
(lines), nonpolar hydrogens hidden, residue numbers labelled; (c) surface. 
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However, it was NMR spectroscopy that led to the first plausible 3D structure descriptions of OT as 

early as 1971.78 An overview on proposed conformations of OT is given in Table 2.3.  

Table 2.3 Ring and tail conformations of OT and dOT (literature review) 
Method Ring 

conformation 

Turns and hydrogen bonds a Ring-state type 

assignment b 
References 

OT in H2O 

MD 

(50 µs) 
* folded conformations 

(1) 3,4,5 multiple turn (3,4 β-I + 2O5H, 2O6H) 
(2) 3,4,5 multiple turn (3,4 β-II + 2O5H) 
(3) 1-5 310-helix (3,4 β) 
open conformations 
(4) open distorted 4,5 β-VIII/I 
(5) open distorted 4,5 β-II 
(6) open, no classical turns 
Tail: extended and folded 

folded 
(1) saddle 
(2) tws 
(3) twshelix 

open 
(4) clop 
(5) clop45pbr 
(6) open 

Haensele 2017(Chap. 7) 

 

NMR folded 
(*) 

(1)j 3,4 β 
(*) NMR ensemble, no H-bonds 

(1) saddle 
(*) (saddle/clop) 

Koehbach 201379 

NMR folded (1) 3,4 β + 2O5H, 2H5O  
7,8 β + 6O9H 

(1) tws Ohno 201080  

EDMC, 
MD 
(400 ps) 

* 
 
 

(1) 3,4 β 
(2) 2,3 β 
(3) 4,5 β c 

(1) (tws) 
(2) (open) 
(3) (saddle/clop) 

Liwo 199681 

NMR (*) no transannular H-bonds 
 

 Meraldi 197682 
Glickson 197683 
Brewster 197384 

OT in DMSO 

NMR folded (1) 3,4 β-II + 2O5H, 2H5O 
7,8 β + 6O9H 

(1) tws Budesinsky 200585 
Bhaskaran 199286 

NMR (*) (1) no classical turn at 3,4 
no transannular H-bonds 

(1) (tws) Kato 199387 

NMR (*) (1) 3,4 β + 2O5H 
(2) 1-5 ?-turn + 1O5H 
(3) 4Hcarbamid5H 
Tail: folded 

(1) tws 
(2) (twshelix) 
(3) - 

Brewster 197388,89 

NMR folded (1) 3,4 β + 2O5H, no 2H5O 
7,8 β + 6O9H 

(1) (tws) Urry 197090 
Urry 197178 

NMR (*) (assignment)  Johnson 196991 

OT-NP complex 

X-ray d folded (1) 3,4 β-III + 2O(4H,5H,6H), 3O5H 
open 7,8 β and 7-9 γ + 7O9 

(1) saddle Rose 199677 

NMR (folded) (1) Tyr2O exo toward ring (1) clop e Lippens 199392 

OT in vacuo 

MM/MD (*) (*) variants of dOT X-ray conformation (*) twshelix 
f Ward 199193 

PE (*) (*) 3,4 β (+ 2O5H) (*) twshelix 
g Nikiforovich 197994 

PE (*) (*) no transannular H-bonds 
Tail: folded possible 

 Kotelchuck 197295 

dOT in DMSO 

NMR folded (1) 3,4 β + 2O5H, 2H5O 
Tail: folded 

(1) tws Urry 197090 

dOT crystals 

X-ray h folded (1) 3,4 β-II + 2O5H, 2H5O 
7,8 β-III + 6O9H 

(1) tws Husain 199076 
Wood 198632 

X-ray - (1st X-ray data)i  Low 196675 
*Conformational flexibility or dynamic equilibrium of multiple conformations. (*)Conformational flexibility suggested. a Hydrogen bonds 
are denoted by the residue number and the donor and acceptor atom (O carbonyl oxygen; H amide hydrogen). b Assignment to ring-
state types defined in this work and based on turn description or circular similarity of torsion angles (cf. Appendix A4); parentheses 
indicate tentative assignments. c Less populated than 3,4 and 2,3 turn; no unequivocal assignment possible (no torsion published). 
d PDB ID: 1NPO (dimer; different tail conformations for OT). e Circsim (ref vs. clop) = 68 %. f Circsim (ref vs. twshelix) = 51 %. g Circsim (ref 
vs. twshelix) = 52 %. h PDB ID: 1XY(1,2). I Cell dimension, space group, density. j PDB ID: 2MGO, circsim (ref vs. saddle) = 74%. Abbreviations: 
see p. xii. 



 Introduction 
Chapter 2 

Page 12 of 118 

The data in Table 2.3 may be summarised: NMR experiments of OT in DMSO suggest β-turns 

centred at residues 3 and 4 stabilised by hydrogen bonds (Tyr2O-Asn5H, Tyr2O-Cys6H, and/or Asn5O-

Tyr2H). Nonpolar solvents like DMSO appear to favour a compact conformation with folded tail (7,8 

β-turn and hydrogen bond Cys6O-Gly9H) but conformational flexibility is not excluded and 

interconverting β-turn types are assumed. In polar solvents, such as H2O, the transannular hydrogen 

bonds are not evident inferring high conformational flexibility. However, in 1993, Kato et al.87 

pointed out that in DMSO none of the published NMR structures would be consistent with all of 

their observed NOE data and that “for small peptides such as oxytocin […], problems of molecular 

flexibility or multiple conformers are very serious”. The existence of multiple low-energy 

conformations was further suggested by early MM calculations81,94 and Liwo et al.96 in 1989 

proposed a classification of ring conformations for dOT and Deamino-Arg8-vasopressin (dAVP) by 

analogy with cyclohexane conformations; this was not developed further.i  

Arg8-Vasopressin. AVP differs from OT in positions 3 and 8 (cf. Scheme 2.1). Ile3 becomes Phe3, 

giving the possibility of π-π interaction with the neighbouring residue Tyr2 and the hydrophobic 

Leu8 changes to the sterically demanding hydrophilic residue Arg8. Conformational diversity also 

applies to AVP (see Table 2.4). The X-ray structure of AVP bound to its carrier NP has yet to be 

published. However, an X-ray structure of AVP bound to trypsin exists (PDB ID: 1YF4, Fig. 2.3).97 

 

Figure 2.3a-c Arg8-vasopressin, PDB ID: 1YF4. Crystal structure of AVP bound to enzyme trypsin (trypsin 
not shown). The backbone shape resembles the ring-state type open (= lasso). Depiction: (a) backbone 
(sticks), sidechains (lines), disulphide bridge (sticks), nonpolar hydrogens hidden, residue numbers 
labelled; (b) backbone (cartoon), sidechains (lines), disulphide bridge (lines), nonpolar hydrogens hidden, 
residue numbers labelled; (c) surface. 

  

                                                           
i They assigned low-energy (MM calculations) ring conformations (defined by Cα positions) of dOT and dAVP to cyclohexane 
conformations (boat, chair, twist, sofa with 26 subcategories). The idea was not developed further, superseded by the clearer sequential 
notation with secondary-structure elements.   
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This shows an unfolded (open) conformation significantly different to the folded β-turn 

conformations found for OTNP (cf. Fig. 2.2). However, the X-ray structure of the NP complex of Lys8-

VP (LVP, PDB ID: 1JK4, porcine vasopressin)98 is very similar to OT with β-turns at 3,4. NMR 

experiments for AVP (see Table 2.4) suggest conformations with β-turns at residues 3,4 and/or 4,5 

of different fast interchanging types and possible transannular hydrogen bonds, depending on the 

polarity of the solvent. AVP, like OT, is suggested to be a flexible molecule able to adopt multiple 

conformations99,100 even more flexible than OT.101  

Table 2.4 Ring and tail conformation of AVP (literature review) 
Method Ring 

conformation 

Turns and hydrogen bonds a Ring-state type 
assignment b 

Reference 

AVP in H2O 

MD+NMR 
(23 µs)  

70 % : 30 % 
folded:open 

 

folded conformations 
(1) 3,4,5 multiple turn (3,4 β-I + 2O5H, 
2O6H) 
(2) 3,4,5 multiple turn (3,4 β-II + 2O5H) 
open conformations 
(3) open distorted 4,5 β-VIII/I 
(4) open, no classical turns 
Tail: extended and folded  

folded 
(1) saddle 
(2) tws 
open 
(3) clop 
(4) open 

Haensele 20141(Chap. 4) 
Haensele 20162(Chap. 5) 

REMD 
(50 ns) 

foldedi (1) 3,4 β-III + 2O5H, 2O6H 
Tail: extended and folded 

(1) saddle Yedvabny 2014102 

NMR (*) (1) open 3,4 β-II + 4,5 β-III’ 
(2) open 3,4 β-II + 4,5 β-I’ii 

(1) (tws) 
(2) (tws) 

Sikorska 2008103 

EDMC, 
MD c 

(400 ps) 

* (1) 3,4 β 
(2) 4,5 β 
(3) 2,3 β d 

(1) (tws) 
(2) (saddle/clop) 
(3) (open) 

Liwo 199681 

AVP in DMSO g 

NMR 
 

(*) (1) 3,4 β-II (or I’) 
(2) 3,4 β-II’  
(3) 3,4 β-I 
Tail: ≥ 2 conformers 

(1) tws 
(2) – 
(3) saddle 

Schmidt 199199 

NMR (*) (1) 3,4 β + 2O5H (1) - Walter 1974104 

AVP in micelles e 

NMR 
(DPD) 

folded (1) 3,4 β-II (or VII) + 4,5 β-I’ (or IV) + 2O6H 
70 % 6,7 β-I + 6O8H 

(1) (tws) Lubecka 2015105 

NMR 
(SDS) 

folded (1) 3,4 β-II’ + 4,5 β-I + 3O6H + 5,6 β-IV 
cis-peptide bond Cys1-Tyr2 
Tail: γ or β-turn 

(1) -  Rodziewicz 2008100 

AVP-trypsin complex 

X-ray open (1) 2O4H + 4O6Hiii (1) open Ibrahim 97 
*Conformational flexibility or dynamic equilibrium of multiple conformations. (*)Conformational flexibility suggested. a Hydrogen bonds 
are denoted by the residue number and the donor and acceptor atom (O carbonyl oxygen; H amide hydrogen). b Assignment to ring-
state types defined in this work and based on turn description or circular similarity of torsion angles (cf. Appendix A4); parentheses 
indicate tentative assignments. c With “hydration-shell”. d Less populated than 3,4 and 4,5 turn; no unequivocal assignment possible (no 
torsion published). e Spherical aggregation of lipid molecules, “membrane mimic”. Abbreviations: see p. xii. 

  

                                                           
i Only the ring-state type saddle was found (both for OT and AVP). The REMD simulation appears not to be converged and conclusions 

have to be considered with caution.  
ii Remark: Long-scale MD simulations show that in solution a fluctuation of ±30° around an ideal turn torsions can be assumed. Thus, 

β-I’ (+60° +30° +90° 0°) and β-III’ (+60° +30° +60° +30°) turns are not distinguishable. Sikorska´s two conformations, (1) and (2), belong 
to the same conformational main type. 

iii Cannot be verified: 2O4H = 5.0 Å, 4O6H = 3.6 Å (PyMOL) 
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In 1996, Liwo et al.81 published the first comprehensive MD study (EDMC and Monte Carlo, total 

simulation time 400 ps) of OT and AVP and proposed conformations for both AVP and OT with β-

turns centred at 2,3, 3,4 and 4,5. They predicted a prevalence of 3,4 and 4,5-turns for AVP, and 3,4 

and 2,3-turns for OT.  

Further experimental methods, e.g. CD and Raman spectroscopy, complement the structure 

elucidation of OT and AVP. The main results are listed in Table 2.5 and can be summarised as 

follows:  

1) The ring-closing disulphide bridge is suggested to adopt conformations of right-handed chirality 

and a dihedral angle around ±90° (stddev 30°). (2) Non-covalent attractive interactions 

(π-π stacking) of Tyr2 and Phe3 in AVP are very likely. (3) The C-terminal tails of AVP and OT are more 

mobile than the ring. (4) AVP and OT show proline cis/trans isomerisation with approximately 

5-10 % cis-Pro7. 

Table 2.5 Additional structural properties for OT, AVP, dOT, and UII (literature review) 
Peptide Conformational data Meth. a Reference 

 Flexibility   

OT in H2O   OT is less flexible than VP (LVP)  A Gryczynski 1991101 

OT in H2O   flexible backbone B, C Hruby 1978106 

 Secondary structure    

OT in H2O   β-turn like (ring) C Tu 1978107 

AVP in H2O  β-turn, β-sheet, and random-coil bands C Podstawka 2006108 

UII(4-11)  disordered conformers of random coil, turn and β-structures C Carotenuto 2004109 

 Disulphide bridge   

OT in H2O  right-handedness, g-g-g > g-g-t, t-g-t F,G Pazderkova 2012110 

  right-handed chirality, ∢CSSC = 110-115° B, C Hruby 1978106 

  OT (and dOT) ∢CSSC = right-handed helical, distorted B, E Urry 1968111 

  g-g-g C Tu 1978107 

OT in DMSO   ∢CSSC = ±90° (stddev 30°) B, C Maxfield 1977112 

AVP in H2O  right-handedness, g-g-g > g-g-t, t-g-t F,G Pazderkova 2012110 

  g-g-g and t-g-t C Podstawka 2006108 

  g-g-g possible B, C Tu 1979113 

 Tail   

OT in H2O  above ring A Gryczynski 1991101 

  no evidence for noncovalent ring/tail interaction D Cowburn 1983114 

  higher flexibility than ring D Deslaurier 1974115 

OT in DMSO  more flexible than ring D Bhaskaran 199286 

AVP in H2O  no evidence for noncovalent ring/tail interaction D Cowburn 1983114 

  folded (above ring) B Fric 1975116 

AVP in DMSO  higher mobility than ring (AVP, OT); higher mobility than in OT D Walter 1974104 

 π-π interaction   

AVP in H2O  π-π stacking of Tyr2 and Phe3 A Szmacinski 1996117 

  possible but no major interaction D Cowburn 1983114 

  π-π stacking of Tyr2 and Phe3 B Fric 1975116 

  higher local rigidity at Tyr2 counts for π-π stacking B Fric 1975116 

AVP in DMSO  no π-π stacking of Tyr2 and Phe3 D Schmidt 199199 
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Table 2.5 continued 
Peptide Conformational data Meth. a Reference 

 Pro7 cis/trans isomerisation   

AVP in H2O  ~5 % cis D Sikorska 2008103 

  ~9 % cis 

 isomerisation via twisted Cys6-Pro7 imide bond 

D 
D 

Larive 1992118 
Larive 1993119 

OT in H2O  ~10 % cis D Larive 1992118 

  ~0 % cis D Glasel 1973120 

UII in H2O  ~11 % cis D Haensele unpublished 

 Tyr2   

OT in H2O  more shielded from solvent than in LVP A Gryczynski 1991101 

  exposed to solvent C Tu 1978107 

AVP in H2O  exposed to solvent B, C Tu 1979113 

 Sidechain conformation   

OT, AVP in H2O  no significant differences D Cowburn 1983114 
a Spectroscopy methods: Fluorescence Anisotropy (A), Circular Dichroism (B), Raman (C), Nuclear Magnetic Resonance (D), UV (E), 

Vibrational Circular Dichroism (F), Raman Optical Activity (G). 

 

Urotensin and Urotensin-Related Peptide Whereas OT and AVP are veterans in the field of 

structure determination, UII and URP are relatively new research objects. In 1999, UII was detected 

in mammals, including humans,121-123 and four years later, its paralogue URP was identified124 (cf. 

Introduction of Paper 3 (Chap. 6)). UII has a 6-membered cyclic ring and a disulphide bridge in 

common with OT, dOT and AVP but a very different sequence and its 4-residue tail is in N-terminal 

position instead of the C-terminal tail of AVP and OT/dOT (cf. Scheme 2.1). URP has the same ring 

sequence as UII but lacks the multi-residue tail. Conformational data are rare compared to OT and 

AVP and to date there are no X-ray structures of UII or URP. Structure descriptions deduced from 

spectroscopy experiments vary from distinct single conformations125,126 with preferred turn centres 

at residues Lys and Tyr (8,9 for UII and 5,6 for URP) to unstructured/flexible109,127 (cf. Table 2.6). 

Residues 8,9 of UII and 5,6 of URP correspond to centres 4,5 in OT, dOT, AVP, and CT. 

Table 2.6 Ring and tail conformations of UII and URP (literature review) 
Method Ring 

conformation 

Turns and hydrogen bonds a Ring-state type 

assignment b 
Reference 

UII in H2O 

MD+NMR 
(37.8 µs) 

28 % : 72 % 
folded:open 

folded conformations 
(1) 7,8,9 (7,8 β-I) 
(2) 7,8,9 (7,8 β-II) 
(3) 6,7,8 (5-9 helix) 
(4) 7,8,9 (6-10 p-sheet) 
(5) 6,7,8 (6,7 β-III’) 
open conformations 
(6) 8,9 β-I/VIII 
(7) 8,9 β-II 
(8) 6,7 β-I 

folded 
(1) folded-I 
(2) folded-IVb2 
(3) inv-folded 
(4) folded-II 
(5) folded-III 
open 
(6) omega-I 
(7) omega-II 
(8) scoop + lasso 

Haensele 20173 (Chap. 6) 

NMR open (1) widened 7,8,9 γ + 8,9,10 γ + 
possible: 7O9H + 8O9H  

(1) omega Lescot 2007126 

CD+NMR (*) (*) disordered conformers c  Carotenuto 2004109 

NMR unstructured no classical turns, 
no hydrogen bonds 

 Flohr 2002128 
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Table 2.6 continued 
Method Ring 

conformation 

Turns and hydrogen bonds a Ring-state type 

assignment b 
Reference 

UII in DMSO 

NMR unstructured no standard secondary structure 
Tail: 3,4 β-I possible 

(1) omega or 
folded-IVb2d 

Grieco 2002129 

UII in SDS 

NMR folded (1) β-hairpin (7,8-II’) 
(2) flexible 

(1) (folded) 
(2) - 

Carotenuto 2004109 

URP in H2O 

MD+NMR 
(22.8 µs) 

14 % : 86 % 
folded:open 

folded conformations 
(1) 4,5,6 γ 
(2) 2-7 antip. β-sheet (4,5 β-II) 
open conformations 
(3) 5,6 β-I/VIII 
(4) 5,6 β-II 
(5) 3,4 β-VIII 

folded 
(1) hybrid 
(2) sheet 
open 
(3) omega-I 
(4) omega-II 
(5) lasso45pbr 

Haensele 20173 (Chap. 6) 

NMR (*) high structural flexibility, 
no hydrogen bonds 

 Brancaccio 2015127 

NMR open (1) 4,5,6 γ’ + 4O6H (1) omega-I e Chatenet 2004127 

URP in SDS 

NMR folded (1) β-hairpin (7,8-II’) (1) (folded) Brancaccio 2015127 
*Conformational flexibility or dynamic equilibrium of multiple conformations. (*) Conformational flexibility suggested. a Hydrogen bonds 
are denoted by the residue number and the donor and acceptor atom (O carbonyl oxygen; H amide hydrogen). b Assignment to ring-
state types defined in this work and based on turn description or circular similarity of torsion angles (cf. Appendix A4); parentheses 
indicate tentative assignments. c UII(4-11) fragment. d Circsim (ref vs. omega-I or folded-IVb2) = 67 %. e Circsim (ref vs. omega-I) = 86 %. 
Abbreviations: see p. xii. 

 

Carbetocin. CT resembles OT´s primary structure. The sulphur atom from Cys1 of the disulphide 

bridge is replaced by a methylene group and the hydroxyl group of Tyr2 is methylated. CT is an 

approved drug substitute for OT and a commercial peptide (Ferring Arzneimittel GmbH). It is the 

subject of several pharmacological studies31,130,131 but X-ray or NMR data for CT are not publicly 

available. Here it is used to complement the MD studies of natural peptide hormones with a 

synthetic analogue. 

 

Motivation of the Study 

As has been shown, the peptides in the focus of this thesis are interesting because of their versatile 

physiological properties, which are closely related to their structure. However, even if numerous 

structural data are available, there is no consistent description of their conformational preferences 

due to their flexibility.  

For this thesis, the conformational space of several peptides with the common motif of a 6-residue 

ring was extensively explored with unrestrained µs-scale MD simulations to identify their main 

conformational types. This finally led to a general classification in terms of open and folded ring-

state types (Chap. 7). Subtypes of the two classes are defined by turn centres and hydrogen bonds, 
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and similarities between the peptides are pointed out. The tables of this chapter (Tables 2.3, 2.4, 

2.6) anticipate the results of this classification by assigning the structures from the literature to the 

ring-state types defined in this work. 

A consistent conformational description of these peptides may help clarify contradictory structure 

definitions found in the literature. Each main conformational type identified for the peptide 

hormones is a potential bioactive conformation that can be used directly for molecular docking to 

investigate the interaction with their cognate receptors and to design pharmacophores. The generic 

classification of conformations (Chap. 7) will facilitate the structural analysis of related peptides and 

the modelling of analogues for subsequent research toward defining their nature of modulation of 

their cognate receptors. With the advent of a better understanding of these peptides and their 

conformational preferences and clarification of interactions with their receptors this may lead to 

better non-peptide drugs with therapeutically useful modulatory properties. 

A further aim of this thesis was to investigate the molecular flexibility of the peptides as expressed 

by their conformational equilibria. These equilibria are difficult to access experimentally if 

conformational interconversions are fast relative to the NMR timescale.132,133 In this work, the 

equilibrium concentrations for AVP, UII, and URP in aqueous solution were determined via long-

scale MD simulations combined with enhanced sampling methods. The in silico results were 

validated via statistical comparison of DFT-calculated chemical shifts with NMR experimental 

chemical shifts. The protocol was developed using AVP, publicly introduced in Paper 2 (Chap. 5) and 

subsequently applied to UII and URP in Paper 3 (Chap. 6) to predict their multiple-conformation 

equilibria in solution. The validation technique provides a method for the analysis of fast 

interconverting multi-conformational systems in general and may contribute methodologically to 

the research field of intrinsically disordered peptides. The determination of the conformational 

equilibria in solution defines the thermodynamic starting point for an allosteric signalling cascade 

during ligand/receptor interaction. It matters particularly if a minor populated “experimentally 

invisible” state initiates a signal transduction rather than an experimentally predominant 

conformation. 

This research project was embedded in the European network project PeReNE (Peptide Research 

Network of Excellence)337 as part of the Interreg IVA France (Channel) - England program 2007-2014 

and the results of this work have been used inter alia by the groups of Prof. R. Bureau (University 

of Normandy, drug design), Prof. J. Essex (University of Southampton, development of unbiased 

enhanced sampling methods for intrinsically disordered peptides and proteins), and Prof. T. Clark 

(Friedrich-Alexander-Universität Erlangen-Nürnberg, metadynamics simulation of multi-allosteric 
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ligand-receptor reaction pathways). The multidisciplinary nature of this collaboration afforded a 

great opportunity for the resultant successful cross fertilization of ideas. Regular group meetings 

and arranged symposia progressed the project considerably.  

In summary, there are a multitude of reasons that make the results reported in this thesis 

interesting for differing research areas (MD simulation and related analysis methods, NMR 

spectroscopy, pharmacological research) and the scientific contribution is further indicated by the 

successful publication of the results of this thesis as peer-reviewed papers.  
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METHODS 

Chapter 3: Methodological Backgrounds 

"Today the computer is just as important a tool for 
chemists as the test tube. Simulations are so realistic 
that they predict the outcome of traditional 
experiments." 
 
Press Release 09-Oct-2013 of the Royal Swedish Academy of Science, 

Nobel Prize Chemistry 2013 134 

 

This chapter gives an overview of the principles and background of the methods used for this thesis. 

Reasons are given justifying the choice of methods. A research setup is outlined. Further on, more 

specific, methodological details are given in the subsequent chapters containing the publications.1-3 

 

Research Setup 

Acquisition of Structural Data. Methods to determine the structure of peptides and proteins have 

been addressed briefly in Chapter 2, primarily X-ray crystallography and NMR spectroscopy. 

However, X-ray crystallography is not suited to determining conformations in solution and NMR 

spectroscopy is limited if conformational interconversions are fast relative to the NMR timescale. 

MD simulations, however, enable the study of conformational interconversions on an atomistic 

level. Protein folding occurs on a timescale of microseconds135 to seconds136,137 or even longer,138,139 

and current computer power makes it possible to access simulation times of microseconds. Thus, 

long-scale simulations aim inter alia to reach realistic timescales. Here, the AMBER force field 

ff99SB140 was used to study the conformational space of cyclic peptide hormones with explicit water 

solvation. 

Analysis of Structural Data. The clustering of the conformational data was performed with DASH,141 

complemented with principal component analysis (PCA). For secondary-structure analyses, the 

AMBER tools ptraj and cpptraj142,143 were used and the similarity of conformations was quantified 

by calculation of the circular similarity (see below). 

Validation of Structural Data. NMR experiments of AVP, UII and URP in aqueous solution were 

performed to determine experimental chemical shifts; while chemical shifts for conformational 
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representatives of AVP, UII and URP were calculated using density functional theory (DFT) methods. 

The equilibrium populations for representative conformations were estimated via enhanced 

sampling with metadynamics simulations by Saleh and replica exchange simulations (REMD) by 

Essex and co-workers. The in silico results gathered from µs-scale MD simulations and enhanced 

sampling methods were compared statistically with the experimental results.  

 

Molecular-Dynamics Simulations 

What is MD simulation? Physicochemical Aspects. The potential energy of a molecule is a function 

of its conformation and the conformational space can be represented as a potential energy surface. 

This multi-dimensional energy surface can be described by a force field with contributions of bond 

lengths, bond angles, torsions, non-bonding forces and electrostatic forces. The energy 

contributions are parameterised and the potential energy is approximated by summation of 

harmonic potentials for bonds and angles, Fourier expansions for torsions (torsion potential), 

Lennard-Jones potentials for non-bonding forces (dispersion, van der Waals) and the Coulomb law 

for electrostatic contributions. This approach is called molecular mechanics (MM) and the resulting 

potential energy is the MM energyi. Equation (3.1) is a typical MM energy function as used by the 

AMBER force field ff99SB.140 

 
 𝐸𝑀𝑀 = 𝐸𝑏𝑜𝑛𝑑𝑒𝑑 + 𝐸𝑛𝑜𝑛−𝑏𝑜𝑛𝑑 (3.1) 

= ∑
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with EMM molecular mechanics energy; Ebond/non-bond energy terms for bonded and non-bond forces; i,j number of atom; 
k force constant; l bond length; suffix 0 equilibrium/minimum; Θ bond angle; Vn torsion force constant (amplitude); Φ 

torsion; γn phase (position of 1st maximum); n number of maxima; ε maximum attractive energy; rij distance; σ distance 
of no interaction; qi, qj partial charges at atom i and j, ε0 electric constant 

                                                           
i in contrast to the evaluation of the potential energy by quantum mechanics 
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The force field is the dataset of parameters (e.g. kl, l0, Θ0, ε in Eq. (3.1)) together with the energy 

functions used to calculate the potential energy. The parameterisation considers atom types 

(including hybridisation and atom charges), all possible atom-type combinations (e.g. bond lengths, 

bond angles, proper and improper torsions, non-bonded interactions, electrostatic interactions) 

and, if necessary, rules to estimate missing parameters. For textbooks and reviews on MD 

simulations, see e.g. references 144-147; additional physicochemical background knowledge is 

given in Appendix A6. 

Molecular dynamics describes the possible motion of atoms within a molecule. This includes 

interconversions between different conformations. In classical mechanics, the atomic motion is 

determined by solving Newton´s laws of motion148 (Eq. (3.2) and Appendix A6). This approach 

calculates the future position of an atom from its current and previous positions. It determines how 

changes in the potential energy (
𝜕𝐸𝑀𝑀

𝜕𝑟𝑖
) are related to changes in position as a function of time 

(Eq. (3.3)). 

 𝐹⃑𝑖 = 𝑚𝑖𝑎⃑𝑖       and      𝑎⃑𝑖 =
𝜕2𝑟⃑⃑𝑖

𝜕𝑡2  (3.2) 

 −
𝜕𝐸𝑀𝑀

𝜕𝑟𝑖
= 𝑚𝑖

𝜕2𝑟𝑖

𝜕𝑡2  (3.3) 
with i atom number, Fi force, mi mass, ai velocity, ri position, t time 

 

MD simulation, thus, explores the conformational space autonomously.145 The results of MD 

simulations are time-trajectories of conformations and time-averaged populations of 

conformations. In theory, if the system were allowed to evolve indefinitely, all possible 

conformations would be sampled. Experimental methods, in contrast, result in ensemble averages. 

However, in the case of convergence, the time-average of populations (“MD equilibrium”) should 

equal the experimentally observable ensemble average (“experimental equilibrium”). This axiom is 

called the ergodic hypothesis (cf. Appendix A6) and it is the fundamental reason why MD 

simulations should run for as long as possible.  

Equilibrium populations and free energy are related via Eq. (3.4): 

 Δ𝐺 = −𝑅𝑇𝑙𝑛𝐾𝑒𝑞 = −𝑅𝑇𝑙𝑛
[𝑃2]

[𝑃1]
 (3.4) 

with ΔG difference of Gibbs free energy; R ideal gas constant (); T temperature; Keq 
equilibrium constant; P1, P2 concentrations (populations)  

 

However, if the sampling is insufficient, the energy cannot be deduced from the MD populations. 

Even with µs-scale simulation lengths, convergence cannot be taken for granted149 and in this case, 

enhanced sampling methods are recommended, e.g. umbrella sampling,150 metadynamics,151 
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replica-exchange molecular-dynamics simulations,152 or solute tempering.153 Enhanced sampling 

was performed for AVP, UII and URPi to supplement the long-scale MD simulations. Methodological 

details are given in Chapter 5 (Paper 2) and Chapter 6 (Paper 3). For additional information, 

reference is made to the literature.150-152,154-161 

At this point, it must be mentioned that free energies and equilibrium populations cannot be 

deduced from potential energies under standard conditions (T≠0) because the entropy term is 

unknown (Eq. (3.5)): 

 𝐺 = 𝐻 + 𝑇𝑆 = (𝑈 − 𝑝𝑉) + 𝑇𝑆 (3.5) 
with G Gibbs free energy, H enthalpy, T absolute temperature, S entropy, U internal 
energy (here: EMM potential energy), p pressure, V volume 

 

Consequently, the global minimum of the potential energy surface need not be the highest 

populated (most stable) conformation.145 Nevertheless, it is assumed that the low-energy regions 

of the hypersurface are the most populated. 

Historical Aspects. The development of force fields and MD simulations started about 40 years ago 

with potential energy calculations by e.g. Scheraga95,162 and Allinger et al.163 The consistent force 

field (CFF) by Lifson and Warshel164,165 is often regarded as the “foundation of modern molecular 

modelling”.166 One of the first protein MD simulations was published by McCammon, Karplus et al. 

in 1977.167 Nowadays, several well recognised force fields are available and commonly used, e.g. 

AMBER,168-170 CHARMM,171,172 OPLS,173,174 and GROMOS.175 AMBER, CHARMM, and OPLS offer all-

atom force fields. AMBER and CHARMM focus primarily on protein simulation, OPLS on the 

simulation of liquids. GROMOS was initially optimised for alkanes and it still uses united-atom force 

fields. Here, only the development of the AMBER force field, which was used in this work, will be 

described in detail. AMBER was introduced in 1981 as “a general program for modelling molecules 

and their interaction”.170 The first widely used AMBER force field, released in 1984,169 considered 

only polarisable hydrogens explicitly and nonpolar hydrogens were parameterised as a unit with 

their bonding partners (united-atom force field). The architecture of force fields and programs was 

and is closely linked to the computer power available and in 1986, the first AMBER all-atom force 

field became available.176 Further developments, including improved algorithms and protocols to 

extend the parameter set, led to the ff94 or Cornell force field177 in 1995. A weakness of ff94 (and 

ff99) was its bias in protein simulations towards the helical conformation.178 This problem was 

addressed with the AMBER force field version ff99SB, released in 2006.140 At the beginning of this 

project in 2011, ff99SB was commonly used as a standard force field that had proven reliable and 

                                                           
i by Essex et al. and Clark et al. 
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predictive to study the dynamics of proteins.140,158,179 For this project, ff99SB was also chosen to 

ensure compatibility with the study of AVP-receptor interaction of Saleh and Clark.28 

Strengths, Application and Limits of MD simulations. The strength of classical MD simulations 

based on force fields is the computational feasibility of calculating large systems, even in membrane 

environment with explicit solvation (e.g.180-182). The additive character of the potential functions 

enables extensive computational parallelisation and is the reason for the possibility of high-speed 

performance. MD simulation is used to study conformational changes (e.g. protein folding182), 

molecular recognition (e.g. ligand-receptor interaction,28 DNA-protein interactions183), ion 

transport processes184,185 and many other questions. Results are inter alia used for drug design.186,187 

Short restrained MD simulations are used routinely to refine conformations deduced from 

experimental methods (e.g. NMR spectroscopy).  

The quality of the results correspond closely to the quality of the parameterisation.149 Force field 

parameters are fitted either to experimental values (bond lengths, rotation barriers etc.) or to ab 

initio calculated values (e.g. partial charges). Test sets are chosen with respect to the system to be 

simulated. The AMBER force field, for example, is optimised for describing the secondary structure 

folding of proteins. Force fields tend to be biased in favour of potential energy minima, this 

aggravates the previously mentioned sampling problem.160 A general weakness of the classical 

mechanics approach is that it does not allow the calculation of electronic processes (e.g. electron 

transfer, bond dissociation). Electron motion is significantly faster than atom motion so that atoms 

and electrons are assumed to move independently (Born-Oppenheimer approximation188). The 

charge distribution in standard force fields is defined by atom-fixed point charges and 

intramolecular electrostatic interactions between neighboured atoms (< 1-3 bonds) are omitted or 

scaled. The most accurate way to calculate electronic processes would be an all-atom ab initio 

quantum mechanical approach, but this is still not possible for large systems but mixed approaches 

do already exist. These methods combine the accuracy of quantum mechanics (QM) with the high-

speed performance of molecular mechanics and the approach (QM/MM) was rewarded with the 

Nobel prizei for Chemistry in 2013.134,166 Another approach uses polarisable force fields189-191 but 

their use is not yet routine. Fixed-charge force fields at least should include explicit solvation for an 

optimum simulation of the electrostatic solute-solvent interactions. For a review, see e.g. Ponder 

et al.192 

                                                           
i Nobel prize Chemistry 2013: A. Warshel, J. Levitt, M. Karplus 
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Boundary Conditions for MD Simulations 

Initial Conformation and Minimisation. A good starting point for an initial conformation of an MD 

simulation is an experimental template (e.g. X-ray or NMR structure), ideally, with complete 

coordinates or structural data (e.g. backbone torsions) to model a starting conformation. Other 

starting points may be created with short high-temperature MD runs or modelled from related 

analogues for which conformations are known. In any case, the initial conformation needs to be 

minimised before a simulation can be started. The aim of the minimisation is to optimise the initial 

conformation by releasing strains that would result in unacceptable energy gradients. For example, 

for AVP, the X-ray structure of the trypsin complex (PDB ID: 1YF4) was chosen, whereas for UII, a 

conformation was modelled, guided initially by published torsion angles deduced from NMR. 

Further conformations of UII were generated using high-temperature short-scale MD. A resulting 

minimised structure usually differs only slightly from the initial conformation. As an example, a 

superposition of an initial and minimised structure of UII is given in Figure 3.1. 

Several minimisation methods are available (e.g. simplex, steepest descent, conjugate gradient, 

Hessian matrix) and the mathematical algorithms use energy differences, gradients or second order 

derivatives of the potential energy to find the closest energy minimum to the initial conformation. 

The minimisation methods differ in speed and accuracy.158 A standard approach (used in this work) 

is to start the minimisation with steepest descent to find the right direction to the minimum quickly, 

followed by the slower but more accurate conjugate gradient method. An example for a typical 

minimisation is given in Appendix A7. 

 
Figure 3.1 Superposition of an initial and minimised structure of UII (modelled from NMR data of 
URP,125 RMSDCA-backbone = 0.963 Å) 

 

Solvation. Explicit solvation requires accurate solvent models. One of the first computational 

models for liquid water was introduced as early as 1933 by Bernal and Fowler.193 For force fields, 

the ST2 model by Stillinger et al.194 was one of the first standard models for explicit solvation. It was 
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followed by Berendsen´s SPC195 and Jorgensen´s TIP3P196 water models as standard. The two 

models are quite similar and follow the concept of a rigid 3-site architecture (3 atoms with 3 non-

polarisable point-charges). They are optimised for a good description of the bulk phase structure of 

water and a correct reproduction of thermodynamic properties (e.g. density and heat of 

vaporisation). Their interaction with the solute is mainly electrostatic.192 TIP3P is still established as 

the standard model (default in AMBER 14) for explicit water solvation, although the 4-site model 

TIP4P, which uses an additional charge centre (pseudo-atom) is thought to be significantly better 

in simulating density and long-range electrostatics.197 In the framework of this project, the TIP4P-Ew 

model197,198 was employed, a re-parameterisation of the TIP4P model, optimised for the 

combination with Ewald methods (see below). There are numerous solvent models199-202 but it is 

important to note that each force field needs an adaptation to the water model used. For ff99SB, 

this is the modified parameter set frcmod.tip4pew (used in this work) implemented in AMBER. 

An ideal solvent should stretch indefinitely in all directions to enable free dynamics of the solute 

while ensuring a homogenous environment. For optimum computational performance, however, 

the number of solvent molecules should be as small as possible. How is this conflict solved? The 

solute is placed in the centre of a box, which is filled homogenously with solvent molecules and 

potential counterions. The ideal geometry of this box would be an asymmetric enlarged shell 

proportional to the surface of the solute. Practicable geometries are usually a cube or a truncated 

octahedron (Figure 3.2 shows an example of truncated octahedral solvation.). 

 

Figure 3.2 OT molecule in a truncated octahedral water box. 
Left side: schematic view. Right side: particle view. 

 

Periodic boundary conditions imitate the “infinite” expansion of the solvent via imaging the solute-

solvent box in all Cartesian dimensions. If an atom leaves the centre box during a simulation step, 

it is mirrored back into the centre box on the opposite side. This is a mathematical trick, resulting 

in no error in potential energy as long as the half box dimension is larger than the cut-off for non-
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bonded molecular interactions. This cut-off is usually set to 8-10 Å.i The particle-mesh Ewald (PME) 

method203,204 is a modified form of the Ewald summation algorithm205 to evaluate the quantities of 

large periodic systems, here the potential energy in periodic boundary environment. PMEMD and 

PMEMD.CUDA179,206 are implementations of PME in AMBER optimised for high-speed parallel 

performance on CPUs and GPUii (see Appendix A7). For the peptides studied here, the truncated 

octahedral water box was chosen, which leads to an average of 97 % solvent atoms in each 

simulation.  

Besides explicit solvation, several methods have been developed for implicit solvation, primarily 

the generalised Born207,208 and the Poisson-Boltzmann models209-211 for protein force fields. The 

solvent is represented by a dielectric continuum instead of individual water molecules, which makes 

simulations faster (less atoms). Results are reasonable for macroscopic values (e.g. solvation 

energies, pKs estimation, redox potentials), but tend to overemphasise salt-bridges212 and cannot 

simulate atomistic solvent-solute interactions (e.g. water bridges). The reaction-field (RF) 

approach213,214 is an alternative to the PME method. It uses a combination of explicit solvation and 

a dielectric continuum after a certain cut-off distance to simulate solvation, which makes the 

technique fast. PME, however, is more widely used and RF is not the standard method in AMBER. 

Temperature, Pressure, Density. The MD simulations of the peptides here were performed under 

standard conditions of 300 Kiii and periodic boundary pressure conditions with adjustable volume 

to ensure the appropriate solvent density (target ∽1 g cm-3 for water). The average fluctuation of 

the solvent density and temperature should be as small as possible. Constant temperature (which 

corresponds to a constant kinetic energy) and pressure are ensured via a Berendsen coupling 

algorithm (weak coupling to an external bath).215  

Simulation Lengths. As already noted, one of the aims of MD simulation is to study protein 

dynamics on a realistic timescale and to converge ideally to a thermodynamic equilibrium.216 The 

limits for this lie in the hardware and software.217 The two develop mutually, and simulations are 

currently expanding to the µs-scale.27,181,182,218 Of course, the term long-scale simulations in the title 

of this thesis for µs-scale MD simulations is relatively and perhaps in the near future, µs-scale 

simulations will be short-scale. Nevertheless, during the time of this research project, the 

computational requirement for µs-scale MD simulations in terms of necessary CPU time was still 

high. The real runtime of MD simulations for small systemsiv need not be faster than for large 

                                                           
i Default cutoff in AMBER 10 and AMBER 14 is 8 Å 
ii CPU Central Processing Unit; GPU Graphics Processing Unit 
iii default in AMBER (ff99SB parameters are optimised for 300 K) 
iv e.g. the peptides here 
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systemsi surprisingly. Small systems cannot be parallelised as effective as large ones, which profit 

more from high-performance multicore supercomputers. Most MD simulations in this work were 

performed with AMBER 10168,219,220 on an 8-node cluster of Intel CPUs (Xeon E5462) with an average 

production time of 41 days to simulate 1 µs of peptide. In 2015, several jobs were performed on 

NVIDIA GPUs (Tesla K20c and C2075) with the AMBER 14206 GPU (CUDA) version221-223 with a 4-fold 

better performance (9 d/µs). A summary of the performances of MD simulations in this work is 

given (Appendix A7). 

Beside the hardware, the length of the simulation time-step is an intrinsic time-restricting factor. 

Time-step lengths cannot be chosen arbitrarily for a reliable simulation. The maximum time step 

should be 10 times shorter than the fastest motion to be studied.145 In an all-atom MM force field, 

this would be the vibrations of X-H bonds (10 fs to 10 ps), requiring a simulation time-step of < 1 fs. 

The SHAKE algorithm224 allows a time step of 2 fs to be used by constraining the C-H bonds during 

a simulation step followed by a short relaxation of C-H bonds, which reduces the total runtime. The 

SHAKE algorithm was used for all MD simulations in this work.  

 

Simulation Tools 

The AMBER software package includes special simulation tools (LEaP, SANDER) to prepare and run 

an MD simulation.168 Examples of how to set up the initial parameters and run a minimisation and 

simulation are given in Appendix A7. 

 

Structure Analysis 

The result of an MD simulation is the time evolution (trajectory) of atom coordinates. The motion 

of the simulated peptides may be visualised as a video clip (an example is given online as Supporting 

Information of Paper 1). A video observation is similar to an experiment and provides a qualitative 

description of the peptide dynamics: for example, different fluctuations of tail and ring become 

clear, main interconversions of the backbone can be observed and the dynamics of intramolecular 

hydrogen bonds can be visualised. 

                                                           
i e.g. protein including membrane and explicit solvation 
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The methods and tools used in this thesis for quantitative analysis and characterisation of dynamics 

and conformations are described below. 

Clustering. Before it is possible to describe the characteristics of conformations produced by the 

MD simulation, it is necessary to cluster them, grouping similar conformations together. Classical 

clustering methods use a pairwise metric to compare Cartesian coordinates. The algorithms are 

numerous225 but their performance depends on the square of the number of data points, causing 

them to slow down exponentially the data performance with increasing data volume. DASH,141 in 

contrast, clusters torsion ensembles (e.g. the ΦΨ backbone torsions) using a sequential algorithm 

following the time-evolved trajectory of conformations. This enables the program to process large 

data volumes produced by long-scale MD simulations without an exponential decrease in 

performance. At the beginning of this project, the performance and consistency of DASH was tested 

against average linkage and means, two standard classical-clustering methods implemented in 

AMBER ptraj (for details, see Appendix A7). All these cluster methods are able to determine the 

main conformational types of the peptides studied but DASH proved to have a significantly better 

performance (see Appendix A7). DASH results in a state trajectory of accurate concordance with 

the time-evolved root mean square deviation (RMSD) coordinates of a MD simulation without 

requesting a predefined number of clusters. Classical clustering methods cannot easily distinguish 

between frequent intermediate conformations and long-lived main conformations. In DASH, 

however, a conformation needs to persist for a minimum lifetime to be considered as a relevant 

conformation (cluster centre). These advantages made DASH the optimum cluster method for the 

long-scale MD simulations in this thesis. During this project, the workflow of the DASH program 

applied to AMBER trajectories was automated as a Perl script called amberDASH. This requires only 

a few inputs to automatically extract torsion angles from the AMBER coordinate trajectory, to run 

the DASH analysis, and to produce coordinate files of representative states (cluster centres) in PDB 

format. Details are given in Appendix A7. DASH versions 2.10b1 to 2.11b2226 have been used during 

this project. 

Ptraj, Cpptraj. After identifying the main conformations their characteristics need to be 

determined. In principle, any structural data that change significantly between representative 

conformations can be taken as characteristics for a state. This ranges from basic geometric data 

(e.g. interatomic distances, angles, or torsions) to coarser scale properties (e.g. RMSD, radii of 

gyration, secondary structure propensities, or hydrogen-bond populations). For the 

characterisation of cyclic peptides, the determination of secondary structure propensities and 

hydrogen-bond populations of distinct conformational types identified with DASH proved very 
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useful. RMSD trajectories were used to generate 2D visualisations of the MD simulations, whereas 

radius of gyration, distance and torsion trajectories were used for supplementary monitoring of the 

dynamics of motions or for the identification of key parameters, e.g. key torsions for 

interconversions.  

The programs used here to extract the above properties and to perform the necessary analyses 

were ptraj and cpptraj (extended C++ version of ptraj) included in AmberTools.142,143 Secondary 

structure and hydrogen bond analyses will be explained in more detail; the standard analysis 

routines are described in the AmberTools user manuals.  

The secondary structure analysis (secstruct) uses the DSSPi method of Kabsch and Sander227 to 

identify secondary structure motifs such as turns, sheets or helices and to calculate their 

populations. DSSP defined β-turns by the Lewis distance criterion228 for Cαi and Cαi+3 (r < 7Å) rather 

than ideal torsion angles and a high populated hydrogen bond.229 

The analysis tool hbond in ptraj tracks distances and angles of atom triplets. To analyse the 

intramolecular hydrogen bonds of the cyclic peptides, the triplets were defined by carbonyl oxygens 

as acceptor atom (O), hydrogen atom (H) and amide nitrogens as hydrogen-donor atom (N) with a 

distance cutoff of rO-N = 3.5 Å and an angle cutoff of 120° (deviation from a linear O-H-N 

configuration).  

Principal Component Analysis (PCA). PCA is a data reduction method that projects high-

dimensional datasets with many variables onto a small number of new variables that describe most 

of the variability in the data. It calculates the eigenvectors (principal components, PCs) of the 

covariance matrix. PCs with an eigenvalue > 1 are usually assumed to contain a significant amount 

of the variance in the system.230 The first PC points in the direction of maximum variability (highest 

variance); the second and following PCs give orthogonal directions of decreasing variance. Here, 

the data to be analysed were the conformations with their ΦΨ torsions as variables. 2D and 3D 

plots of the conformations in relation to the significant PCs allow groups with common properties 

(like clusters) to be visualised. For further reading, reference is made to e.g. 231-233  

PCA was used in two ways: 

(i) The first objective was to investigate whether the overall conformations of the cyclic peptides 

could be characterised solely by their ring conformations (ring-state types). For this, principal 

components of the overall torsion space were calculated and a 3D plot of the first three PCs was 

drawn with each conformation colour coded according to its ring-state type. If each visible cluster 

in the PCA plot were assigned a unique colour, this would indicate that the ring-state types do 

                                                           
i Define Secondary Structure of Proteins 
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characterise the overall conformation. In addition, this would show that clustering by independent 

methods (PCA and DASH) provides equivalent results. 

 (ii) The second objective was to analyse the correlations between torsions in the ring and the tail. 

The weights (squared PC coefficients) of the descriptive variables (torsions) measure their 

contribution to each PC. If significant PCs are loaded equally strongly with ring and tail torsions, 

then correlation of ring and tail conformations can be assumed and independent motion is unlikely. 

For further details and examples, see Chapters 4 (Paper 1) and 6 (Papers 3). 

In the early stages of the project, PCA was performed with the online application SARcaddle,234 later 

a dedicated PCA routine was implemented in DASH226 (an example output is shown in Appendix A7). 

Circular Similarity. The consistency of assignments to conformational types was confirmed by 

calculation of torsion similarities using the program dashsim. The algorithm is explained in the 

Supporting Information of Paper 3 (Appendix A3, p S10) and a brief description of the functionality 

of dashsim is given in Appendix A7. 

 

NMR Spectroscopy 

Dynamic molecular processes cover a wide range of timescales ranging from bond vibrations of 

femto- or nanoseconds to conformational interconversion processes like protein folding lasting up 

to several seconds or even minutes. NMR is classically the method of choice to study molecular 

dynamics experimentally.136 However, there is a “blind spot”i between fast timescale dynamics 

< 10 µs and slow timescale dynamics > 10 ns, which is difficult or not accessible to common NMR 

techniques.136 Fast conformational interconversions that fall into this gap are only observable as 

averaged ensemble with a single set of signals under standard conditions.133 In the literature (cf. 

Tables 2.3 to 2.6), the structure of the peptides of this thesis is characterised ambiguously both as 

single-conformation and unstructured in aqueous solution suggesting fast conformational 

equilibria within the timescale of this gap. 

In the framework of this thesis, the experimental chemical shifts of different nuclei (1H, 13C, 15N) 

were determined for AVP, UII, and URP with standard 1D- and 2D-NMR techniques. The NMR 

experimental data served to validate the in silico results of the MD simulations. The validation 

technique is explained in Chapter 5 (Paper 2). Experimental details are given in Chapters 5 and 6 

(Papers 2 and 3 and the corresponding Appendices A2 and A3). 

                                                           
i An illustration is e.g. given by Palmer et al.129 (Fig. 1a) 



 Methods 
Chapter 3 

Page 31 of 118 

DFT Calculations of NMR Chemical Shifts 

Being able to calculate NMR observables is of interest for many reasons. For example, accurate 

chemical-shift predictions can facilitate NMR assignments and re-assignments, allow diastereomers 

to be distinguished, confirm suggested structures and enable the study of conformational 

processes.235 In this work, NMR chemical shifts were used to evaluate the in silico determined 

conformational equilibria of the cyclic peptides. 

DFT is a widely used theoretical approach to calculate atomic and molecular properties, including 

magnetic properties such as NMR chemical shifts.236 Simplified, it uses the electron density as basic 

function for quantum mechanical calculations instead of a complicated all-electron wavefunction. 

This makes the approach applicable for larger systems and has the additional advantage of the 

electron density being an experimental observable. Nevertheless, the cyclic peptides in this work 

still represent a large system for DFT. The level of theory for the DFT calculations was 

B3LYP/6-31G(d). B3LYP237,238 is a popular hybrid functional for exchange and correlation energy 

expressions that has proven successful for many applications and includes a contribution from 

Hartree-Fock exchange.239 6-31G(d)240 is a split-valence-plus-polarisation basis set to calculate the 

electronic wave function. It is relatively small, yet still appropriate to give accurate results while 

being computationally feasible for the cyclic peptides here. 

Nuclear magnetic resonances arise due to the interaction of an external magnetic field with the 

magnetic moment of nuclei with unpaired spin (e.g. 1H, 15N, 13C). The electrons close to the nuclei 

affect the external magnetic field and the effective local magnetic field varies depending on this 

shielding241,242 (Appendix A6). Thus, chemical shifts of the NM resonances are caused by varying 

electron distribution related to the local conformation around the nuclei. An increase of the local 

magnetic field (shielding) effects an up-field shift and a decrease (deshielding) is followed by a 

downfield shift. Two well-established techniques to calculate nuclear magnetic shieldings within 

DFT are IGLO243 (Individual Gauges for Localised Orbitals) and GIAO244,245 (Gauge-Invariant Atomic 

Orbital). GIAOs are known to give more accurate results with small basis sets than IGLO244 and show 

a fast convergence of calculated chemical shieldings.246 Here, the standard implementation of GIAO 

in Gaussian09247 was used at the level of theory mentioned above, representing approximately the 

minimum DFT level for reliable NMR observables.248,249 For the quantum-mechanical evaluation of 

the relationship of structure and nuclear magnetic shielding, the fundamental theory of magnetic 

properties and an in depth discussion of density-functional theory, the reader is referred to the 

specialised literature.235,239,250-253 
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Solvent effects were simulated with the common polarizable continuum model (PCM)254 for water 

representing an implicit solvation. The calculations of the magnetic shielding tensors for the peptide 

nuclei were preceded by DFT geometry optimisation (consistent DFT level). Linear regression 

parameters to convert the absolute isotropic nuclear magnetic shielding (σ, dimensionless) into 

chemical shifts (δ, ppm) were obtained by correlation of well-established chemical shifts of small 

organic molecules with DFT calculated magnetic shieldings at the same level of theory as used for 

the calculation of the peptides. Linear regression against several reference compounds provides a 

better error cancellation than simple referencing to only one NMR standard (e.g. DSS, TMSi). In this 

way, NMR chemical shifts (1H, 13C, 15N) have been calculated for AVP, UII and URP and 

methodological details are given in Chapters 5 and 6 and the Supporting Information (Appendices 

A2 and A3). 

 

Statistical Evaluation 

The objective of the computational simulations in this thesis was to generate a realistic description 

of the structure and dynamics of the cyclic peptides. Single conformations and equilibrium mixtures 

are models for the “real” conformation and the hypothesis is that an equilibrium mixture of relevant 

conformations will yield a better description than any single conformation. 

To test this hypothesis, experimental observables, e.g. NMR chemical shifts, were compared with 

the corresponding values calculated from the models. The model that fits best is assumed to 

describe the “real situation” most accurately. For this, different error metrics were used and the 

fundamentals of these statistic methods are explained. 

Linear regression.255-257 Before analysing error metrics, a scatter plot of experimental data against 

calculated data was drawn to visualise their correspondence. The relation between the two sets of 

data can be expressed mathematically with a simple linear regression (Eq. (3.6) and (3.7)): 

 𝑦 = 𝑚𝑥 + 𝑎 (3.6) 
𝑚 slope; 𝑎 intersection 

 𝑦′ = 𝑚′𝑥 (3.7) 
𝑚′ slope; intersection = 0 

The regression straight line is the line to which all points are positioned as closely as possible. If the 

intersection of this straight line is set to the origin (Eq. (3.7)), different models can be compared 

directly. A measure of the agreement between the model and the experimental values is the 

                                                           
i DSS= 4,4-dimethyl-4-silapentane-1-sulfonic acid, (CH3)3Si-(CH2)3-SO3H ; TMS= tetramethylsilane, Si(CH3)4 
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coefficient of determination (R2). Its ideal value is 1 and the worst case 0. In this work, diagrams 

were plotted within Microsoft® Excel® 2013 using the standard least squares method for simple 

linear regression to determine R2. 

Error metrics. Metrics are a measure of the differences between pairs of values. In the case of 

model vs. experiment, ideally, the pairs of values (e.g. the NMR chemical shifts for particular atoms) 

should be identical. The smaller the error metrics, the higher the accuracy of the model. Standard 

error metrics used in this project were the mean signed error (MSE), mean unsigned error (MUE), 

and root mean square error (RMSE). In addition, two new metrics were defined, the weighted RMSE 

(WRMSE) and the coefficient of distinctiveness Δσ.  

The MSEi, Eq. (3.8), is the mean of all individual pair differences and indicates mean systematic 

deviations for the entire dataset.  

 𝑀𝑆𝐸 =
∑ (𝑦̂𝑖−𝑦𝑖)𝑁

𝑖=1

𝑁
 (3.8) 

𝑦̂𝑖  calculated value (e.g. chemical shift); 𝑦𝑖  experimental observable; 𝑖 atom; 𝑁 total number of atoms 

The MUE, Eq. (3.9), is more significant than the MSE because it is based on absolute pair differences. 

 𝑀𝑈𝐸 =
∑ |𝑦̂𝑖−𝑦𝑖|𝑁

𝑖=1

𝑁
 (3.9) 

𝑦̂𝑖  calculated value (e.g. chemical shift); 𝑦𝑖  experimental observable; 𝑖 atom i; 𝑁 total number of atoms 

The RMSE, Eq. (3.10), also known as RMS deviation, gives the root of the mean of all squared 

differences. In contrast to the MUE, it weights large deviations more than small ones. 

 𝑅𝑀𝑆𝐸 = √
∑ (𝑦̂𝑖−𝑦𝑖)2𝑁

𝑖=1

𝑁
 (3.10) 

𝑦̂𝑖  calculated value (e.g. chemical shift); 𝑦𝑖  experimental observable; 𝑖 atom; 𝑁 total number of atoms 

To enhance the significance of the error metrics further, the weighted RMSE (WRMSE) was 

introduced. It not only punishes large individual errors but also weights the dependence on 

conformation by introducing the standard deviation of the models (σi). Errors of particular values 

with large standard deviation are weighted more strongly than those that depend less strongly on 

conformation. σi is large for values that show strong deviations between different conformations. 

The WRMSE is given in Eq. (3.11). 

 𝑊𝑅𝑀𝑆𝐸 = 𝑅𝑀𝑆𝐸 ∙ √
𝜎𝑖

𝜎̅
= √

∑ (𝑦̂𝑖−𝑦𝑖)2𝜎𝑖
𝑁
𝑖=1

∑ 𝜎𝑖
𝑁
𝑖=1

 , 𝜎𝑖 = √
∑ (𝑦̂𝑖𝑗−𝑦̅̂𝑖𝑗)2𝑀

𝑗=1

𝑀
 (3.11) 

𝜎𝑖  standard deviation of calculated values i of all models; 𝜎̅ average or arithmetic mean of 𝜎𝑖; 𝑦̂𝑖𝑗 calculated value for 

atom i and model j; 𝑦̅̂𝑖𝑗 average or arithmetic mean of calculated value for atom i of all models; 𝑖 atom; 𝑗 model; 𝑀 

total number of models 

                                                           
i Note: MSE is also used as acronym for the mean squared error 
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The second new metric, the coefficient of distinctiveness (Δσ), was designed to estimate the 

significance of MUEs. As has been explained for the WRMSE, the standard deviation of model values 

(σi) is proportional to the diversity of conformations. Thus, σi is used to estimate the distinctiveness 

of the overall error metrics by weighting particular MUEs of atoms with high conformational 

diversity between models less than others (cf. Eq. (3.12)). Ideally, models should differ enough 

(large σi) to make the decision for “the best” model significant. The limiting error value of Δσ ≤ 1 

was introduced to characterise a model that is able to discriminate between different 

conformations. A detailed discussion is given in Chapter 5 (Paper 2). 

 Δ𝜎 =
∑

|𝑦̂𝑖−𝑦𝑖|

𝜎𝑖

𝑁
𝑖=1

𝑁
 (3.12) 

Δ𝜎 Coefficient of distinctiveness; |𝑦̂𝑖 − 𝑦𝑖| particular MUE for values of atom i; 𝜎𝑖  standard deviation of calculated 
values i of all models; 𝑦̂𝑖 calculated value for atom i; 𝑖 atom; 𝑁 total number of atoms 

Methodological details of how to model the conformational equilibria and an in-depth discussion 

of the evaluation technique are given with the results for AVP in Chapter 5 (Paper 2). 

Fitting methods. In theory, statistical methods could also be used to estimate the equilibrium 

conformations via statistical fitting of the calculated variables (NMR chemical shifts) to 

experimental values. A statistical approach was tested for AVP (Chap. 5, Paper 2). The methods 

applied were partial least squares regression (PLS) and bagged multiple linear regression (MLR). The 

first is related to PCA and uses variances in its regression approach while the latter uses linear 

combinations of descriptors (here chemical shifts of different conformations) to define the best 

model. However, the results have little predictive power if the majority of calculated variables are 

highly correlated, as they are in the case of the calculated NMR spectra. Thus, in this research, the 

relative populations of relevant conformations were determined via enhanced sampling methods. 

DP4 probability.258 Goodman and co-workers offer an easy to use Java-applet to test NMR chemical 

shift assignments. The required input is a set of experimental chemical shifts (1H, 13C) and the 

corresponding calculated chemical shifts of diastereomers. Their comparison of calculated and 

observable shifts results in a probability of correct assignment, called DP4 probability. In this work, 

the input was modified by using different conformations rather than diastereomers. The application 

was used to test whether the in silico predicted chemical shifts of the conformational equilibria 

were assigned the highest DP4 probability. For details, see Chapters 5 and 6 and the corresponding 

Supporting Information. 
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Summary 

In summary, most methods used in this thesis were standard applications to guarantee a maximum 

of compatibility for cooperative research projects (e.g. standard MD force field, standard DFT 

parameters). Within the standard methods, the state-of-the-art parameters were chosen where 

possible to achieve maximum accuracy (e.g. TIP4P-Ew water instead of TIP3P, µs-scale run-times 

instead of ns-scale, ab initio DFT optimised conformations instead of MD minimised). For analyses 

beyond established methods, new methods and metrics were tested, applied and developed (e.g. 

DASH, Δσ). 
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RESULTS AND DISCUSSION 

Chapter 4: Conformation and Dynamics of Arg8-Vasopressin in Solution 

(Paper 1) 

The results in this section have been published in: 

Haensele E, Banting L, Whitley DC, Clark T. Conformation and dynamics of 8-Arg-vasopressin in 

solution. J Mol Model. 2014;20(11):2485(17).1 

The paper is given as postprint. 

 

Foreword 

The application of new protocols and methods to known systems is a classical scientific approach 

to establish their reliability. Long-scale MD simulationsi have not been reported for cyclic peptide 

hormones to date and DASH as a high-performance clustering methods for long trajectories has 

been tested here. AVP is a prime example for structural research in general and for bioactive flexible 

peptides in particular. As it is one of the first synthesised peptides,259 a multitude of structural data 

can be found in the literature, as has been outlined in the Introduction (Chap. 2). This is a 

comfortable situation to test the reliability of the extended timescale MD simulations and to test 

the performance and accuracy of the analysis method DASH (cf. Appendix A7). 

Paper 1 reports the results of 11 µs unrestrained MD simulation of AVP with the AMBER force field 

ff99SB and explicit water solvation. Three of the main conformations identified (saddle, 

twisted saddle and open) resemble known data (cf. Table 2.4), which shows the method is able to 

reproduce known conformations. A further, previously unknown, main conformation was also 

found and characterised (the clinched open conformation, shown in Fig. 4.1). Based on the data of 

the 11 µs simulate, it was assumed to be a minority population. However, the extended MD 

simulation to 23 µs (cf. Paper 2) showed an increased population of this conformation and the 

enhanced sampling studies (by Dr. Saleh) identified the clinched open conformation as the second 

most frequent main conformation of AVP.  

                                                           
i which is currently µs-scale 
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The clustering method DASH demonstrated excellent performance on long trajectories. 

Conformations were not only clustered for the complete peptide sequence (overall conformations) 

but also separately for main motifs (ring and tail) which led to a classification of main conformations 

of AVP based on conformational ring types. The paper explains in detail the conformational 

clustering of AVP and presents an optimised protocol for the analysis and clustering of long-scale 

MD simulations of flexible peptides.  

 

Figure 4.1a-c AVP representative for the ring-state type clinched open. Transannular hydrogen bonds 
are not significantly populated. Turns are centred at residues 4,5 (open β-turn type VIII/I). The ring-state 
type clinched open of AVP corresponds to the ring-state type omega of UII and URP. Depiction: (a) 
backbone (sticks), sidechains (lines), disulphide bridge (sticks), nonpolar hydrogens hidden, residues 
labelled; (b) backbone (cartoon), sidechains (lines), nonpolar hydrogens hidden, residues labelled; (c) 
surface. 

 

Contribution of Authors 

The results are the product of a joint research project between the University of Portsmouth (UK) 

and the FAU Erlangen-Nürnberg (D) within the framework of the European “Peptide Research 

Network of Excellence” (PeReNE). 

MD simulations, data analyses and protocol optimisations were performed by Haensele. 

Principal component analyses were performed by Prof. Clark.  

Dr. Whitley extended the routines of DASH and improved the usability of the application. The 

source code of amberDASH was written (DW) based on an idea of Haensele, which facilitates the 

DASH-clustering of AMBER trajectories (see Appendix A7). 

Linked Appendices: A1: Reprint Supporting Information Paper 1; A7: Hardware and Software.  
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Postprint of Paper 1 

Haensele E, Banting L, Whitley DC, Clark T. Conformation and Dynamics of 8-Arg-Vasopressin in 
Solution. J Mol Model. 2014;20(11):2485(17).i 

 

 

Table of Content Graphic 
(Representative conformations of AVP) 

 

Abstract 

Arginine-vasopressin has been subjected to a long (11 s) molecular-dynamics simulation in 

aqueous solution. Analysis of the results by DASH and principal components analyses reveals four 

main ring conformations that move essentially independently of the faster-moving tail region. Two 

of these conformations (labelled saddle) feature well defined β-turns in the ring and conserved 

transannular hydrogen bonds, whereas the other two (open) feature neither. The conformations 

have been identified and defined and are all of sufficient stability to be considered candidates for 

biologically active conformations in in their cognate receptors. 

Keywords. Vasopressin –Molecular Dynamics – DASH Analysis – Peptides – Principal Component 

Analysis 

                                                           
i Elke Haensele,a Lee Banting,a David C. Whitley,a and Timothy Clarka, b, 
a Centre for Molecular Design, School of Pharmacy and Biomedical Sciences; University of Portsmouth, Portsmouth PO1 2DT (United 
Kingdom); b Computer-Chemie-Centrum and Interdisciplinary Center for Molecular Materials; Friedrich-Alexander-Universität Erlangen-
Nürnberg, Nägelsbachstraße 25, 91052 Erlangen (Germany) 
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Introduction 

8-Arginine-vasopressin (AVP, also known simply as vasopressin (VP), antidiuretic hormone (ADH) or 

argipressin), one of the first biologically active peptides to be synthesised by du Vigneaud in 1954,259 

is a nonapeptide with a six-membered cyclic moiety (Cys1-Tyr2-Phe3-Gln4-Asn5-Cys6) closed by a 

Cys1-Cys6 disulphide bridge, and an -amidated three residue tail (Pro7-Arg8-Gly9-NH2). 

AVP is a neurohypophyseal hormone and belongs to the vasopressin family of the evolutionary 

lineage vasotocin-vasopressin. Vasopressin-like hormones are found in all vertebrates, with AVP 

being the mammalian form. They all possess a basic amino acid, such as arginine or lysine, in 

position eight and are all involved in water homeostasis (for reviews see inter alia 20,37,44). 

AVP is synthesised in the magnocellular neurons of the posterior pituitary gland260 complexed with 

neurophysin, its carrier protein.98 The function of NP is to target, package and store AVP before 

release into the bloodstream.44 The receptors activated by AVP belong to the transmembrane 

G-protein coupled receptor superfamily.20 

Once secreted into the blood stream, AVP is implicated in myriad physiological functions within the 

endocrine and neurocrine systems. Examples of its hormone function in addition to water 

homeostasis20,37,44 include regulation of blood pressure,261,262 antipyretic263 and analgesic effects.264 

AVP acts as secretagogue for adrenocorticotropin,36,41,44 glucagon and insulin.265 The peptide is 

thought to mediate social and sexual behaviour, especially aggression, anxiety and pair-bonding.42 

Furthermore, AVP is believed to enhance memory and facilitate learning44 and to be involved in the 

pathophysiology of clinical disorders such as autism,266 and may even play a role in circadian rhythm 

misalignments, like jet lag.267  

Lowered AVP release in humans effects an increased blood sodium concentration (hypernatremia), 

excessive urine production (polyuria) and thirst. This may in turn lead to diabetes insipidus treatable 

by administration of AVP and AVP analogues.268 In contrast, heightened AVP release causes 

hyponatremia, which may result in brain diseases and lung cancer269,270 and can be treated with 

AVP-receptor antagonists.271 AVP can be used in emergency medicine as an alternative to 

epinephrine in the event of cardiac arrest.39  

To date, the only fully resolved crystal structure of AVP is as part of a trypsin complex (PDB ID: 

1YF4).97 This structure contains a remarkably different backbone conformation to those found for 

the closely related peptide hormones 8-Lys-vasopressin (PDB ID: 1JK)98 and oxytocin (PDB ID: 

1NPO)77 in their NP-complexes in the solid state. 

The conformational characteristics of the peptide structures in the physiologically relevant 

neurophysin-complexes are a saddle-like ring with β-turns involving residues 3,4/4,5 and a high 

occurrence of transannular hydrogen bonds, primarily between Tyr2O and Asn5NH 
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(cf. Scheme 4.1b). The tripeptide tail is only resolved in the OT-NP complex (PDB ID: 1NPO) where 

it is extended or folded and possibly stabilized by a hydrogen bond Cys6O-Gly9NH (cf. Scheme 4.2b). 

 
Scheme 4.1a-d Main conformational types of the cyclic part of AVP. (a) open: no intramolecular hydrogen 
bonds and no classical β-turn types; (b) saddle: β-turn type I centred at 3,4/4,5 and stabilised by a 
transannular hydrogen bond from Tyr2O to Asn5NH and Cys6NH; (c) clinched open: minor propensity for 
β-turns type VIII or I centred at 4,5; (d) twisted saddle: β-turn type II centred at 3,4 with hydrogen bond 
Tyr2O to Asn5NH 

 

 
Scheme 4.2a,b Main conformational types of the N-terminal tail of AVP. (a) extended tail: no turns, no 
significantly populated hydrogen bonds; (b) folded tail: β-turn type II centred at residues 7 and 8, hydrogen 
bond from Cys6O to Gly9NH 
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NMR studies suggest rapid interchange between the β-turn conformations of AVP in solution, 

although a folded (saddle) geometry appears to be maintained.99 The polarity of the solvent seems 

only to affect formation of intramolecular hydrogen bonds. In DMSO, a hydrogen bond is indicated 

between Tyr2O and Asn5NH99 but apparently not in water.103 Studies in sodium dodecyl sulphate 

(SDS) micelles suggest the lipophilic regions of the ring interact with a membrane, while the 

hydrophilic tail is exposed to the aqueous phase. Again, in this study the cyclic backbone of the AVP 

ring attached to the micelles appears similar to the NP-complexed form.100  

These saddle-like conformations with a strongly puckered ring and the β-turns mentioned above 

have been confirmed computationally as “low-energy conformations” inter alia by Liwo et al.81 via 

Monte Carlo and molecular-dynamics simulations.  

In contrast, the conformation of AVP within the trypsin complex (PDB ID: 1YF4) is characterised by 

an unfolded, more planar ring conformation, here designated as open, with no significant internal 

hydrogen bonds and an extended tail (cf. Scheme 4.1a). AVP is an efficient inhibitor of trypsin,97 

although this is not known to be a true physiological function of AVP. The open conformation 

adopted in this trypsin complex can nevertheless be regarded as a bioactive conformation. 

To our knowledge, little attention has been paid to an open conformation or its potential role in 

receptor binding with the vasopressin-receptor V2R.272  

The V2R agonist-binding-pocket, common to all VP and OT receptor types, is located in a cleft within 

the transmembrane (TM) domains and AVP has been proposed to be almost completely buried 

within the receptor channel.272,273 The hydrophobic ring residues (Cys1-Tyr2-Phe3) are predicted to 

interact with residues of the TM-helices to activate signal transduction, while the tail points outside 

the TM-core, interacting with an extracellular loop via its hydrophilic residue Arg8. The interaction 

between Arg8 and the extracellular loops is also thought to be a key in receptor recognition.20,22  

Current models for interactions of peptide hormones with their receptors suggest multi-step 

mechanisms in which the peptide first contacts the cell membrane and then diffuses to the receptor 

until it finally finds its position to trigger receptor activities.24,25 These events are probably 

accompanied by conformational changes of the ligand and concomitant allosteric effects on the 

receptors.63 A flexible ligand exists in solution as an equilibrium involving several conformations of 

differing bioactivities. A conformation that has not yet been recognised with “slow” experimental 

techniques, such as NMR, might nevertheless be the important conformation for triggering 

biological effects such as receptor recognition and activation or inhibition.63,70,274 

Thus, we have now investigated the conformational dynamics of this peptide in solution in depth 

with modern computational methods and analysis tools with special regard to the open 
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conformation, which is evident in the largely ignored 1YF4 X-ray structure of AVP and is significantly 

different from the known saddle conformation.  

Molecular-dynamics simulations have proven to be an accurate tool for describing the atomistic 

details of the conformational dynamics of biological systems in solution (e.g.225). Rapidly developing 

computational methods, increasing computational performance and improved force fields now 

make it possible to reveal new structural aspects of systems such as AVP, especially because 

microsecond simulations are now possible for a peptide of this size. 

We now report an unrestrained 11 µs MD simulation of the AVP-1YF4-peptide in explicit water 

solvent at 300 K using AMBER 10219 and a detailed analysis of the resulting conformational space 

with several analysis tools contained in Ptraj142 and DASH141 - a fast conformational analysis tool for 

MD simulations developed especially for long trajectories for which classical clustering algorithms 

scale poorly.  

 

Methods 

Molecular-Dynamics Simulation 

The AMBER 10 program suite219 was used to optimise geometries and for the MD simulations. The 

X-ray structure of AVP from the trypsin complex (PDB ID: 1YF4)97 was chosen as the initial 

conformation. The peptide was placed in a truncated octahedron water box (box size (XYZ) = 

38.97 Å3) using the TIP4P-Ew water model.197,275 Two chloride counterions were added to neutralise 

the system. The simulation system consisted of a total of 4,792 atoms, including 1,162 4-site water 

molecules and 142 AVP atoms. 

The system was optimised using 500 steps of steepest-descent optimisation followed by 8,945 of 

conjugated-gradient minimisation at constant volume. 

Molecular-dynamics simulations were carried out using the AMBER ff99SB force field140 under 

constant temperature (T = 300 K, Berendsen coupling215 of 1.0 ps to an external heat bath) and 

constant pressure (p = 1 atm) periodic boundary conditions with a non-bonded cut off of 8 Å. The 

SHAKE224 algorithm was employed for hydrogen atoms with a simulation time step of 2 fs. Energies 

were calculated using the Particle Mesh Ewald method203 and coordinate 'snapshots' were written 

every picosecond. AVP was simulated in explicit water at 300 K for 11 µs.  
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DASH Analysis 

Conformational clustering was performed with DASH, Version 2.10.141 DASH is a fast conformational 

analysis tool for MD simulations developed especially for long trajectories for which classical 

pairwise distance-metric clustering algorithms (Cα) scale poorly. It analyses time series of torsion 

angles, e.g. the trajectories of the ΦΨ dihedral angles of the protein/peptide backbone during the 

MD simulation. The result is a time series of DASH states called a DASH state trajectory. A DASH 

state is simply an ensemble of torsion angles that is representative for a main conformation 

(equivalent to a conformational cluster). No predetermined number of states is required, in 

contrast to clustering algorithms that use a similarity matrix, such as those implemented in AMBER 

tools.142 A conformation must persist for a minimum number of time steps before it is identified as 

a DASH state, which gives an accurate representation of significant conformational changes. The 

DASH software is released under the terms of the GNU General Public License and can be 

downloaded from the University of Portsmouth website.276  

Principal Component Analysis 

The principal component analysis was conducted using the dihedral angles extracted from the 

simulation (11,000 snapshots) using SAR-caddle.234 Kaiser’s eigenvalue-one test230 was used to 

determine the number of significant PCs. Weights are simply the squares of the coefficients of the 

torsional angles in the relevant PC.  

Further details of the calculations and analyses are given in the Supporting Information 

(Appendix A1). 
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Results and Discussion 

Ring Conformations 

Trajectory (Transitions). An 11 µs MD simulation of AVP in solution reveal the high conformational 

flexibility and fluctuation of this peptide (see SI Video S1). Figure 4.2a shows the trajectory of 

conformational changes of the Cα-backbone atoms 1 to 9 of AVP as root mean square deviation 

from the minimised starting conformation (PDB ID: 1YF4). Average RMSD values of distinct time 

windows from the trajectory are given in Table 4.1. Significant RMSD changes indicate significant 

conformational changes, but despite a high fluctuation, there are only few substantial RMSD 

changes during the 11 µs MD simulation. The most obvious transition is at 1.46 µs. Limiting the 

RMSD calculation either to the ring (Fig. 4.2b) or to the tail Cα-atoms (Fig. 4.2d) shows that the 

major overall transition of the peptide (Fig. 4.2a) corresponds to a change of the ring conformation. 

The radius of gyration of the ring system (Fig. 4.2c) reveals further distinct transitions between 

differently folded ring conformations at 5.90, 6.43 and 7.19 µs. The tail, however, fluctuates with a 

much higher frequency, apparently between two conformational states that are distributed evenly 

over the simulation. The video clip (SI, Video S1) suggests that these two tail states may be assigned 

to an extended state (Scheme 4.2a), in which the tail points away from the ring, and a folded state 

(Scheme 4.2b) in which the tail turns toward the lower face of the ring. The high frequency of 

transitions between the two tail states indicates a high flexibility of the tail, significantly higher than 

the ring. 

Table 4.1 Average root mean square deviations (avRMSD) and average radii of gyration (avRadGyr) for significant 
trajectory time windows and backbone Cα alignments of Arg8-vasopressin 
Alignment  Trajectory time window [µs] 
  0-1.46 1.46-5.90 5.90-6.43 6.43-7.19 7.1-11.00 

  open saddle variants 
clinched 
open 

twisted 
open 

avRMSD [Å] overall a 1.825 2.930 2.683 2.274 2.756 
 ring b 0.950 1.807 1.765 1.592 1.717 
 tail c 0.991 1.157 1.102 1.164 1.068 
avRadGyr [Å] ring 4.077 3.278 3.569 3.870 3.500 

a Cα 1-9 alignment; b Cα 1-6 alignment; c Cα 7-9 alignment. Abbreviations: see p. xii. 
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Figure 4.2a-d Root mean square deviations and radius of gyration (RadGyr) of Arg8-vasopressin during 
11 µs MD simulation (Reference: minimised initial MD structure, AVP1YF4). (a) RMSD of Cα-backbone 
atoms 1to 9 (overall); (b) RMSD of Cα-backbone atoms 2 to 6 (ring); (c) Radius of gyration of Cα-backbone 
atoms 2 to 6 (ring); (d) RMSD of Cα-backbone atoms 7 to 9 (tail). Dotted lines indicate significant changes 
of the RMSD/RadGyr and mark time windows of different ring conformations (denoted as open, saddle, 
variants, clinched open and twisted saddle) 

  



 Results and Discussion 
Chapter 4 (Paper 1) 

Page 46 of 118 

DASH State Analysis. A DASH analysis of all 16 ΦΨ dihedral angles (T16) of the AVP backbone (C 

2 to 9) during the 11 µs MD simulation results in 35 conformational states. Every DASH state 

represents, like a cluster, a conformation that is representative for an ensemble of similar backbone 

conformations. The 35 overall states can be clustered into four groups of states with common 

structural characteristics for the cyclic part of the peptide (Fig. 4.3a-d) and a fifth group of states 

(“variants”, Appendix A1 Table S1 and Fig. S1) that does not match one of the main groups. This 

fifth group occurs between 5.90 and 6.43 µs. A detailed table of the sequence of DASH states (DASH 

state trajectory) during the 11 µs simulation is available as Supplementary Material (Appendix A1 

Table S2). 

 

Figure 4.3a-d Main overall conformations of Arg8-vasopressin: Representative states in water resulting 
from a DASH state analysis of backbone dihedrals ΦΨ 2 to 9. Absolute populations for every group of 
conformations are given in parentheses and refer to 11 µs MD. (a) Representatives with open ring 
conformation; (b) representatives with saddle ring conformation; (c) representatives with clinched open 
ring conformation; (d) representatives with twisted saddle ring conformation. Depiction: backbone = 
cartoon, side chains = lines, representatives are only labelled for the main populated state of each group. 
Residues are only labelled for each major populated state 
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DASH Ring-State Analysis. As the RMSD trajectories suggest that the tail movements do not affect 

the main ring conformation, we first focused the DASH analysis on the ring dihedrals ΦΨ 2 to 6 

(T10). Each DASH state now represents an ensemble of similar ring-backbone conformations shown 

in Figure 4.4 and Table 4.2. In order to distinguish between DASH overall states and DASH ring 

states, DASH overall states are denoted as T16 and DASH ring states as T10. 

 

Figure 4.4a-d Main ring conformations of Arg8-vasopressin. Main representative ring states in water 
resulting from a DASH state analysis of backbone dihedrals ΦΨ 2 to 6. Absolute population of each state 
during 11µs MD are given in parentheses. (a) open ring states; (b) saddle ring states; (c) clinched open ring 
states; (d) twisted saddle ring states. Depiction: backbone = cartoon, sidechains = lines. Residues are only 
labelled for the major populated state each and the N-terminal tail is not shown in (a) to (d) for clarity. 
For illustration, a ring alignment of the backbone cartoons of the 4 main ring state (T10_8,1,4,6) including 
the tail, is shown above (a) to (d). 
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The initial 35 overall states are now reduced to twelve ring states. These ring states can be assigned 

clearly to the main time windows of the trajectory between the transitions at 1.46, 5.90, 6.43, and 

7.10 µs (Fig. 4.2a-c). Furthermore, analysing the T10 and T16 DASH state trajectories (Fig. 4.5 and 

Appendix A1 Table S2), shows that each overall state can be assigned to a distinct ring state (see 

Table 4.2). 

 
Figure 4.5a-c DASH state trajectories for (a) overall (T16), (b) ring (T10), and (c) tails (T6) states. For a 
better understanding, the corresponding RMSD trajectories for overall (Cα 2 to 9), ring (Cα 2-6) and tail 
(Cα 7-9) alignments are shown in the background. States are numbered consecutively on the second y-
axis, thus every horizontal line is the trajectory of a single DASH state and illustrates its individual 
distribution during the simulation. The transitions between time windows of main ring conformations are 
marked with vertical dashed lines. 

  



 Results and Discussion 
Chapter 4 (Paper 1) 

Page 49 of 118 

Table 4.2 Representative states of the main overall and ring conformations of Arg8-vasopressin $ 

T16 State population (T16) T10 State population (T10) Conformational characteristics 
State abs rel State abs rel β-turn Turn H 

 [%] [%]  [%] [%] type a centre bonds b 

open (0 to 1.455 µs = 1.455 µs) 
27 8.62 64.74 8 12.40 93.75    
28 3.25 24.60 8      
29 0.65 4.95 8      
30 0.75 5.70 9 0.83 6.25    

total 13.28 100.00  13.23 100.00 no classical turns 2,3 (Tyr2OGln4NH) 

saddle (1.455 to 5.900 µs = 4.445 µs) 
1 0.95 2.34 1 35.97 89.02    
2 0.74 1.82 1      
3 19.65 48.63 1      
4 7.88 19.51 1      
5 1.22 3.03 1      
6 5.60 13.87 1      
7 3.07 7.60 2 4.10 10.13    
8 0.35 0.87 2      
9 0.35 0.87 2      

10 0.25 0.62 2      

total 40.06 99.15  40.07 99.16 I/(I) 3,4/4,5 
Tyr2OAsn5NH, 
Tyr2OCys6NH 

clinched open (6.429 to 7.187 µs = 0.758 µs) 
12 1.87 27.18 4 4.80 69.66 (VIII)   
13 1.41 20.45 4      
14 1.45 20.98 4      
15 0.23 3.30 5 2.09 30.34 I   
16 0.89 12.93 5      
17 0.62 8.97 5      
18 0.43 6.20 5      

total 6.89 100.00  6.89 100.00 (VIII) /I 4,5 (Phe3OCys6NH) 

twisted saddle (7.187 to 11.000 µs = 3.813 µs) 
19 14.04 36.32 6 21.8 57.62    
20 3.24 9.34 6      
21 0.85 2.44 6      
22 3.81 9.91 6      
23 0.26 0.76 7 13.33 37.11    
24 9.84 27.98 7      
25 2.07 5.01 7      
26 1 2.86 7      

total 35.10 94.62  35.13 94.73 II 3,4 Tyr2OAsn5NH 

Σtotal 95.33   95.32     
§ Listed are the population and conformational characteristics of the main overall states (T16) and ring states (T10) of AVP (minor and 
transient state variants: see Table S1). Absolute populations refer to 11 µs MD (100 %). Relative populations refer to the main time 
windows of each conformational group (open, saddle, clinched open or twisted saddle). Characteristics of each ring conformation are 
given by β-turn types, turn centres, and transannular hydrogen bonds (Hbonds). T16 = overall states defined by ΦΨ 2 to 9; T10 = ring 
states defined by ΦΨ 2 to 6. a Parentheses indicate distorted versions of ideal β-turn types. b Hydrogen bonds in parentheses are only 
populated 20-40 %. Abbreviations: see p. xii. 

 

In other words, each overall state can be considered as a main ring conformation combined with a 

distinct tail-conformation, as will be discussed in detail below. Table 4.2 shows absolute and relative 

populations of overall and ring states and how they correspond. Absolute populations refer to the 

total simulation time of 11 µs and relative populations refer to the individual lengths of a 

conformational time window. The main ring conformations and the corresponding main windows 

are denoted as (a) open (0 to 1.46 µs), (b) saddle (1.46 to 5.90 µs), (c) clinched open (6.43 – 7.19 µs) 
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and (d) twisted saddle (7.19 to 11µs) to reflect common structural characteristics. The fifth window 

identified on the RMSD plot between 5.90 and 6.43 µs contains variants of the main ring 

conformations and will not be discussed in detail here. This work is focused on AVP´s main 

conformational states, which correspond to the four main trajectory windows. Other, short-lived 

states are observed during the simulation, but do not play a significant role and will only be defined 

in the Supporting Information (Appendix A1). 

Populations of the Conformations. The four main ring conformations (open, saddle, clinched open 

and twisted saddle) are present for more than 95 % of the simulation time. As a result of the DASH 

ring analysis, every conformational group is represented by two ring states (T10), a main state with 

a relative population of up to 94 % and a less populated state. Both major and minor states are 

present for 95 to 100 % of the relevant time window. Figure 4.4 shows the Cα 1 to 6 alignment of 

the ring states for each main ring conformation. Frequent interconversions between the 

representative states occur within each main conformational window. The DASH state mean angles 

(Table 4.3 and Appendix A1 Fig. S2) reveal that the major and minor ring states of a distinct 

conformational group (open, saddle, twisted saddle, clinched open) differ significantly (> 60°) for 

only one torsional angle. This is Φ 6 for the open (72 %) and saddle (66°) states and Ψ 5 for the 

clinched open states (73°).i The maximum torsion difference for twisted saddle states is Φ 6 = 52°.  

Table 4.3 DASH state mean angles (ΦΨ) of the main ring states (T10) of Arg8-vasopressin 

 T10 Tyr2 Tyr2 Phe3 Phe3 Gln4 Gln4 Asn5 Asn5 Cys6 Cys6 

 state Φ Ψ Φ Ψ Φ Ψ Φ Ψ Φ Ψ 

      open      

 8 -112.54 134.53 55.31 3.41 -135.33 152.15 -75.09 124.68 -127.16 148.39 

 stddev 37.81 18.46 9.08 31.34 23.92 18.2 18.32 32.08 31.88 23.33 

 9 -98.98 129.37 56.09 0.76 -135.73 153.49 -66.41 113.78 -55.29 126.93 

 stddev 54.64 26.48 9.27 31.72 23.88 23.1 31.29 80.23 61.52 40.84 

saddle 

 1 -80.2 143.87 -62.88 a -21.36 a -86.73 a -7.38 a -113.37 -27.13 -126.42 133.12 

 stddev 20.52 12.37 9.44 13.4 17.2 16.94 21.14 22.14 20.16 33.23 

 2 -84.29 147.09 -57.99 a -27.01 a -85.13 a -7.63 a -122.03 -6.72 -60.49 142.38 

 stddev 23.05 13.93 10.95 15.59 17.53 16.62 20.55 41.47 32.18 24.51 

clinched open 

 4 -95.37 -19 -101.27 156.57 -67.65 b -19.06 b -112.46 b 86.89 b -117.42 145.84 

 stddev 28.15 22.75 29.46 14.56 16.85 23.84 28.66 61.3 36.21 21.54 

 5 -90.52 -18.35 -116.2 151.18 -68.06 b -20.5 b -88.17 b 14.01 b -82.72 144.88 

 stddev 28.3 18.64 30.65 13.16 22.02 26.74 20.39 33.03 29.6 16.17 

twisted saddle 

 6 -86.02 162.33 -52.48 a 127.66 a 55.04 a 12.34 a -107.29 -7.44 -122.17 144.18 

 stddev 29.44 13.88 16.16 14.69 9.01 21.14 29.86 48.29 28.23 23.53 

 7 -115.65 174.87 -52.78 a 129.79 a 57.39 a 8.38 a -114.1 -16.45 -70.67 148.3 

 stddev 24.26 19.63 19 13.91 8.24 20.56 25.07 29.84 19.33 13.72 
a,b Torsions corresponding to β-turns: a turn propensity > 80 %, b turn propensity 40-65 %. Ideal ΦΨ (i+1, i+2): β-turn type I (-60°, -30°, -
90°, 0°), type II (-60°, +120°, +80°, 0°), type VIII (-60°, -30°, -120°, 120°).227,277 stddev= standard deviation. 

                                                           
i Sentence rephrased for a better understanding. 
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These result in different disulphide-bridge conformations for each state. Although the disulphide-

bridge torsions were not included in the DASH ring-state analysis, their conformations are probably 

characteristic (see Fig. 4.4a-d, disulphide-bridges are shown as lines). RMSD differences between 

states of the same ring conformation are small, ≤ 0.25 Å, in comparison to RMSD differences 

between states of different ring conformations, 0.9 to 2.2 Å (Appendix A1 Table S3). The saddle and 

the twisted saddle ring conformations are the most populated structures, with absolute 

populations of 40 and 35 %, respectively. The open conformations, open and clinched open, occur 

only 13 % and 7 % of the time. 

Secondary Structure and Hydrogen Bonds. The secondary structure was determined by means of 

ring-internal turn propensities, turn types and hydrogen bonds. Turn propensities and hydrogen-

bond occupancies were calculated using AmberTools, and turn types were identified by comparing 

the DASH mean-angles with ideal β-turn type torsions. Turn propensities and hydrogen-bond 

populations are given in Tables 4.4 and 4.5 and the torsion-angle ensembles for every main DASH 

ring state in Table 4.3 and the results are illustrated in Scheme 4.1. 

Table 4.4 Turn propensities [%] for the main ring conformations of Arg8-vasopressin 
Turn centre Main ring conformation / Trajectory time-window 

residue open saddle clinched open twisted saddle 

Cys1 0.00 0.00 0.00 0.00 

Tyr2 20.20 0.00 0.00 0.18 

Phe3 20.20 94.10 0.03 90.57 

Gln4 0.08 93.93 46.28 93.80 

Asn5 0.07 89.33 46.28 61.93 

Cys6 0.00 2.53 0.00 0.01 

Pro7 3.80 18.57 20.99 10.82 

Arg8 3.80 17.32 20.99 10.82 

Gly9 0.00 0.00 0.00 0.00 
Abbreviations: see p. xii. 

Table 4.5 Occupancies of intramolecular hydrogen bonds (%) and corresponding turn centres for the main ring confor-
mations of Arg8-vasopressin 

H-bond Main ring conformation / Trajectory time-window Turn centre 

O… …HN open saddle cl.open tw.saddle residues 

Cys1 Gln4 12.03 0.00 0.00 2.24 2, 3 

Tyr2 Asn5 0.00 95.70 0.00 82.60 3, 4 

Tyr2 Cys6 0.00 83.19 0.00 37.28 3, 4, 5 

Tyr2 Gln4 38.57 2.04 0.01 0.02 3 

Phe3 Cys6 0.00 4.86 27.93 0.04 4, 5 

Phe3 Asn5 0.13 2.41 10.21 23.83 4 

Gln4 Cys6 8.78 0.06 18.67 1.60 5 

Asn5 Tyr2 0.00 0.22 0.00 6.59 3, 4 

Cys6 Gly9 2.20 10.82 12.11 5.67 7, 8 

 

The saddle (Scheme 4.1b, Fig. 4.4b) and related twisted saddle (Scheme 4.1d, Fig. 4.4d) ring 

conformations are the most highly populated, occurring for 75 % of 11 µs (Table 4.2). Both feature 
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a highly populated (more than 90 %) turn at residues Phe3 and Gln4. The saddle is characterised by 

a further turn centred at Asn5 (89 %). This turn also occurs in the twisted saddle but is less highly 

populated (62 %). The DASH-state mean-angles (Table 4.3 and Appendix A1 Table S4) reveal a 

β-turn type I centred at 3,4 for the saddle conformation in addition to a slightly distorted β-turn 

type I centred at 4,5. These β-turns are stabilised by highly populated hydrogen bonds (83-96 %) 

between the carbonyl-oxygen of Tyr2 (Tyr2O) and the amide-hydrogen of Asn5 (Asn5NH), and 

between Tyr2O and Cys6NH. In the twisted saddle ring conformation, however, only the Tyr2O-

Asn5NH hydrogen bond is highly populated (83 %) and the 3,4 centred turn is now a classical β-turn 

type II. The difference between a β-turn type I and type II is simply the orientation of the central 

peptide bond 3,4. 

The twisted saddle conformation shows a slight tendency to form a Tyr2NH-Asn5O hydrogen bond 

(7 % occupancy). A Tyr2NH-Asn5O hydrogen bond has also been suggested on the basis of NMR 

experiments.99 A rearrangement from saddle to twisted saddle or changing the 3,4 β-turn from type 

I to type II twists the ring making it more open (cf. radius of gyration, Fig. 4.2c), whereas the main 

orientation of the side chains 2 to 4 remains unchanged. This may be necessary to facilitate AVP 

entry and/or fit into different GPCR pockets. There is no direct transition between saddle and 

twisted saddle in the 11 µs MD, suggesting that interconversion of the two ring conformations may 

occur via one or more conformational intermediates, e.g. the clinched open conformation or the 

variants that are observed between 5.90 and 6.43 µs.  

The relatively sparsely populated clinched open ring conformation (Scheme 4.1c, Fig. 4.4c) is 

significantly less folded than the two saddle conformations but more than the open. The most highly 

populated intramolecular hydrogen bond is Phe3O-Cys6NH (28 %, Table 4.5) and turns centred at 

Gln4 and Asn5 occur about half of the time (46 %, Table 4.4). Loosely defined turns are thus more 

likely than ideal β-turns. The DASH ring-state mean-angles show a very high fluctuation of Ψ 5 

(standard deviation = 61°, Table 4.3) so unambiguous turn-type assignment is not possible. The 

clinched open ring structure can be classified as a flexible ring conformation with a tendency to 

form a β-turn type VIII or type I centred at 4,5. 

Finally, the open ring conformation, the starting conformation for the simulation, shows none of 

the ideal turn structures (Scheme 4.1a, Fig. 4.4a). There is a slight tendency to centre ring turns at 

residues Tyr2 and Phe3 (20 %, Table 4.5) accompanied by sparsely populated hydrogen-bonding 

interactions of Tyr2O and Gln4NH (39 %), and Cys1O and Gln4NH (12 %). Summarising, this ring 

conformation can be readily classified as open as it has no significantly populated intramolecular 

hydrogen bonds and no defined β-turns. 
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Transition Key Torsions. A torsion angle is defined as a key torsion if its value changes significantly 

(> 90°) from one ring conformation to another. Figure 4.6 shows the differences of the mean 

torsions for the main ring conformations open, saddle, clinched open and twisted saddle 

represented by the main ring states (T10, Table 4.2). Only dihedrals Φ 2, Φ 5 and ΦΨ 6 do not show 

large differences, all other torsions can be qualified as key torsions for interconversions between 

the main ring conformations. A complete list of key-torsion angle differences between main ring 

conformations is given in Table S5 (Appendix A1). 

 

Figure 4.6 DASH state mean angles (ΦΨ) of the main ring conformations of Arg8-vasopressin. open, 
saddle, clinched open, and twisted saddle represented by the main ring states T10_8, 1, 4, and 6 

 

Direct transitions only occurred between (i) open and saddle and (ii) clinched open and twisted 

saddle. The key torsions for these transitions are (i) Φ 3, Ψ 4, Ψ 5 (Scheme 4.3a,b) and (ii) Ψ 2, Φ 4, 

Ψ 5 (Scheme 4.3c,d). Changes of these torsions correlate with rotations of the corresponding 

peptide bonds and the relative orientation of carbonyl oxygens and amide hydrogens, and elucidate 

the mechanism of interconversions. For example, to convert open to saddle, the Tyr2 

carbonyl-oxygen and the amide hydrogens of Asn5 and Cys6 should point into the ring. Torsions Φ 3, 

Ψ 4 and Ψ 5 are the key torsions responsible for turning these atoms into the ring and thus to 

enable the characteristic intramolecular hydrogen bond to be formed. To interconvert from 

clinched open to twisted saddle, the hydrogen bond Phe3O-Cys6NH must be replaced by one 

between Tyr2O and Asn5NH. This is accomplished by rotating Ψ 2 and Φ 4, which turns Tyr2O into 

the ring displacing Phe3O. 
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A concomitant rotation of Ψ 5 causes Cys6NH to turn thereby weakening the hydrogen bond 

between Phe3O and Cys6NH. These ring interconversions have so far proved too complex for their 

thermodynamics to be determined by simple umbrella sampling and are therefore now being 

investigated using dual-topology thermodynamic integration.  

 

Scheme 4.3a-d Key torsions for the interconversion of the main ring conformations of AVP. 
(a, b) interconversion open to saddle at 1.46 µs (11 µs MD); (c, d) interconversion clinched open to twisted 
saddle at 7.10 µs (11 µs MD) 

 

Disulphide Bridge. One remaining important feature of the ring conformations is the chiral 

disulphide dihedral χ 3 (∢ Cys2Cβ-Cys2S-Cys6S-Cys6Cβ), Figure 4.7 shows the dynamics of this 

torsion. The disulphide bridge adopts two main conformations for χ3 with average values of either 

+88.9° (g) or -86.6° (g’). Interconversions between these two states do not necessarily correspond 

to transitions between different time windows of the ring conformations but are rather frequent 
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independent occurrences. Each main ring conformation can exhibit conformations of the disulphide 

bridge conformations with negative and positive dihedrals. Transitions between these disulphide 

conformations occur independently of the main ring conformation. The positive torsion angle is 

favoured by 78.2 % to 21.8 % and is consistent with experimental evidence (see e.g.110). The 

simulation suggests that g/g’ transitions are more frequent for open ring conformations than for 

saddle.  

 

Figure 4.7 Trajectory of the disulphide-bridge torsion Cys2χ3 (∠CSSC). Horizontal dashed lines = 
average disulphide bridge torsions, vertical dashed lines = transitions between time windows of main ring 
conformations. 

 

 

Tail Conformations 

As described above, the RMSD trajectory of the Cα 7 to 9 segment (Fig. 4.2d) suggests two equally 

distributed main conformations for the tail, whereas the DASH analysis of the tail dihedrals ΦΨ 7 

to 9 allows these dynamic conformations to be classified in detail. The results are given in Table 4.6, 

Scheme 4.2 and Figure 4.8. There are six distinct tail states (T6) that reveal two major tail 

conformations, (i) an extended tail conformation with no significant turns, and (ii) a tail 

conformation with a 7,8 β-turn type II, here denoted as folded. Each main conformation is 

represented by two DASH states, differing in torsions ΦΨ 9 (Appendix A1 Fig. S3). These torsions 

are only responsible for the orientation of the C-terminal CONH2-group and do not affect the 

extended or folded conformation. 

AVP favours the extended conformation of the tail significantly with an absolute population of 81 % 

during the simulation vs. 17 % for the folded 7,8 β-turn type II conformation. The preference for the 
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extended tail conformation is most likely due to the bulky residue Arg8, which causes steric clashes 

when the tail is folded. 

Two further transient conformations can be identified, a hybrid tail conformation (absolute 

population 2.0 %), which is not completely extended but has no defined folding, and a 7,8 β-turn 

type I structure (absolute population 0.8 %). 

Table 4.6 Population and distribution of tail conformations§ 

T6 state a Tail state population (T6) 
  open saddle clinched open twisted saddle 

 (0-11.0 µs) (0-1.46 µs) (1.46-5.90 µs) (6.43-7.19 µs) (7.19-11.00 µs) 

 abs [%] rel [%] rel [%] rel [%] rel [%] 

extended 

3 61.44 69.22 56.02 37.99 68.34 

4 19.59 24.39 20.32 30.35 15.10 

total 81.03 93.61 76.34 68.34 83.44 

7,8 β-turn type II 

5 2.52 0.00 3.87 0.00 2.75 

6 13.61 4.91 15.31 26.12 12.51 

total 16.13 4.91 19.18 26.12 15.26 

7,8 β-turn type I 

2 0.83 0.00 1.82 0.00 0.28 

distorted turn 

1 2.00 1.48 2.66 5.54 1.02 

Σtotal 100.00 100.00 100.00 100.00 100.00 
§The first column contains the DASH states (T6) that represent the tail conformations of Arg8-vasopressin during 11 µs MD simulation. 
Absolute populations refer to the total simulation time of 11 µs. Relative populations refer to the time windows of the main ring 
conformation (open, saddle, clinched open, and twisted saddle). T6 = tail states defined by ΦΨ 7 to 9. Abbreviations: see p. xii. 

 

 

Figure 4.8a,b Tail conformations of Arg8-vasopressin. Main representative tail states resulting from a 
DASH state analysis of backbone dihedrals ΦΨ 7 to 9. Absolute population are given in parentheses. (a) 
extended tail conformations; (b) folded tail conformations with β-turn centred at residues 7 and 8. 
Depiction: tail = sticks, ring and side chains = lines. Residues are only labelled for each major populated 
state. 
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Figure 4.5 shows the DASH state trajectories for all overall states (T16), ring states (T10) and tail 

states (T6). There are 176 transitions between the six T6 tail states but only 77 transitions between 

the twelve T10 ring states, confirming that the tail is significantly more flexible than the ring. 

The most striking result, however, is that the tail states do not correlate directly with ring states in 

terms of transitions or formation of distinct conformational groups. In fact, similarly to the two 

states of the disulphide bridge, all tail states are distributed evenly over the entire simulation 

independently of the ring conformation. This is shown convincingly by a principal component 

analysis of the torsion angles throughout the simulation. As is shown in Figure 4.9a, there are six 

significant principal components (PCs) according to the eigenvalue-one test, of which PCs 5 and 6 

have eigenvalues just barely larger than unity and are therefore at best marginally non-trivial. 

Figure 4.9b shows the weights (squared coefficients) of the contributions of the individual torsions 

to PCs 1 and 2 and Figure 4.9c those of PCs 3 and 4.The former are clearly localised on the ring and 

the latter on the tail. The contributions of ring torsions in PCs 3 and 4 and of tail fluctuations in 1 

and 2 are very small. Interactive 3D-plots of the first four PCs are given as HTML-pages in the Online 

Supporting Material. Interestingly, these show that the two twisted saddle states, although very 

similar, are clearly separated in PC-space. This separation is mostly due to PC2. 

 

Figure 4.9a-c Summaries of the principal component analysis of the torsion angles during the 
simulation. (a) Eigenvalue plot; (b) weights of the torsion angles for principal components 1 and 2; (c) 
weights of the torsion angles for principal components 3 and 4 
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Thus, every overall state can be described in a modular manner as a combination of a ring and a tail 

state. The matrix of all main-state combinations found in this simulation is given in Table 4.7. 

Although the conformational changes of the ring and tail are not correlated, the relative 

populations of extended and folded tail states vary depending on the ring conformation (see 

Table 4.6). The highest preference for a folded tail is found for the clinched open ring (26 % relative 

population), the lowest (5 %) for an open ring conformation. The saddle and twisted saddle ring 

conformations are found together with a folded tail 20 and 15 % of their occurrence, respectively. 

Again, the sterically demanding Arg8 residue is most likely responsible for these preferences; the 

propensity to form a folded tail depends on the available space. 

Table 4.7 Overall state = ring state + tail state § 

Overall states (T16) 
(T6 X T10) 

Tail states (T6) 

extended 7,8 β-turn II 

61.4 % 19.6 % 13.6 % 2.5 % 

3 4 6 5 

R
in

g 
st

at
e

s 
(T

1
0

) 

open 
 

12.4 % 8 27 28 29  

0.8 % 9 30 28   

saddle 
 

36.0 % 1 3 4 6 5 

4.1 % 2 7 8 10 9 

clinched open 
4.8 % 4 12 13 14  

2.1 % 5 16 17 18  

twisted saddle 
21.8 % 6 19 20 22 21 

13.3 % 7 24 25 26  
§ A matrix of overall states (T16) as combination of the ring and tail states (T10 and T6) that represent the 
main ring and tail conformations (open, saddle, clinched open, twisted saddle, extended, and folded). The 
states result from DASH analyses of torsions ΦΨ 2 to 9 (T16, overall states), 2 to 6 (T10, ring states) and 7 
to 9 (T6, tail states). The assignment is based on the corresponding DASH state trajectories. PDBs of all 
states are provided in the Online Supplementary Material. 

 

 

Conclusions 

A single long (11 s) simulation of AVP in water has revealed details of its conformational behaviour 

and possible biologically active conformations. Conformational changes on the MD timescale are 

frustratingly slow, so that, even from the long simulation, we cannot estimate the free-energy 
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difference between the ring conformations from their concentrations. However, the 

conformational rearrangements are clearly fast on the NMR timescale, in agreement with the 

experimental results.  

The simulation reveals four distinct ring conformations that are essentially independent of the 

faster tail motions. The saddle and twisted saddle ring conformations exhibit β-turns centred at 

residues 3,4/4,5 as expected from experiments and are fixed by transannular hydrogen bonds. The 

alternative open and clinched open conformation do not feature transannular H-bridges. The saddle 

structure identified in the simulation corresponds closely to that found in crystal structure 1JK4. 

The simulation is quite consistent with Sikorska and Rodziewicz-Motowidlo’s NMR results.103 They 

suggest two main conformations, both with 3,4 β II-turns. One is proposed to exhibit a 4,5 β III’-turn 

and the other a type I’-turn at this position. Our simulations also reveal turns at 3,4 and 4,5 to be 

dominant in aqueous solution. The 3,4 β-turn type II is found in our twisted saddle conformation, 

but only with a sparsely populated 4,5 turn; a significantly high turn propensity at residues 4 and 5 

is found in our saddle conformation but here in combination with a β-turn type I at residues 3 and 4. 

The two studies agree well about the tail conformation, which we found to be approximately 80 %i 

extended. 

The open structure featured in the simulation corresponds closely to the AVP conformation found 

in the crystal structure of the trypsin complex (PDB ID: 1YF4) and features neither a well 

characterised -turn nor conserved transannular hydrogen bonds. The clinched open conformation 

identified in the simulation is apparently new and probably represents an intermediate minority 

conformation involved in inter-saddle rearrangements.ii 

In general, the simulation is compatible with the known experimental data, which allows us to be 

confident about its accuracy, even though it is limited to 11 s and exhibits only a few transitions 

between major rings states. Above all, the main conformations found can all be considered as 

candidates for biologically active conformations in different receptors as they are clearly easily 

accessible thermodynamically. We are now carrying out extensive thermodynamic integration 

studies to define the thermodynamics of the major conformations in solution.  

Technically, DASH has proven to be an extremely useful and effective analysis tool for such 

simulations. In particular, its beneficial scaling helps to analyse such long simulations. The finding 

that the movements of the ring and the tail are largely independent facilitates the analysis 

considerably.  

                                                           
i Note: The convergence of the tail conformations was further confirmed by the extended 23µs MD of AVP ( see Chapter 5 and 
Appendix A4 Additional Analysis) 

ii The clinched open state turned out to be major populated proved by the extended 23µs MD and metadynamics simulations (cf. 
Chap. 5) 
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The conformational distribution demonstrated in this work can now serve as a basis for comparison 

with those simulated for AVP docked into receptor pockets and for extended simulations of NMR 

and circular-dichroism spectra. Above all, however, MD simulations have proven once more to be 

useful, and perhaps the most powerful, tools for analysing the conformational behaviour of peptide 

hormones of comparable size to AVP. 
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Chapter 5: Deciphering NMR-Data for Conformational Equilibria: 

Arginine-Vasopressin (Paper 2) 

The results in this section have been published in: 

Haensele E, Saleh N, Read C M, Banting L, Whitley D C, Clark T. Can Simulations and Modeling 

Decipher NMR Data for Conformational Equilibria? Arginine-Vasopressin. J Chem Inf Model. 

2016;56(9):1798-807.2 

The paper is given as postprint. 

 

Foreword 

As has been shown in the previous chapter, long-scale MD simulations are able to identify the main 

conformational types of a flexible peptide. AVP demonstrates four main ring conformations saddle, 

twisted saddle, clinched open and open that are combined with two tail conformations extended 

and folded.1 However, what are the relative populations of these conformations in solution? 

Unfortunately, even the extension of the 11 µs unrestrained MD simulation to 23 µsi showed no 

converged sampling of the main ring conformations. Thus, metadynamics enhanced sampling 

studies were performed to determine the relative populations. 

These calculations predict a ratio of approximately 70 % folded (saddle, twisted saddle) 

conformations and 30 % open (clinched open, open) conformations for AVP in solution.2 As this is a 

purely in silico result, validation by comparison with experiment was required. The results are 

published in Paper 2 (see postprint below). 

Deciphering Technique. The paper gives a detailed description of the statistical analysis of the 

linear regression of calculated and experimental data of AVP and discusses the significance of 

results in depth. However, the evaluation of the calculated conformational equilibria is not the only 

result, the protocol or “deciphering technique” itself is even more important a result. Thus, an 

illustration shall be given in advance. Figure 5.1 shows the logical flowchart of the evaluation 

technique. The numbering follows the explanation in the paper (see Postprint of Paper 2). The 

technique performs best for 1H chemical shifts of AVP and holds promise of being extended to 

                                                           
i 23 µs AVP MD simulation was equivalent to a CPU time of 17,000 hours (almost 2 years net computation time). For performance of 

AMBER simulations, see Appendix A7 
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flexible molecules in general to decipher their experimental NMR data for conformational equilibria 

in solution. 

The workflow to determine and evaluate fast conformational equilibria can be explained as follows: 

On the experimental side (green), NMR experiments are performed to gain experimental data (e.g. 

chemical shifts, NOE distances, coupling constants). On the in silico side (blue), the corresponding 

data are calculated for representative single conformations and for the predicted mixture of main 

conformations. To this, unrestrained long-scale MD simulations (1) are combined with enhanced 

sampling (2) and DFT calculations (3a). Finally, experimental data and calculated data of single 

conformations (3a) and equilibrium mixtures (3b) are directly compared via linear regression (4) 

and the model with the highest accordance to experiments is chosen as the best assignment. 

As anticipated, the best assignment for the AVP conformations to the experimental data was a 

70:30 equilibrium of folded and open (unfolded) conformations as predicted in silico. 

 

Figure 5.1 Technique to decipher NMR-data of flexible peptides in solution (flowchart). Right side (blue 
frame): Deciphering technique. Direct comparison of calculated spectra for relevant single-conformations (3a) 
and conformational ensembles (3b). Relevant conformations are identified with unrestrained long-scale MD 
simulations (1) and relative populations are calculated from enhanced sampling methods, e.g. metadynamics or 
replica exchange MD simulations (2). Left side (grey): Reality check. Relative populations resulting from least 
square fits of calculated single-conformations and experimental NMR-data. 
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Contribution of Authors 

The results are the product of a joint research project of the University of Portsmouth (UK) and the 

FAU Erlangen-Nürnberg (D).  

Metadynamics simulations of relevant conformations of AVP were performed by Dr. Saleh in Prof. 

Clark´s group. Representative conformations were chosen by Haensele. 

NMR experiments were carried out by Dr. Read. Spectra assignment and analysis was performed 

by Haensele. Experimental interatomic distances were derived from NOESY spectra (Dr. Read). The 

corresponding interatomic distances in the relevant conformations were extracted from MD 

trajectories by Haensele. 

DFT optimisations and calculations of NMR shielding tensors were performed by Prof. Clark with 

coordinate files of representative conformations of AVP from the long-scale MD simulation 

(Haensele). Further data processing, e.g. shielding/shift conversion, was done by Haensele. 

Long-scale MD simulations, conformational analyses (DASH), NMR-modelling and statistical 

evaluation were performed by Haensele. 

DP4 probabilities were calculated by Dr. Whitley. 

Comparative calculations of PLS regression and bagged MLR via SARcaddle were performed by 

Prof. Clark. He also introduced the two novel error metrics WRMSE and Δσ to access the significance 

of statistical models. The according statistical analyses and application of the new error metrics 

were calculated by Haensele. 

Linked Appendices: A2: Reprint Supporting Information Paper 2, A4: Additional Analysis. 
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Haensele E, Saleh N, Read CM, Banting L, Whitley DC, Clark T. Can Simulations and Modeling 
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2016;56(9):1798-807.i 
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Abstract 

Arginine vasopressin (AVP) has been suggested by molecular-dynamics (MD) simulations to exist as 

a mixture of conformations in solution. The 1H and 13C NMR chemical shifts of AVP in solution have 

been calculated for this conformational ensemble of the ring conformations (identified from a 23 µs 

molecular-dynamics simulation). The relative free energies of these conformations were calculated 

using classical metadynamics simulations in explicit water. Chemical shifts for representative 

conformations were calculated using density-functional theory. Comparison with experiment and 

analysis of the results suggests that the 1H chemical shifts are most useful for assigning equilibrium 

concentrations of the conformations in this case. 13C chemical shifts distinguish less clearly between 

conformations and the distances calculated from the nuclear Overhauser effect do not allow the 

                                                           
i Elke Haensele,a,b Noureldin Saleh, a Christopher M. Read, c Lee Banting, b David C. Whitley, b and Timothy Clark a,  
a Computer-Chemie-Centrum der Friedrich-Alexander-Universität Erlangen-Nürnberg, Nägelsbachstraße 25, 91052 Erlangen, Germany; 
b School of Pharmacy and Biomolecular Sciences, University of Portsmouth, Portsmouth PO1 2DT, United Kingdom; c School of 
Biological Sciences, University of Portsmouth, Portsmouth PO1 2DY, United Kingdom 
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conformations to be assigned clearly. The 1H chemical shifts can be reproduced with a standard 

error of less than 0.24 ppm (< 2.2 ppm for 13C). The combined experimental and theoretical results 

suggest that AVP exists in an equilibrium of approximately 70 % saddle-like and 30 % clinched open 

conformations. Both newly introduced statistical metrics designed to judge the significance of the 

results and Smith and Goodman’s DP4 probabilities are presented. 

 

Introduction 

Many biologically important molecules, especially peptide hormones, exist as an equilibrium 

mixture of two or more conformations in solution.278,279 Identifying these conformations and their 

relative free energies is important because, as long as the conformations in solution are competitive 

in energy then each is a candidate as the biologically active conformation, which need not be the 

same in all receptors. 

X-ray crystallography usually only provides single snapshots that give little insight into dynamic 

equilibria, so that NMR spectroscopy becomes the experimental method of choice. Unfortunately, 

the most common technique used to determine structures in solution, using the nuclear 

Overhauser effect280 is often not sufficient to determine even a single structure uniquely, and even 

less so for conformational equilibria. In this respect, the r6 distance dependence of the NOE (r is 

the internuclear distance) prevents simple averaging of the structures and renders interpretation 

more difficult, even when MD simulations are used as the basis for ensemble calculations.281  

Chemical shifts are not often used to determine conformations in solution because they are not 

directly related to interatomic distances. A reliable technique for calculating chemical shifts for a 

given geometry is thus needed and density-functional theory (DFT) calculations now provide such 

a technique at a reasonable computational cost.282,283 When a regression equation was used to 

convert atomic screening to chemical shifts, accuracies of ±0.15 ppm and ±2.2 were obtained for 

1H and 13C chemical shifts, respectively.284 Unfortunately, what might naively be considered the 

most informative chemical shifts in peptides and proteins, those of the acidic (pKa  15) amide NH-

protons often involved in hydrogen bonds, are also strongly affected by exchange phenomena in 

aqueous solution.285,286 These effects increase their chemical shifts compared to those calculated 

for the pure NH protonation state in continuum water. The inclusion of explicit water molecules in 

the DFT calculations can improve the results,285,286 but in the case of vasopressin, a nonapeptide, 

this would lead to extensive sampling problems and make the technique computationally 

intractable. A further difficulty is that the superficially attractive technique of calculating the 

chemical shifts of the possible conformations in the equilibrium and fitting a linear combination to 
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the experimental chemical shifts by regression lacks predictive power because the calculated 

chemical shifts of the conformations are strongly correlated, so that least-squares fits are seldom 

unique. This means that, although the fitted results are good, the coefficients of the individual 

conformations may not necessarily be meaningful because of their strongly correlated chemical 

shifts. This problem is most visible in bagging regression models, where the coefficients obtained 

in the different component models vary widely, but is also inherent in partial least squares models, 

where it is less obvious. These problems have been addressed by Smith and Goodman,258,287 who 

used chemical shifts exclusively to distinguish between pairs of diastereomers and proposed 

improved metrics to overcome the fitting problem. Unfortunately, most of their metrics were 

designed to assist assignment of spectra to pairs of chiral molecules for which both experimental 

spectra are available. However, their DP4 probabilities258 are applicable in the present case, as 

demonstrated by Nazarski et al.,288 but even using these probabilities as a metric does not solve the 

problem of linearly dependent descriptors. We have therefore resorted to MD simulations to avoid 

the fitting problem. We have investigated the use of MD simulations and DFT chemical-shift 

calculations combined with NMR experiments to assign the conformational equilibrium in solution 

for 8-arginine-vasopressin (AVP), a flexible peptide hormone. 

AVP is the human form of vasopressin, a peptide hormone of the vasopressin family. Vasopressin-

related peptides, which include vasopressin, oxytocin, urotensin II and a variety of other 

non-human tocins, are G-protein coupled receptor ligands that share the common feature of a 

six-residue ring closed by a disulphide bridge. Although the peptides are very closely related, the 

conformation of the six-residue ring differs in X-ray crystal structures of AVP (1YF4),97 8-lysine-

vasopressin (1JK4)98 and oxytocin (1NPO),77 suggesting that multiple bioactive conformations may 

be operative, depending on the binding site.  

The ring conformations for these peptide hormones can be classified broadly into open and saddlei 

types, shown in Scheme 5.1. The open ring conformations, 1, such as that found in PDB-entry 1YF4, 

do not feature transannular hydrogen bonds and exhibit a flat, open ring structure. In contrast, the 

saddle conformations, 2, (PDB entries 1JK4 and 1NPO) feature a ring that is folded with possible 

transannular hydrogen bonds, resulting in a saddle-like shape that features well-defined -turns at 

residues 3 and 4 and/or 4 and 5. 

 

                                                           
i Author´s note: later in this project, the more general notation folded was used 
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Scheme 5.1 The open and saddle conformational types for AVP. The ring backbone bonds are shown 
as broad lines and the β-turns in magenta. 

 

NMR studies of AVP99,103 have concentrated on the cis/trans-isomerisation across the Cys6-Pro7 

peptide bond and have assumed only folded (saddle) ring conformations. The trans-isomer 

predominates in solution, although the cis-isomer can be identified in the NMR spectrum. It will not 

be discussed here because the cis/trans-interconversion is slow on the NMR timescale. Recent 

extensive MD simulations1 suggest that AVP exists in an equilibrium between several 

interconverting ring conformations in aqueous solution. The NMR studies summarised in Table 1 of 

Reference 103 indicate that the ring can adopt diverse structures, all of which, however, have been 

interpreted as containing well-defined turns, as found in the saddle conformation. Exact knowledge 

of the ring conformational equilibrium is, however, important, as the biologically relevant 

conformations of AVP have not been identified. We therefore now report a combined theoretical 

(MD simulations, DFT modelling) and NMR study of the conformational equilibrium of AVP in 

aqueous solution that compares chemical shifts and interatomic distances calculated without 

experimental input with data derived from experiments.  

 

Methods 

Complete computational and experimental details are given in the Supporting Information 

(Appendix A2); the procedure will only be described briefly here. Measured chemical-shift and NOE 

data are compared directly with those predicted essentially without experimental input. These 

predictions are based on: 
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1) Identifying the Relevant Conformations of AVP in Solution from Extended Timescale, 

Unconstrained MD Simulations. Our previous1 11 µs MD simulation of AVP in solution was 

extended to 23 s to improve sampling. Even this simulation, however, proved insufficient to 

deduce equilibrium concentrations of individual conformations, as identified using DASH.141 We 

therefore, used the conformations identified in the 23 s simulation to define the path variable for 

subsequent metadynamics simulations.151 

2) Calculating the Relative Free Energies of these Conformations in Solution Using Metadynamics. 

The single path variable used for the metadynamics is simply a numerical assignment to one of the 

five most prevalent conformations found in the long MD simulation. These conformational 

assignments are made using the root-mean-square deviation from the individual conformations. 

This criterion allowed over 90 % of the frames from the 23 µs simulation to be assigned. In order to 

make the collective variable as “physical” as possible, the numbering of the conformations was 

chosen so that the 23 s simulation exhibited transitions between adjacently numbered 

conformations, thus ensuring that paths between neighbouring conformations exist.  

 

Figure 5.2 The numerical order of the conformations used in the metadynamics collective variable. 
The conformational assignments are plotted against simulation time for the five most populated DASH 
states observed in the 23 µs unconstrained simulation. The conformations 1-4 can interconvert as follows: 
1-2, 2-3, 3-4. The direct 4-5 interconversion is also seen but conformations 5 were not included (see text). 

 

Figure 5.2 shows the numerical assignment of the conformations. The variants cluster of 

conformations, which proved to be least stable and only occurred after the original 11 s 

simulation, was not included in the further analysis (for details, see the Supporting Information, 

Appendix A2). 
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3) Calculating Geometries for Cluster Centres and NMR Chemical Shifts with DFT. Cluster centres 

for the four most populated ring conformations (including two different tail conformations for 

saddle and clinched open to give a total of six representative structures) were taken from the 23 s 

simulation and optimised with Gaussian09247 at the B3LYP237,238/6-31G(d)240 level using the standard 

polarizable continuum model (PCM) for water.254 The optimised geometries are given in the 

Supporting Information (Appendix A2). Dispersion corrections were not used, as we do not expect 

them to be appropriate for PCM calculations in a polar solvent. Note that this neglect of dispersion 

corrections can only affect the DFT-optimised geometries because the relative DFT energies are not 

used in the analysis. Relative free energies include dispersion because they were obtained 

exclusively from force-field based simulations with explicit solvent. Magnetic shieldings were 

calculated on the optimised structures using the gauge-independent atomic orbital (GIAO) 

technique244 at the B3LYP/6-31G(d) level with PCM water. The regression technique for converting 

calculated isotropic magnetic shielding to chemical shifts in solution284 was extended to enable 

B3LYP/6-31G(d) calculations with PCM-water to reproduce 1H and 13C chemical shifts in D2O relative 

to (3-trimethylsilyl)propane sulphonic acid (DSS). Details of the training set and the results are given 

in the Supporting Information (Appendix A2). The regression equations are: 

 𝛿( 𝐻1 ) = −0.9912𝜎𝐻 + 32.05  

 𝛿( 𝐶13 ) = −1.0833𝜎𝐶 + 203.97 (5.1) 

where δ is the chemical shift and σ the calculated isotropic atomic magnetic shielding, both in ppm. 

The root-mean-square deviations from experiment for the training set are 0.18 ppm for 1H and 

1.96 ppm for 13C. 

Chemical shifts for each optimised cluster-centre conformation were calculated using Eq. (5.1) and 

ensemble chemical shifts (denoted as equilibrium in the following) obtained by linear combination 

of the individual shifts according to the calculated equilibrium concentrations. 1HN chemical shifts 

were not included, as in practice, these are subject to wide variation by hydrogen bonding, pH and 

solvent-based environmental changes and are generally not reproduced well by calculations on a 

single protonation state. 

4) Direct Comparison of Experimental and Calculated Spectra or Measurements. The ensemble 

NMR spectra calculated in step (3) can be compared with experimental data. We have assigned the 

1H, and 13C chemical-shifts almost fully, in two different aqueous solution conditions at pH 4.7 and 

pH 6.0. The former pH is that given on dissolving the peptide in H2O and the latter was chosen to 

be compatible with the MD simulations. To complete the set of known experimental NMR data we 
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report for the first time 15N shifts at natural abundance. NOESY and TOCSY NMR spectra gave NOEs 

and facilitated assignment (see the Supporting Information, Appendix A2, for details).  

Both the quality of fit between the calculated and experimental parameters and whether the fit for 

the calculated equilibrium mixture of conformations is better than that for any of the individual 

contributing conformations serve to validate the approach. This is often not a straightforward 

analysis problem,258,287,288 so that we have defined two statistical metrics below that are designed 

to test the significance of the differences in correlations of the chemical shifts calculated for 

individual conformations with the experimental data. 

 

Results and Discussion 

Unconstrained Molecular Dynamics 

A 23 s unrestrained MD simulation of Arg8-vasopressin was performed with explicit water-

solvation at 300 K using the AMBER ff99SB force field133 (details are given in the Supporting 

Information, Appendix A2). The conformational space was clustered using DASH141 and compared 

with the conformations (clusters) found in the first 11 s of the simulation.1 These main clusters, 

open, saddle, clinched open, and twisted saddle, dominated the simulation (Fig. 5.3). 

 

Figure 5.3 RMSD of Cα1-6
 (grey), and the corresponding clusters of ring and overall conformations of 

23 µs unrestrained MD simulation of Arg8-vasopressin. The main clusters (ring conformations) are labelled. 

 

They have been described in detail.1 Even after 23 s, the simulation exhibited too few 

interconversions between the main clusters to estimate reliable equilibrium populations directly. 

Thus, we chose the representatives (cluster centres) of the four main clusters to calculate their free 
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energies and relative populations with metadynamics. A fifth cluster, variantsi, which occurred for 

the first and only time at the end of the 23 s simulation, was also added to the selection. A 

description of this cluster of conformations is given in the Supporting Information (Appendix A2). 

The conformational clusters open, saddle, clinched open and twisted saddle represent 86.4 % of all 

conformations found for AVP in the simulation, and variants 7.4 % to give a total of 93.8 % that can 

be assigned to the five clusters. The rest are transient states not discussed here further. We 

showed1 previously that the tail moves independently of the ring conformation of AVP, adopting 

either folded or extended conformations, which interconvert frequently and rapidly. Thus, it is 

possible to take the individual populations of these tail conformations directly from the 23 s MD 

simulation. 

Metadynamics 

A well-tempered metadynamics simulation289 using four walkers converged within 200 ns to give 

the relative free energies of the five conformations shown in Table 5.1. 

Table 5.1 Equilibrium populations and relative free energies (G) from the metadynamics simulation§ 

 saddle clinched open twisted saddle open variants 

G (kcal mol1) 0.0 0.5 3.0 2.0 3.5 

% at equilibrium (5 conformations) 68.5 29.5 0.4 1.4 0.2 

% at equilibrium (4 conformations) 68.73.9 29.54.0 0.40.1 1.40.5 - 
§The G values are converged to approximately  0.2 kcal mol1. The equilibrium concentrations are given at 298K. Errors are based on 

 0.2 kcal mol1 energetic uncertainty and are given as  one standard deviation. 

 

These results can be compared with those obtained by least squares fitting the calculated NMR 

chemical shifts to observations, although the latter, as outlined above, may not be significant. The 

comparison therefore serves at best as a rough test as to whether the equilibrium concentrations 

obtained from the simulations are similar to those that would give the best fit. Figure 5.4 shows the 

equilibrium concentrations calculated from free-energy differences obtained in the metadynamics 

simulations and those obtained by fitting two different regression models to the experimental 

chemical shifts. 

 

                                                           
i Author´s note: subsequently denoted as clinched open45pbr 
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Figure 5.4 Calculated equilibrium concentrations (%, 298K) for the saddle, clinched open, open and 
twisted saddle conformations. The fitted values are taken from partial least squares (PLS) and bagged 
multiple linear regression (MLR) fits. The variants conformations are not found to be significant. Bagged 
MLR and PLS calculations were performed with SAR-caddle.234 The error bars given for the bagged MLR 
results are the standard deviations of five fitting runs. 

 

As the calculated chemical shifts for the individual conformations correlate strongly, fitting does 

not yield a robust statistical model, as demonstrated by the scatter in the fitted results. Whereas 

the regression models differ as to whether the saddle or clinched open conformation is the most 

prevalent in the solution equilibrium, the metadynamics results indicate that the population of the 

saddle conformation is highest. The fitted equilibrium concentration can serve, however, as a reality 

check for the metadynamics results. The metadynamics equilibrium is quite compatible with the 

optimum PLS-fits for this dataset (Fig. 5.4), which is encouraging, and we emphasise once more 

that, in contrast to the regression data, those calculated for the metadynamics equilibrium use 

essentially no experimental data. The exception is the standard set of chemical shifts used to obtain 

Eq. (5.1) to convert shielding to ppm. However, the training dataset (given in the Supporting 

Information, Appendix A2) only contains small organic molecules, which can be considered 

independent of AVP. The conformations were identified from the 23 µs MD-simulation, the 

chemical shifts calculated for B3LYP/631G(d)-optimised geometries and the equilibrium 

calculated from the free energies obtained from the metadynamics simulations. 

Figure 5.5 shows the B3LYP/6-31G(d) (in PCM water) optimised structure of the major saddle 

conformation. The C-terminal tail adopts two conformations.1,99 The extended conformation, which 

positions the guanidinium moiety of Arg8 close to the ring was present in the 23 s MD simulation 

for approximately 73 % of the occurrence time for the saddle conformation (Fig. 5.5a). The folded 

tail conformation (Fig. 5.5b) makes up the remaining 27 %. In this case, error estimates are difficult 

because probable errors depend on how well the simulation has converged, which is unknown. We 
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estimate from the length and convergence of the simulation that the above concentrations have 

uncertainties of at most 5 %. The equilibrium between these two tail conformations is fast on the 

simulation timescale, so that we can refine the calculation of the NMR chemical shifts by treating 

the saddle conformation as a 73:27 mixture of the two conformations shown in Figure 5.5. The 

clinched open conformation is treated similarly (63 % extended: 37 % folded, see the Supporting 

Information, Appendix A2). This results in some improvements in the agreement between 

calculations and experiment, as shown in Table 5.2 below.  

 
Figure 5.5a,b Optimised structures of the saddle conformation obtained at the B3LYP/6-31G(d) level in 
PCM water solvent. The ring atoms as spheres: (a) the extended tail conformation, (b) the folded 
equivalent. 

 

Figure 5.6 shows plots of the results of the final computational model compared with experiment 

for both 13C and 1H chemical shifts. 

 

Figure 5.6 Plots of the calculated vs. experimental 13C and 1H chemical shifts using the equilibrium 

model for both ring and tail conformations.  (ppm) are relative to DSS (3-(trimethylsilyl)propane 
sulphonic acid). The NH-protons are outliers due to hydrogen bonding and exchange effects.285,286  
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Is the Statistical Analysis for the Calculated Equilibrium Significant? 

This question has been addressed several times in the literature.288,290,291 These studies have been 

summarised by Smith and Goodman,258,287 who also proposed improved metrics for judging the 

goodness of fit between calculated and experimental chemical shifts. As outlined above, many of 

their metrics were designed to assist assignment of spectra to pairs of diastereomers for which both 

experimental spectra are available and are inapplicable in this case. We have resorted to 

conventional metrics such as mean signed (MSE) and unsigned error (MUE), coefficient of 

determination (R2) and root-mean-square error (RMSE) as a specific test of the significance of the 

conclusions, but have also defined a weighted RMSE (WRMSE) in the spirit of Smith and Goodman 

and have used their DP4 probability258 as an additional check.  

The WRMSE is defined as; 

 𝑊𝑅𝑀𝑆𝐸 =
√∑ (𝑦̂𝑖−𝑦𝑖)2𝜎𝑖

𝑁
𝑖=1

√∑ 𝜎𝑖
𝑁
𝑖=1

 (5.2) 

where 𝑦̂𝑖  and 𝑦𝑖  are the predicted and observed chemical shifts for atom i, respectively, and 𝜎𝑖 is 

the standard deviation of the calculated chemical shifts for atom i over all conformations. 

WRMSE is equivalent to RMSE if all 𝜎𝑖 are equal and otherwise weights the contributions of the 

atoms that display a wide range of chemical shifts between the conformations more heavily than 

those with little variation.  

A second specific test of the significance of the conclusions is the mean absolute error expressed in 

units of the standard deviation over all conformations, Δ𝜎: 

 Δ𝜎 =
∑

|𝑦̂𝑖−𝑦𝑖|

𝜎𝑖

𝑁
𝑖=1

𝑁
 (5.3) 

Δ𝜎 expresses the significance of the MUE in terms of the total spread of calculated chemical shifts 

for the individual conformations. Ideally Δ𝜎 ≤ 1 indicates that on average the deviation between 

experimental and calculated results is below the standard deviation between the different 

conformations; the model can discriminate between conformations. We arbitrarily assign a limit of 

Δ𝜎 ≤ 1.5 to indicate reliable discrimination between conformations. The results are shown in 

Table 5.2. 
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Table 5.2 Statistics of the comparison of 13C and 1H chemical shifts for AVP at pH 6.0 and 4.7 in aqueous solution§ 

Conformation 
Ring Tail 

MSE MUE RMSE WRMSE  R2 

13C, pH 6.0 

saddle extended 0.87 1.69 2.33 2.74 1.40 0.9965 

folded 0.52 1.75 2.52 3.18 1.26 0.9958 

equilibrium 0.78 1.62 2.23 2.68 1.32 0.9968 

clinched open extended 0.74 2.27 3.15 3.75 1.71 0.9936 

folded 0.78 2.18 2.94 3.48 1.71 0.9943 

equilibrium 0.76 2.16 2.98 3.56 1.65 0.9942 

twisted saddle extended 0.73 1.70 2.23 2.66 1.42 0.9969 

open extended 1.18 2.49 3.72 5.24 1.93 0.9807 

Equilibrium extended 0.84 1.55 2.19 2.50 1.34 0.9969 

Equilibrium equilibrium 0.78 1.46 2.12 2.45 1.26 0.9971 
13C, pH 4.7 

saddle extended 0.95 1.73 2.37 2.74 1.47 0.9964 

folded 0.60 1.76 2.55 3.19 1.31 0.9957 

equilibrium 0.85 1.66 2.26 2.68 1.39 0.9967 

clinched open extended 0.82 2.36 3.28 3.93 1.79 0.993 

folded 0.85 2.28 3.09 3.67 1.80 0.9938 

equilibrium 0.83 2.26 3.13 3.74 1.74 0.9937 

twisted saddle extended 0.80 1.78 2.32 2.75 1.50 0.9966 

open extended 1.25 2.56 3.77 5.29 2.00 0.9904 

Equilibrium extended 0.91 1.63 2.28 2.58 1.43 0.9967 

Equilibrium equilibrium 0.85 1.54 2.20 2.54 1.35 0.9969 
1H, pH 6.0 

saddle extended 0.06 0.22 0.31 0.37 1.02 0.9706 

folded 0.02 0.31 0.38 0.42 1.43 0.9571 

equilibrium 0.05 0.23 0.29 0.33 1.03 0.9748 

clinched open extended 0.05 0.22 0.28 0.30 1.13 0.9773 

folded -0.02 0.33 0.43 0.51 1.57 0.9441 

equilibrium 0.02 0.20 0.25 0.26 1.11 0.9800 

twisted saddle extended -0.03 0.42 0.58 0.79 1.62 0.9486 

open extended 0.01 0.30 0.48 0.68 1.09 0.9674 

Equilibrium extended 0.05 0.20 0.26 0.30 0.93 0.9793 

Equilibrium equilibrium 0.04 0.18 0.23 0.25 0.93 0.9832 
1H, pH 4.7 

saddle extended 0.04 0.23 0.32 0.37 1.03 0.9692 

folded 0.00 0.31 0.38 0.43 1.43 0.9562 

equilibrium 0.02 0.23 0.29 0.34 1.04 0.9735 

clinched open extended 0.02 0.22 0.29 0.31 1.12 0.9753 

folded -0.04 0.33 0.43 0.51 1.54 0.9446 

equilibrium 0.00 0.21 0.26 0.27 1.12 0.9789 

twisted saddle extended -0.03 0.42 0.58 0.79 1.62 0.9496 

open extended 0.01 0.30 0.48 0.68 1.09 0.9672 

Equilibrium extended 0.03 0.21 0.27 0.31 0.95 0.9777 

Equilibrium equilibrium 0.02 0.19 0.24 0.26 0.94 0.9820 
§ The best performing model is indicated in bold for each parameter. The amide protons are omitted, as outlined in the text. 

 

Surprisingly, the 1H chemical shifts give the clearest and most consistent picture; they indicate that 

the experimental 1H shifts are best in agreement with the equilibrium model that uses 

metadynamics free-energy differences for the ring conformations and equilibrium concentrations 

from the unconstrained simulation for the faster tail equilibrium. This model is quite consistently 

the best for 13C; only Δσ at pH 4.7 indicates the saddle conformation with a folded tail to fit better 

than the calculated equilibrium. However, WRMSE is always larger than RMSE and  
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approximately 1.3, so that we must conclude that the 13C chemical shifts are not sensitive enough 

to conformation to allow us to assign values to the conformational equilibrium unequivocally. 

The situation for the 1H chemical shifts is clearer; with the exception of the MSE, all metrics indicate 

that the model that uses the metadynamics free energies for the ring conformations and the 

distributions of the tail conformations from the 23 s unconstrained simulation matches the 

experimental data best. Most importantly, in contrast to the 13C results, WRMSE is close to RMSE 

for the equilibrium models and  is less than one.  

The DP4 probabilities lead to exactly the same conclusions as the metrics reported in Table 5.2. The 

conformational model that considers the equilibrium distributions of both the ring and the tail fits 

the experimental data best and 1H chemical shifts allow firmer conclusions than 13C. However, the 

DP4 probabilities also allow tentative conclusions to be reached from the 13C chemical shifts; the 

equilibrium conformational model gives a 60-75 % probability of being correct, although this 

probability is close to 100 % for 1H. Table 5.3 shows that Smith and Goodman’s DP4 probabilities258 

provide very strong support for these conclusions. 

Table 5.3 DP4 probabilities for the AVP conformations at pH 6.0 and 4.7 in aqueous solution § 

Conformation pH 6 pH 4.7 
Ring Tail 13C 1H 13C and 1H 13C 1H 13C and 1H 
saddle extended 1.7 0.0 0.0 4.7 0.0 0.0 

folded 0.0 0.0 0.0 0.1 0.0 0.0 
clinched open extended 0.0 0.0 0.0 0 0.0 0.0 

folded 0.0 0.0 0.0 0 0.0 0.0 
twisted saddle extended 0.3 0.0 0.0 0.2 0.0 0.0 
open extended 0.0 0.0 0.0 0.0 0.0 0.0 
saddle equilibrium 4.2 0.0 0.0 12.7 0.0 0.0 
clinched open equilibrium 0.0 0.2 0.0 0.0 0.5 0.0 
Equilibrium extended 19.8 0.2 0.0 19.1 0.2 0.1 

equilibrium 74.0 99.6 100.0 63.2 99.3 99.9 
§ The best performing model is indicated in bold. The probabilities were calculated using the data from the Supporting Information 
(Appendix A2) with the DP4 app.258 The amide protons are omitted, as outlined in the text. 

 

As outlined above, the differences in the statistical metrics would not be as convincing if they were 

based on a fitting procedure. However, as the identification of possible conformations, the 

calculation of equilibrium concentrations and the chemical-shift calculations are all ab initio, in the 

sense that they are completely independent of experimental data (with the exception of the 

regression equations (5.1)), we consider the quality of the agreement between experimental and 

calculated chemical shifts to be significant. RMSEs lower than 0.24 ppm for 1H (without 1NH) and 

2.2 for 13C are as good as, or better than, those reported previously using a variety of 

techniques,280,281,283,284 and these values are only slightly larger than the standard errors obtained 

for the training set of small molecules (0.18 and 1.96 ppm for 1H and 13C, respectively). In order to 
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strengthen these conclusions, we have carried out a sensitivity analysis to see how sensitive 

WRMSE and  are to the equilibrium concentrations. For this analysis, we used both a binary 

mixture of the majority saddle and clinched open conformations (WRMSE and) and the full 

equilibrium with four components (WRMSE′ and ′). 

Sensitivity Analysis 

Figure 5.7 shows the dependence of WRMSE and  on the percentage of the saddle conformation 

in the binary mixture. Both react quite sensitively to the concentrations at equilibrium and exhibit 

clear minima. For 13C, the two curves correspond closely with a common minimum at the 

metadynamics values of 70 % saddle and 30 % clinched open. The two metrics agree less well for 

the 1H data; WRMSE gives a minimum at approximately 35 % saddle and  at approximately 60 %. 

As three of four metrics give minima close to the metadynamics prediction, we feel that Figure 5.7 

supports our conclusions. 

 

Figure 5.7 The dependence of WRMSE and  on the concentrations in mixtures of saddle and clinched open 

conformations at pH 6.0. The vertical dashed lines indicate the metadynamics equilibrium. WRMSE and  refer 

to the binary mixture and WRMSE′ and ′ to the four-component equilibrium. The corresponding plots for pH 4.7 
are very similar. 

 

 

Nuclear Overhauser Effect 

An independent check of the conformational assignment compares the interatomic distances 

provided by nuclear Overhauser effect (NOE) data with those obtained from the simulations (details 

of the calculations are given in the Supporting Information, Appendix A2). The correlation obtained 

for the observed NOEs and the statistics of the agreement between experiment and simulation are 

shown in Table 5.4.  
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Table 5.4 Statistics of the comparison of calculated and observed NOE distances for AVP § 

Conformation pH 4.7 pH 6.0 

Ring Tail MSE MUE RMSE R2 MSE MUE RMSE R2 

saddle extended 0.33 0.56 0.74 0.549 -0.12 0.36 0.45 0.553 

folded -0.33 0.52 0.68 0.622 -0.16 0.37 0.48 0.084 

equilibrium 0.33 0.55 0.71 0.575 -0.11 0.32 0.39 0.176 

clinched open extended 0.41 0.56 0.81 0.370 -0.06 0.31 0.39 0.553 

folded -0.38 0.56 0.80 0.417 -0.07 0.32 0.41 0.514 

equilibrium 0.40 0.56 0.80 0.395 -0.06 0.31 0.39 0.543 

twisted saddle extended 0.37 0.55 0.75 0.527 -0.13 0.35 0.45 0.340 

open extended 0.32 0.56 0.72 0.551 -0.11 0.35 0.44 0.337 

Equilibrium extended 0.36 0.54 0.72 0.533 -0.11 0.32 0.39 0.366 

Equilibrium equilibrium 0.36 0.53 0.71 0.557 -0.12 0.33 0.40 0.344 
§ pH 6.0 and 4.7 in aqueous solution The best performing model is indicated in bold for each parameter. Details of the derivation of both 
experimental and simulated distances are given in the Supporting Information (Appendix A2). 

At pH 4.7, highest R2 (0.622) is found for the saddle conformation with folded tail but this model is 

not favoured clearly by any other metric. The metadynamics equilibrium considering the tail 

conformation is always close to the best values found but the differences are not significant. All 

conformations perform similarly (there are, for instance, five conformations with an RMSE of 0.39 

Å). The saddle and clinched open conformations with the extended tail conformation give the best 

coefficients of determination (0.553) but the data are in general inconclusive. The small number of 

NOE distances available at pH 6.0 also does not allow a definitive conformational determination 

but tend towards clinched open with the extended tail conformation. Thus, the NOE simulations are 

compatible with the chemical-shift results but not definitive. These results illustrate the difficulties 

pointed out by Zagrovic and van Gunsteren281 that NOE studies can, in fact, often be ambiguous; 

especially for highly flexible structures where intramolecular hydrogen bond distances may 

“average” by fast equilibria of different conformations. 

 
Figure 5.8 Plots of the calculated vs. experimental interatomic distances at pH 4.7 (cf. Appendix A2 Fig. S3) 
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Figure 5.8 shows the correlation between experimental at pH 4.7 and r6 time-averaged interatomic 

distances for the metadynamics equilibrium. 

 

Conclusions 

We have reported an attempt to assign conformations for the equilibrium structures of AVP in 

aqueous solution by simulating the equilibrium and comparing calculated chemical shifts directly 

with experiment. This procedure avoids fitting and uses only minimal unconnected experimental 

data to parameterise the regression equation for the calculated chemical shifts. Our models 

reproduce the experimental data very well (RMSE < 0.24 ppm for 1H and < 2.2 ppm for 13C) but the 

question remains as to whether the agreement is significant enough to allow conclusions about the 

equilibrium mixture of conformations.  

The proton NMR results present the strongest argument, even though amide protons cannot be 

included because they are shifted from the calculations for the pure NH-protonation state by 

exchange. The 13C data are reproduced well, but the diagnostic metrics are not as clear, indicating 

that the 13C chemical shifts are less sensitive to conformation than 1H and therefore less suitable 

for our purpose.  

The calculated equilibrium concentrations are, however, comparable to those found for an optimal 

fit, so that we can be confident that they are close to reality, although the regression models suffer 

from strongly correlated descriptors. 

We conclude that the conformational equilibrium for AVP in aqueous solution consists of 

approximately 70 % saddle, 30 % clinched open conformations and that the free-energy penalty for 

clinched open as a biologically active conformation is approximately 0.5 kcal mol1. 

It is conceivable that the folded, saddle-like type of conformations comprises a higher amount of 

twisted saddle than predicted by metadynamics. In fact, the representative conformations of saddle 

and twisted saddle are closely related; they only differ in the turn type of the -turn at residues 3 

and 4. This is also reflected in a very high correlation of the 13C chemical shifts for saddle and 

twisted saddle (R² = 0.997) in contrast to 1H (R2 = 0.949). A similar sensitivity analysis to that shown 

in Figure 5.7 indicates that the 13C data are compatible with mixtures from 10 % to 50 % twisted 

saddle in the saddle-like component of the equilibrium and the 1H data with approximately 70:30 

saddle : twisted saddle. We are currently unable to resolve this discrepancy between long unbiased 

simulation and metadynamics. In any case, all data are consistent with the conservative conclusion 

that the equilibrium consists of 70 % saddle-type and 30 % open-type conformations (Scheme 5.1). 
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One important result of this work is to show that modern MD-simulations and DFT calculations 

provide data that can be compared directly with experiment without fitting. In this respect, as 

suggested by Smith and Goodman,258,287 chemical shifts prove to be more useful than NOEs and, 

surprisingly, in this example 1H chemical shifts present a clearer picture than 13C, as also found by 

Nazarski et al.288 Smith and Goodman’s DP4 probabilities258 suggest very clearly that, of those 

considered, our equilibrium model agrees best with experiment.  

The methodology used does not require the unconstrained MD simulation to be long enough to be 

able to determine equilibrium concentrations. Its function is to identify the conformations (and the 

transitions between them) for subsequent determination of the free energy differences, here 

metadynamics simulations. For this reason, and for economy of computer time, we have used the 

cluster centres for each conformation, rather than calculating shifts for a large number of snapshots 

in an ensemble model. 
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Chapter 6: Conformation and Dynamics of Human Urotensin II and 

Urotensin-Related Peptide in Aqueous Solution (Paper 3) 

The results in this section have been published in: 

Haensele E, Mele N, Miljak M, Read C M, Whitley D C, Banting L, Delépée C, Sopkova-de Oliveira Santos J, 

Lepailleur A, Bureau R, Essex J W, Clark T. Conformation and Dynamics of Human Urotensin II and Urotensin-

Related Peptide in Aqueous Solution. J Chem Inf Model. 2017. doi: 10.1021/acs.jcim.6b00706.3 

The paper is given as postprint. 

 

Foreword 

The results in Chapter 4 (Paper 1) proved that long-scale MD simulations, in combination with 

DASH, are suited to identify and characterise the main conformational types of cyclic peptide 

hormones with the example of AVP. In Chapter 5 (Paper 2), a technique was introduced to 

determine in silico conformational equilibria including the validation via comparison of DFT 

calculated chemical shifts with experimental shifts. The significance of the results was tested 

intensively and discussed for AVP. Consequently, the protocol was applied to UII and URP, for which 

only few and seemingly contradictory conformational data are available (cf. Table 2.6). The results 

are given in this chapter (Paper 3) and may be outlined as follows: 

Firstly, the conformational space and dynamics of UII and URP was explored extensively using 

unrestrained long-scale molecular-dynamics simulations, different force fields and ion 

concentrations, enhanced sampling with replica exchange MD simulations, DASH clustering and 

principal component analysis (PCA). This resulted in the classification of the main conformations 

for UII and URP, a tentative explanation of distinct behaviour of UII and URP ascribed to possible 

ring/tail interaction in UII and the in silico prediction of their conformational equilibria in solution. 

Parallel, NMR experiments were performed for UII and URP in aqueous solution at different pH to 

gain comparison values for the evaluation of the in silico equilibria. Hitherto unpublished 15N 

chemical shifts of UII and URP were determined and a complete assignment of the cis-Pro3 isomer 

of UII was possible. 

Finally, the equilibrium populations of open and folded conformations of UII and URP, as predicted 

by REMD, were confirmed by statistical evaluation following the technique described in Chapter 5 

(Paper 2). 
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The conformational equilibria were identified as 72 % folded and 28 % open conformations for UII 

and 86 % folded : 14 % open for URP, respectively. 
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Linked Appendices: A3: Supporting Information Paper 3; A7: Hardware and Software. 
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Abstract 

Conformation and dynamics of the vasoconstrictive peptides human urotensin II and urotensin- 

related peptide have been investigated by both unrestrained and enhanced-sampling molecular-

dynamics simulations and NMR spectroscopy. These peptides are natural ligands of the G-protein 

coupled urotensin II receptor (UTR) and have been linked to mammalian pathophysiology. UII and 

URP cannot be characterised by a single structure but exist as an equilibrium of two main classes of 

ring conformations, open and folded, with rapidly interchanging subtypes . The open states are 

characterised by turns of various types centred at K8Y9 or F6W7 predominantly with no or only 
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sparsely populated transannular hydrogen bonds. The folded conformations show multiple turns 

stabilised by highly populated transannular hydrogen bonds comprising centres F6W7K8 or W7K8Y9. 

Some of these conformations have not been characterised previously. The equilibrium populations 

that are experimentally difficult to access were estimated by replica-exchange MD simulations and 

validated by comparison of experimental NMR data with chemical shifts calculated with density-

functional theory. UII exhibits approximately 72 % open : 28 % folded conformations in aqueous 

solution. URP shows very similar ring conformations as UII but differs in an open:folded equilibrium 

shifted further toward open conformations (86:14) possibly arising from the absence of folded N-

terminal tail/ring interaction. The results suggest that the different biological effects of UII and URP 

are not caused by differences in ring conformations but rather by different interactions with the 

UTR. 

 

Introduction 

The neuropeptide urotensin II was originally found in the urophysis of teleost fishes.292 A human 

homologue293 of the orphan receptor GPR14294 (a G-protein coupled receptor that is very similar to 

the somatostatin receptor first isolated from rats) was identified in 1999.121-123 UII is the natural 

ligand of this receptor, now called the urotensin II receptor (UTS2R, UTR). 

All vertebrate isoforms of UII show a highly conserved C-terminal sequence: a cyclic 6-residue 

moiety (CFWKYC) closed by a disulphide bridge and flanked by valine as extra-annular residue 

(Scheme 6.1a).295 The length of the N-terminus of human UII is four residues but this is species 

variable, so that the total peptide length ranges from 11 residues for human UII up to 17 for 

hamster UII.23,295-297 Urotensin-related peptide (URP) is a paralog of UII.48 It has the same C-terminal 

cyclic moiety as UII but the extra-annular N-terminus of UII is replaced by a single alanine at 

position 1 in URP (Scheme 6.1b).124 The 6-membered ring closed by a disulphide bridge is a common 

motif with other hormone peptides, such as Arg8-vasopressin and Leu8-oxytocin. 

UII is the most potent vasoconstrictive natural peptide known293 and both UII and URP are thought 

to be involved in important physiological processes such as cardiovascular regulation, and 

endocrine and behavioural effects.21,23,48,295 Consequently, they are linked to a multitude of 

pathophysiological processes such as atherosclerosis, heart failure, and many more.21,23,48,295,298  

Although UII and URP show similar potency at the UTR124,125,299 and apparently have overlapping 

binding sites,300 their signalling outcomes may, nevertheless, differ.21 UII can behave as an almost 

irreversible UTR agonist, and the two peptides can affect astrocyte activity differently.301,302 The 
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effects of UII or URP are often not conserved across species43,23,303 and may even be opposite 

(vasoconstrictive and vasodilative) within the same species304 

  
Scheme 6.1a,b (a) Human urotensin II and (b) urotensin-related peptide 

 

In summary, the urotensinergic system is far from being well understood. Multiallosteric 

interactions of receptor and ligands or biased agonism that ultimately trigger different functions 

have been hypothesised.47  

Biological activity studies have shown that the ring sequence UII(4-11) is necessary to retain full 

agonistic potency299,305 and that the motif WKY is essential for receptor activation.128,305 An intact 

bridge also seems essential299,306,307 but need not be a disulphide.306 However, recently, the first 

acyclic peptide agonist for UTR has been described, a UII analogue still suggesting WKY as receptor 

activating motif.308 

Nuclear magnetic resonance studies in water109,128 and dimethyl sulphoxide,129 supported by 

circular dichroism (CD) spectroscopy,109 have been interpreted to indicate an unstructured form for 

human UII with no classical turns or intramolecular hydrogen bonds. However, Lescot et al.126 

inferred, from NMR studies, a widened 7,8,9 γ-turn and a 8,9,10 γ-turn with close W7O-Y9HN and 

K8O-C10HN distances for the human UII conformation in water, thus localizing a turn centre in the 

ring at residues K8
 and Y9. All NMR investigations show the N-terminal tail to be more flexible than 

the ring. URP has been suggested from the NMR experiments by Chatenet et al.125 to have an 

inverse 4,5,6 γ-turn centred at K5 in water with the intramolecular hydrogen bond W4O-Y6HN. NMR 

experiments by Brancaccio et al.,127 however, suggest structural flexibility in aqueous solution and 

a high similarity of URP and UII ring conformations. Carotenuto et al.109 made NMR studies of UII 

and the smaller URP-like version, UII(4-11), in sodium dodecyl sulphate (SDS) micelles mimicking a 

cell-surface environment. They found two slowly exchanging states: one specified as β-hairpin with 

a β-turn type II’ centred at W7 and K8 and another weakly populated, apparently, with a more 

a b 
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flexible and random structure. The highly structured state was suggested to be the active 

conformation in the receptor-binding pocket. Analogous experiments for URP in SDS micelles 

suggested a very similar structure.127 

We now report unrestrained molecular-dynamics simulations of human UII and URP with the 

AMBER ff99SB force field on extended timescales (see Table S1 and Figs. S1-S6 of the Supporting 

Information, SI, Appendix A3). These simulations are designed to investigate the conformational 

space of the peptides as completely as possible. To rule out small force-field artefacts that might 

become important for such small peptides, we have also performed additional unrestrained 

microsecond-scale MD simulations with the CHARMM c36b2 force field. These simulations revealed 

no significant difference between the conformations obtained with the two force fields, so that we 

concentrate on the AMBER results, which are more extensive. Replica-exchange molecular-

dynamics simulations have been used to improve the conformational sampling and to obtain 

thermodynamic information. The results are compared with NMR-spectroscopic experiments and 

a statistical model of the conformational equilibrium in aqueous solution is given. 

 

Methods 

Molecular-Dynamics Simulations 

MD simulations of the peptides UII and URP were performed with AMBER 10,168,219 AMBER 14 

CUDA,206,221-223 and CHARMM c36b2.171 AMBER calculations used the ff99SB force field.140 

Comparison simulations with CHARMM parameter set171 were used to rule out force-field artefacts. 

REMD simulations were performed with AMBER. All simulations were carried out with unrestrained 

distances and explicit water solvation. Further simulation details are given in the Supporting 

Information (pp S3-S8, Appendix A3). 

Conformational Analysis 

Conformational clustering of the backbone dihedrals (overall states) was performed with 

DASH.141,309 Additional sub-clustering of the ring and tail conformations led to a classification of UII 

and URP conformations in terms of distinct ring-state types. As representatives, the overall 

conformations of highest similarity to each ring-state type were chosen, equivalent to cluster 

centres (Appendix A3 Table S2). Hydrogen-bond populations and secondary structure motifs of 

characteristic conformations were calculated from corresponding sections of the MD trajectories 

using AmberTools with default settings.142,206,219 Consistency of type assignments of states from 

different simulations was ensured by comparing the circular similarities of ring torsions, turn 
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propensities and Cα alignments. Further details are given in the Supporting Information (p S9, 

Appendix A3). 

Principal Component Analysis 

A possible correlation of ring and tail motions was analysed with principal component analysis 

implemented in DASH.309 Torsion weights were calculated from the coefficients of the relevant 

principal components. The number of significant PCs was determined by Kaiser´s eigenvalue-one 

test.230 PC clustering was visualised via 3D-scatter plots of the three most significant principal 

components colour-coded according to the assigned DASH states in SAR-caddle.234 Further details 

are given in the Supporting Information (p S13-S14, Appendix A3). 

NMR 

NMR spectra were recorded for human UII and URP at pH 3.0/3.5 and pH 6.0 in H2O and D2O on a 

Varian Inova 600 MHz spectrometer. Proton resonance assignments were achieved using 2D 1H-1H 

total chemical shift correlation spectroscopy (TOCSY)310 and 1H-1H nuclear Overhauser effect 

spectroscopy (NOESY) NMR spectra.311 Resonance assignments of carbon and nitrogen at natural 

abundance were achieved through standard 13C-1H gradient heteronuclear single quantum 

coherence (gHSQC) and 15N-1H gHSQC experiments.136,312,313 Details of sample preparation and NMR 

experiments are given in the Supporting Information (pp S15-19, Appendix A3). 

Density-Functional Theory Calculations on Representative Conformations 

The geometries of representative conformations for UII and URP derived from the DASH analysis 

were first optimised at the B3LYP237,238,314,315/6-31G(d)240,316-319 level with Gaussian 09, Revision 

C.01.247 Water solvation was simulated with the default Polarizable Continuum Model (PCM) using 

the integral equation formalism variant (IEFPCM).254 The DFT-optimised structures were then used 

to calculate the magnetic shielding tensors in solution at the same level of theory and converted to 

1H, 13C, and 15N chemical shifts using regression formulas based on standard sets of chemical shifts 

and calculated values. The regression formulae and calculated chemical shifts are given in the 

Supporting Information (Appendix A3 pp S20-24, Fig. S7, Tables S9-S11). 

Equilibrium Models and Experimental Evaluation 

Free energies and relative populations (equilibrium models) for the representative conformations 

of UII and URP were calculated from extended REMD simulations. For each peptide, three 

simulations of 500 ns were performed starting from different initial conformations (UII: omega-Iopen, 

folded-I, lasso; URP: omega-Iopen, omega-II, lasso). 1H chemical shifts for the equilibria were 



 Results and Discussion 
Chapter 6 (Paper 3) 

Page 88 of 118 

calculated via linear combination of the calculated shifts for the representative conformations 

according to the populations suggested by REMD. The calculated shifts of representatives and 

conformational equilibria were then compared by linear regression with our experimental data for 

nonexchangeable 1H chemical shifts of UII and URP in aqueous solution at pH 6.0 and pH 3.5, 

respectively. We have recently published details of chemical-shift comparisons for the closely 

related vasopressin and have suggested statistical metrics for judging whether conformational 

equilibria suggested by simulations are consistent with experiment.2 Here, we used REMD to 

determine equilibrium populations, rather than the metadynamics. This substitution is tested here. 

Further details are given in the Supporting Information (Appendix A3 pp S25-S29, Figs. S8-S9, 

Tables S13-S15). 

 

Results and Discussion 

Conformations of Urotensin II 

In total, 35 µs of unrestrained MD simulations with the AMBER ff99SB force field supplemented 

with 1.3 µs CHARMM c36b2 trajectories were used to explore the conformational space of UII 

(Tables S1-S2 of the SI, Appendix A3). The conformational analysis led to the classification 

summarised in Table 6.1. UII exhibits two main types of ring states, unfolded open and saddle-like 

folded ring conformations, which are subdivided into a total of 11 subtypes, each defined by its 

main turn centre. Secondary structure propensities and populations of transannular hydrogen 

bonds are given in Tables 6.2 and 6.3. 

Open Ring-State Types. Turns in this class are centred at residues K8Y9 or F6W7 (Table 6.3) with turns 

fluctuating around ideal β-turn angles (Table S3 of the SI, Appendix A3). The majority of these turns 

have no or only sparsely populated transannular Oi-Hi+3 hydrogen bonds (Table 6.2). Only type 

scoop (6,7 β-I) and omega-Ihbond (8,9 β-I) exhibit significant transannular hydrogen-bond populations 

but the latter frequently interconverts with the open omega-Iopen state (8,9 β-VIII) resulting in an 

average population of 44.3 % equivalent to an open turn. Additionally, a ring state was found with 

no defined β-turns in the ring (circle), a loop structure closed by hydrogen bond W7O-C5HN. The 

interpreted structures based on NMR studies of UII in aqueous solution resemble the open ring-

state types (e.g., turn centres at residues 8,947 or no transannular hydrogen bonds109). Furthermore, 

the open omega conformations of UII show significant similarities to the clinched open states of the 
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related peptide Arg8-vasopressin (AVP)1 (Table 6.4). The clinched open conformation of AVP, 

however, is only populated approximately 30 % in aqueous solution.2 

Folded Ring-State Types. The second main cluster comprises saddle-like ring conformations with 

multiple turns, centred either at residues F6W7K8 or W7K8Y9 (Tables 6.1 and 6.3). This class shows 

highly populated transannular hydrogen bonds that stabilise the folded conformations of the ring 

(Table 6.2). Subtype folded-I (turns centred at W7K8Y9 comprising a 7,8 β-I turn) corresponds to the 

saddle state of AVP; subtype folded-IVb2 (a peptide-bond rotamer of folded-I with a 7,8 β-II turn) is 

equivalent to the twisted saddle state of AVP. Interestingly, for AVP, the folded saddle 

conformation is the most highly populated in aqueous solution,2,103 whereas for UII a folded 

conformation (β-hairpin centred at W7K8) has only been identified experimentally in SDS micelles.109 

The SDS conformation resembles the folded conformations found in our MD simulations. 

Table 6.1 Classification of ring conformations of UII § 

Open 
Ring-state type Turn type H-bond Subtype Cartoon ID a 

Turns centred at KY (8,9) 

 

8,9 β-I 7O-10H omega-Ihbond 

 

2 
8,9 β-VIII open omega-Iopen 1 

8,9 β-II open omega-II 3 

Turns centred at FW (6,7) 

 

6,7 β-I 5O-8H scoop 

 

5 

6,7 β-I 
+ 4,5 β-I 
(N-term) 

open lasso 4 

Loop without defined turn centres 

 

(5-9 loop) 9O-4H,5H circle 

 

10 

§ Ring-state types are characterised by their turn centres (blue) and the donor oxygen for transannular hydrogen-bond interactions (red). 
Side chains are indicated by the 1-letter code of the residue. Turn types and corresponding hydrogen bonds populated > 70 % are listed. 
a Mean torsion angles (Appendix A3 Table S3) and coordinate files of representatives are given in the SI (ID = ID of representative). 
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Table 6.1 continued 

Folded (saddle-like) 
Ring-state type Turn type H-bond Subtype Cartoon ID a 

Multiple turns centred at FWK (6,7,8) or WKY (7,8,9) 

 
 

7,8,9 (7,8 β-I) 6O-(9H,10H) folded-I 

 

6 

7,8,9 (7,8 β-II) 6O-9H folded-IVb2 7 

 
 

6,7,8 
(5-9 310-helix) 
+ 4,5 β-I  
N-term) 

6O-9H, 
5O-(8H,10H) 
3O-6H 

inv-folded 

 

11 

 

7,8,9 
(6-10 
parallel sheet) 
+ 4,5 β-I 
(N-term) 

5O-(8H,9H,10H) 
3O-6H 

folded-II 

 

8 

6,7,8 
(6,7 β-III’) 
+ 4,5 β-I 
(N-term) 

5O-(8H, 9H) 
3O-6H 

folded-III 9 

§ Ring-state types are characterised by their turn centres (blue) and the donor oxygen for transannular hydrogen-bond interactions (red). 
Side chains are indicated by the 1-letter code of the residue. Turn types and corresponding hydrogen bonds populated > 70 % are listed. 
a Mean torsion angles (Appendix A3 Table S3) and coordinate files of representatives are given in the SI (ID = ID of representative). 

 

Table 6.2 Hydrogen-bond populations and corresponding turn centres of UII ring-state types § 

Hydrogen 
bonds 

Conformation (ring-state type) Turn 
centre 

Open 
  Ω-Ihbond Ω -Iopen Ω-Iav

* Ω -II lasso scoop circle  
W7O C10H 88.1 18.8 44.3 6.0 0.0 0.0 0.0 8,9 
C5O K8H 0.0 0.0 0.0 0.0 12.4 73.8 0.0 6,7 
W7O Y9H 9.8 8.5 9.9 0.0 0.7 70.4 0.0 8 
Y9O C5H 0.0 0.0 0.0 0.0 0.0 0.0 96.3 (9-5 loop) 
Y9O D4H 0.0 0.0 0.0 0.0 0.0 0.0 92.4 (9-4 loop) 

Folded 

  folded-I 
folded-
IVb2 

inv-folded folded-II folded-III  

F6O Y9H 95.8 73.9 95.8 0.0 0.1 7,8 
F6O C10H 63.6 10.5 0.0 0.0 0.1 7,8,9 
C5O K8H 0.0 2.4 96.1 77.2 83.7 6,7 
C5O Y9H 0.0 0.1 0.2 99.4 98.2 6,7,8 
C5O C10H 0.0 0.0 96.9 89.3 0.3 (5-10) 
P3O F6H 0.9 0.2 68.0 84.3 85.1 4,5 
T2O W7H 0.0 0.0 0.0 0.0 61.6 (2-7) 

§ Hydrogen-bond populations are relative to the lifetime of the ring-state type; only those hydrogen bonds are listed that were found to 
be populated >50 % for at least one ring-state subtype; hydrogen bonds > 70 % (presumably involved in classical turns) are shown in 
bold. *Average hydrogen-bond population for the frequently interconverting subtypes Ω-Ihbond and Ω-Iopen (cf. Fig. S1 of the SI, 
Appendix A3); Ω = omega. 
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Table 6.3 Secondary-structure populations (%) a for ring-state types of UII 
UII 

Ring-state type Residue Motif b 

 T2 P3 D4 C5 F6 W7 K8 Y9 C10  

Open 

omega-Iopen 0.00 1.21 1.24 0.66 0.62 0.12 27.12 27.16 1.23 T 

omega-Ihbond 0.00 24.14 24.15 0.02 0.00 0.00 77.96 78.51 25.05 T 

omega-Iaverage 0.10 4.46 4.52 0.17 0.02 0.00 47.41 47.71 15.95 T 

omega-II 0.35 2.22 1.88 0.02 0.02 0.00 48.69 48.70 0.52 T 

scoop 0.00 3.04 3.04 0.00 86.91 86.94 0.15 7.79 7.79 T 

lasso 0.00 0.05 53.99 56.26 21.61 18.36 1.92 1.49 0.00 T 

circle 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 T 

Folded 

folded-I 1.02 10.04 11.83 2.50 0.09 75.10 75.22 67.70 3.20 T 

folded-IVb2 0.00 4.96 5.22 0.29 0.51 78.78 86.33 68.73 9.36 T 

inv-folded 0.00 2.14 59.19 59.19 5.83 6.84 7.84 99.97 89.60 T 

 0.00 0.54 20.44 23.31 92.64 93.16 92.15 0.00 0.00 H 

folded-II 0.00 0.00 95.07 95.07 42.71 100.00 100.00 98.87 0.00 T 
 0.00 0.00 0.00 0.00 57.29 0.00 0.00 0.00 56.47 P 

folded-III 24.93 43.33 63.97 64.83 99.90 99.65 99.69 13.04 0.44 T 
a Populations > 75 % (classical turns) and > 25 % (potentially open turn) are shown in bold and italics, respectively (for notation of 
secondary-structure elements, see SI, Appendix A3).b T = turn, P = parallel sheet, H = 310-helix. 

 

Table 6.4 Similarity of ring torsions of UII(5-10), URP(2-8), and AVP(1-6) 
Conformation (ring-state type)a Circular similarity b Turn type 

UII URP AVP UII/URP UII/AVP UII URP AVP 

Open 

1 omega-Iopen 3r omega-Iopen 12 cl.open 0.95 0.88 8,9 β-VIII 5,6 β-VIII 4,5 β-VIIIdist/I 

2 omega-Ihbond 1r omega-Ihbond 12 cl.open 0.99 0.83 8,9 β-I 5,6 β-I 4,5 β-VIIIdist/I 

3 omega-II 2r omega-II  - 0.93 - 8,9 β-II 5,6 β-II 4,5 β-II 

4 lasso 6r (lasso45pbr) 27 (open) 0.55c 0.55d 6,7 β-I 3,4 β-VIIIdist 2,3 

5 scoop - -  - - - 6,7 β-I - - 

10 circle - -  - - - (5-9 loop) - - 

Folded 

6 folded-I - - 3 saddle - 0.93 7,8,9 (7,8 β-I) - 3,4,5 (3,4 β-I) 

7 folded-IVb2 4r hybrid 19 tw.saddle 0.89 0.95 7,8,9 (7,8 β-II) 4,5,6 γ 3,4,5 (3,4 β-II) 

  5r sheet  - 0.67 - - 4,5 (ap.sheet β-II) - 

11 inv-folded - -  - - - 6,7,8 (310-helix) - - 

8 folded-II - -  - - - 7,8,9 (p.sheet) - - 

9 folded-III - -  - - - 6,7,8 (6,7 β-III’) - - 
a Coordinate files of UII representative (UII 1 to 11, URP 1r to 6r) are given in the SI (Appendix A3); coordinate files of AVP representatives 
(T16_3,12,19,27) have been published previously2. b Circular similarity of corresponding ring torsions (1.00 = identical; for methodological 
details see SI, Appendix A3). c RMSDCA-ring = 0.714 Å. d RMSDCA-ring = 0.218 Å (AVPopen is a peptide-bond rotamer of UIIlasso which has the 
same backbone shape but a different peptide bond orientation at residues 2,3). Abbreviations: UII = human urotensin II, URP = urotensin-
related peptide, AVP = Arg8-vasopressin (representative T16 states1), cl.open = clinched open, ap = antiparallel, p = parallel, dist = 
distorted, pbr = peptide-bond rotamer, inv = inverse. 

 

Are Tail and Ring Conformation of Urotensin II Mutually Dependent? As described above, the 

structure of UII can be characterised by its ring conformation and by treating the N-terminus as an 

additional residue. A principal-component analysis (PCA) of the overall torsion space supports this 

approach. It clusters the overall conformations of UII in accordance to the ring-state types clustered 

with DASH141 (Fig. 6.1).  
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Figure 6.1 PCA clusters of UII conformations. 3D-scatter plot of the three main PCs of the overall 
backbone torsion space of UII. Each dot represents a conformational snapshot of UII from the MD 
simulations. Conformations are colour-coded by DASH ring-state types. PCA confirms that DASH clustering 
of ring conformations is suitable for characterizing the overall structure of UII. 

 

Nevertheless, the tail remains of special interest, as it is the only structural difference between UII 

and URP. DASH clustering (Figs. S1-S6 of the SI, Appendix A3) reveals that the basic conformation 

of the N-terminal tail is extended or folded with the majority of folded tail-conformations caused by 

a single turn centred at either P3D4 or D4C5 of turn types β-I/VIII or II, as shown in Figure 6.2. 

 

Figure 6.2a-e Tail-state types of UII. Hydrogen and oxygen atoms 
of hydrogen bonds are represented as spheres. 
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The relative populations of extended and folded tail states in the MD simulations vary significantly 

(cf. Figs. S1-S6 of the SI, Appendix A3). Some ring-state types show frequent interconversions of 

extended and folded tail states, others none or few; and the extended:folded ratio for some types 

is not consistent between simulations. This raises the question as to whether tail and ring states 

might be mutually dependent. A qualitative answer is given by analysing the weights of ring and tail 

torsions of the main significant PCs for each type of ring conformation (Appendix A3 Table S4). If 

both ring and tail torsions are significantly loaded on one PC, correlation can be assumed. The 

results are summarised in Table 6.5. Few ring-state types (folded-I and folded-IVb2) show 

unambiguously that ring and tail torsions are not correlated, whilst omega-I types show 

uncorrelated ring/tail motions only if the tail is exclusively extended (Appendix A3 Fig. S1). For all 

other types, the PCA results suggest interdependence of ring and tail conformations. This contrasts 

with AVP, where the tail (the three C-terminal residues) moves essentially independently of the 

ring.1 A tentative explanation is the longer tail in UII of four residues facilitates interactions with the 

ring (e.g. by hydrogen bonding). Mutual dependence of ring and tail conformations is a dynamic 

property that differentiates UII from URP (no tail) and could modulate different bioactivities. 

Table 6.5 Relative populations (%),a interconversion frequencies b and correlation c of extended and folded tail 
conformation for UII ring-state types 

Ring-state type Correlation  Tail conformation d Interconversion MD e 

 ring/tail  extended (%) folded (%) extended/folded  
open 

omega-Ihbond/open no  100.0 (A) - - I 
 yes  38.1 (A) 61.9 (B) few III 
 yes  37.7 (A) 62.3 (C) frequent IV 
omega-II yes  100.0 (A) - - III 
 yes  61.9 (A) 38.1 (C) frequent XI 
scoop yes  100.0 (A) - - III 
lasso yes  40.8 (A) 59.2 (C) frequent IV 
circle yes  100.0 (A) - - IV 

folded 
folded-I no  88.6 (A) 11.4 (B) few II 
folded-IVb2 no  90.2(A) 9.80 (B) few III 
inv-folded yes  10.7 (A) 89.3 (C) few XI 
folded-II yes  - 100.0 (C) - V 
folded-III yes  - 100.0 (D,E,C) f - V 

a Populations are relative to the length of analysed sections occupied by single ring-state types in the MD simulations listed. bcf. DASH 
tail-state trajectories. c Qualitative results from the overall torsion space PCA: If relevant PCs (Eigenvalue > 1.0) correspond to both ring 
and tail torsions, then correlation was assumed (for details, see SI, Appendix A3). d Turn types (Fig. 6.2) are in parentheses. e MD = MD 
simulation (DASH ring and tail-state trajectories are given in Figs. S1-S6 of the SI, Appendix A3). f 40.9 % (D) + 32.9 % (E) + 26.2 % (C). 
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Conformations of Urotensin-Related Peptide 

In total, 22.8 µs MD were analysed for URP (Table S1 of the SI, Appendix A3). In the MD simulations, 

the majority of URP conformations (98.4 %) belong to the open class of omega ring-state types 

(Table 6.6 and Appendix A3 Table S3) with the turn centred at residues K5 and Y6 and a circular 

similarity of more than 90 % to the omega states of UII (Table 6.4). 

Table 6.6 Classification of ring conformations of URP§ 

Open 

Ring-state type Turn type H-bond Subtype Cartoon ID a 

Turns centred at KY (5,6) 

 

5,6 β-I 4O-7H omega-Ihbond 

 

1r 

5,6 β-VIII open omega-Iopen 3r 

5,6 β-II open omega-II 2r 

Turns centred at FW (3,4) 

 

3,4 β-VIII open lasso45pbr 

 

6r 

Folded (saddle-like) 

Ring-state type Turn type H-bond Subtype Cartoon ID a 

Turns centred at K (5) 

 

4,5,6 γ 4O-6H hybrid 

 

4r 

Turns centred at WK (4,5) 

 

2-7 antip. 
β-sheet 
(4,5 β-II) 

6O-3H 
(3O-6H)b sheet 

 

5r 

§Ring-state types are characterised by their turn centres (blue) and the donor oxygen for transannular hydrogen-bond interactions (red). 
Side chains are indicated by the single-letter code of the residue. Turn types and corresponding hydrogen bonds populated > 70 % are 
listed. a Mean torsion angles (Appendix A3 Table S3) and coordinate files of representatives are given in the SI (ID = ID of representative). 
b 48 % population.  

 

A high similarity of UII and URP ring conformation was postulated also by Brancaccio et al. based 

on their NMR studies.127 Hydrogen-bond populations at Y4O-C7HN and turn propensities at K5Y6 of 

URP´s omega type resembles the data of the corresponding UII conformations (Tables 6.2 and 6.3). 
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Conformations with turns different to K5Y6 are only found as transient states with low absolute 

populations. There is a variant of the UII lasso type with a type VIII β-turn centred at F3W4. Two 

further transient states are comparable with the folded conformations of UII. One (denoted as 

sheet) forms an antiparallel β-sheet with a β-II turn at W4K5, the other (denoted as hybrid) exhibits 

a γ-turn at W4K5Y6 and shows 89 % similarity to the ring torsions of the folded-IVb2 state of UII. The 

sheet type resembles the postulated single-conformer structure of URP in SDS micelle solution.127 

The hybrid type is reminiscent of Chatenet´s NMR-based single-conformer description of URP in 

aqueous solution.125  

Determination of UII and URP Equilibrium Populations 

Most of the ring-state types described above exhibit significant lifetimes during MD simulation and, 

therefore, represent candidates for the main conformations in solution. However, interconversions 

are too infrequent to derive equilibrium populations directly from the MD simulations. We 

therefore performed extended REMD simulations of UII and URP to determine the relative 

population of the states and, hence, to calculate their free energies. NMR experiments were carried 

out to validate these in silico equilibria via comparison of calculated and experimental chemical 

shifts using the statistical metrics reported previously.2 

NMR Experiments. 1H, 13C, and 15N chemical shifts could be assigned for UII and URP in H2O at 

pH 3.0/3.5 and 6.0, with the exception of C and N atoms without directly bonded protons and some 

rapidly exchangeable HN atoms at pH 6.0. Our 1H chemical shifts of UII and URP agree well with 

those already published109,125-127 and are complemented by our results for 13C and 15N shifts at the 

different pH values. The experimental shift lists are given in the Supporting Information 

(Appendix A3 Tables S5-S8). The pH was varied to see if changing the protonation state induces 

significant conformational changes. A change to acidic pH values protonates charged carboxylic 

acid-containing residues (E1, D3, and the C-terminal V11 in UII; the C-terminal V8 in URP) and this can 

affect the local electronic structure, as seen by changes in NMR chemical shifts of these residues 

and their immediate neighbours. The UII peptide is more affected by pH, changing its 

protonation state from -1 at pH 6.0 to +2 at pH 3.0, whereas URP only changes from +1 at pH 6.0 to 

+2 at pH 3.0. However, these pH-dependent changes are small compared to those that occur if the 

solvent is changed from water to an SDS micelle containing aqueous solution, with no buffer 

added.109,127 A significant conformational change such as that found in SDS micelles109,127 can be 

excluded. Thus, it can be assumed that the most highly populated conformations of UII and URP at 

pH 6.0 resemble the published NMR structures in aqueous solution. We eschewed a further 

classical structure determination using experimental nuclear Overhauser effect (NOE) distances or 
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coupling constants and focused on determining conformational equilibrium concentrations via 1H 

chemical shifts, which proved to be most efficient for vasopressin.2 In this context, it is important 

to note that, while observed NMR chemical shifts represent the time average of the shifts of all 

structures in a dynamic equilibrium, this is not true of distances derived from NOE peaks. This is 

because the distance-dependence of the NOE depends on the inverse sixth power (r6),320 so that 

simply averaging the distance (r) will yield incorrect results. Thus, short contacts that occur 

infrequently can give rise to significant NOE peaks, even though the time-averaged interatomic 

distance may be large. 

For the same reason, NOE peaks that result from several different conformations in equilibrium can 

masquerade as a single fictitious conformation. A second set of resonances representing a minor 

population (~10 % of the total) was also observed in the UII NMR spectra. This was identified as 

the cis-Pro3 isomer of UII and fully sequentially assigned. As the cis/trans conversion in peptides is 

known to be slow on the NMR timescale321,322 it will not contribute to fast equilibria and is not 

discussed here. 

Conformational Equilibrium of Urotensin II. The relative populations for the representative 

conformations of UII from three REMD simulations (with different initial conformations) are given 

in Table 6.7. This table covers approximately 80 % of the conformational REMD snapshots, the 

remaining 20 % (circular similarity of ring torsions < 65 %) are transients that cannot be assigned 

unambiguously to the representatives. All three REMD simulations predict a similar ratio of open to 

folded conformations and thus, the simulations can be assumed converged for these main 

conformational types. Unfortunately, the population of the individual subtypes of open and folded 

has not converged and differs strongly between the three REMD simulations (Table 6.7). However, 

convergence would necessitate significantly longer simulation times, which are currently 

unobtainable. 

A statistical comparison of the calculated and experimental chemical shifts of UII at pH 6 is given in 

Table 6.8. All open:folded equilibria of UII correspond better to the experimental values than any 

single conformation. The best agreement was found for equilibrium REMD-I, predicting a ratio of 

72 % open and 28 % folded conformations for UII in aqueous solution. A plot of the predicted vs. 

experimental shifts is shown in Figure 6.3. Correlation of calculated and experimental 15N chemical 

shifts also confirms the ratio of 72:28 open to folded as the equilibrium that gives the best 

agreement, although the number of shifts is very small (Table S14 of the SI, Appendix A3). 

The correlation of calculated 13C chemical shifts with experimental shifts is satisfactory for the 

equilibria but gives the best fit for the omega-Iopen conformations (Table S13 of the SI, Appendix A3). 

However, the correlation within the calculated sets of 13C shifts is too high to give unambiguously 
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distinguishable models (Appendix A3 Fig. S8). This was also found for AVP2 and is further discussed 

in the Supporting Information (Appendix A3).  

Table 6.7 Relative free energies (ΔΔG, kcal mol-1) a and relative populations (%) b of representative conformations for 
UII from REMD simulations 

UII representatives REMD simulations (UII) 

 REMD-I c REMD-II REMD-III stddev d 

Conformation ID e ΔΔG pop% ΔΔG pop% ΔΔG pop% ΔΔG pop% 
open 

omega-Iopen 1 0.39 15.19 1.08 8.72 1.09 8.98 ±0.33 ±2.99 
omega-Ihbond 2 0.41 14.76 1.45 4.68 1.19 7.69 ±0.44 ±4.22 
omega-II 3 1.04 5.07 2.21 1.29 1.55 4.10 ±0.48 ±1.61 
lasso 4 0.00 29.75 0.00 54.11 0.00 56.73 ±0.00 ±12.15 
scoop 5 1.43 2.67 3.08 0.30 3.37 0.20 ±0.85 ±1.14 
circle 10 1.12 4.53 2.16 1.39 2.08 1.68 ±0.47 ±1.42 

Σ open   72.0  70.5  79.4   
folded 

folded-I 6 1.67 1.76 1.71 3.00 2.00 1.82 ±0.15 ±0.57 
folded-IVb2 7 2.28 0.63 3.01 0.34 3.13 0.28 ±0.38 ±0.15 
inv-folded 11 0.35 16.39 1.02 9.67 0.75 15.96 ±0.28 ±3.07 
folded-II 8 1.21 3.89 1.34 5.58 1.84 2.56 ±0.27 ±1.24 
folded-III 9 1.02 5.37 0.95 10.92 - 0.00 ±0.04 ±4.46 

 Σ folded   28.0  29.5  20.6   
a Average standard deviation of all ΔΔG is 0.37 kcal mol-1. b Total population of assigned representatives: REMD-I 82%, II 77%, III 87%. c 

The REMD-I equilibrium gives the best agreement with experiment. d stddev = standard deviation. e Coordinate files are available as 
Online Supporting Material. ID = ID of representative. 

 

Table 6.8 Statistical error values (ppm), coefficients of distinctiveness (Δσ), and determination (R2) for the linear 
regression of calculated and experimental 1H chemical shifts of UII in aqueous solution at pH 6.0a 

UII representatives and equilibria (open:folded) MSE MUE RMSD WRMSE Δσ R2 

omega-Iopen -0.09 0.38 0.51 0.56 1.11 0.9338 

omega-Ihbond -0.02 0.31 0.42 0.46 0.99 0.9556 

omega-II 0.03 0.33 0.43 0.46 1.02 0.9533 

lasso 0.03 0.29 0.35 0.38 0.96 0.9682 

scoop 0.03 0.41 0.50 0.54 1.26 0.9383 

circle 0.00 0.30 0.40 0.42 0.95 0.9622 

folded-I 0.04 0.32 0.39 0.43 1.06 0.9627 

folded-IVb2 0.11 0.32 0.39 0.40 1.01 0.9661 

inv-folded 0.06 0.34 0.42 0.44 1.14 0.9547 

folded-II 0.05 0.40 0.49 0.55 1.15 0.9355 

folded-III -0.04 0.37 0.45 0.50 1.19 0.9456 

Equilibrium REMD-I (72:28) 0.01 0.21 0.26 0.27 0.75 0.9824 

Equilibrium REMD-II (70:30) 0.01 0.22 0.28 0.29 0.78 0.9799 

Equilibrium REMD-III (79:21) 0.02 0.23 0.29 0.30 0.81 0.9791 
a Best results are shown in bold. MSE = Mean Square Error, MUE = Mean Unsigned Error, RMSD = Root Mean Square Deviation, WRMSE 
= Weighted Root MSE, Δσ = coefficient of distinctiveness,2 R2 = coefficient of determination. 
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Figure 6.3 Linear regression of calculated 1H chemical shifts for the best predicted equilibria of open 
and folded conformations of UII and URP against experimental chemical shifts of nonexchangeable 1H of 
UII and URP in aqueous solution at pH 6.0, 298 K 

 

Smith and Goodman have proposed the so-called DP4-metric, which they designed especially to 

discriminate between conformations on the basis of the agreement between calculated and 

experimental NMR chemical shifts.258 The DP4 probability is based on Bayes’ theorem and is 

intended to provide an objective assessment of how likely it is that a given diastereomer (or in our 

case equilibrium distribution of conformations, is correct based on calculated and experimental 

chemical shifts. In our case the DP4 probabilities for both 13C and 1H shifts help confirm that the 

chemical shift ensemble resulting from equilibrium REMD-I (72:28) has the highest probability of 

being a correct assignment (Table S15 of the SI, Appendix A3) in comparison to the single 

conformations or the equilibria REMD-II and –III. Finally, the dependence of DP4 (“best-fit 

probability”) on variations of the open:folded ratio also results in a clear maximum for an 

equilibrium at approximately 70:30 (Fig. 6.4), in accordance with our prediction. 

Besides the experimental shifts of UII at pH 6, a second set of experimental shifts at pH 3 was 

measured and compared with the calculated shifts. The statistical metrics (data not shown) are 

extremely close to those at pH 6, which suggests conformational independence of UII for different 

protonation states (+2 at pH 3, -1 at pH 6).  

The seemingly contradictory experimental single-conformer interpretations of UII´s structure in 

H2O (no classical turns109 vs. widened 7,8,9+8,9,10 γ-turns126) are more precisely a fast (on the NMR 

timescale) equilibrium of major open and minor folded ring conformations, rather than any single 

conformation. A folded conformation has so far only been proposed from NMR experiments in SDS 

micelles, and was suggested to be the bioactive conformation in the UII receptor (UTR).109 Our 

results indicate that the proposed bioactive folded-type conformations already exist in aqueous 
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solution to a significant extent, hidden in the fast equilibrium and that, if it is the bioactive 

conformation, it is selected by preferential binding to the receptor from the conformational 

ensemble. 

 
Figure 6.4 Dependence of DP4 probabilities on the open:folded ratio of UII. Open and folded subtype 
mixtures correspond to the relative concentrations of the 11-component equilibrium REMD-I. The 
maximum probability (most likely ratio) is approximately 70:30 open:folded. 

 

Conformational Equilibrium of Urotensin-Related Peptide. Three REMD simulations of URP 

starting from different initial conformations gave the relative free energies and populations listed 

in Table 6.9. The representatives cover approximately 70 % of all REMD conformations. The 

remaining 30 % (circular similarity of ring torsions < 65 %) are transient conformations that could 

not be assigned unambiguously. The overall ratio of open:folded conformations from different 

REMD simulations are again similar and can be regarded as converged. 

Table 6.9 Relative free energies (ΔΔG, kcal mol-1) a and relative populations (%) b of representative conformations for 
URP from three different REMD simulations 

URP representatives REMD simulations (URP) 

 REMD-IV c REMD-V REMD-VI stddev d  

Conformation ID e ΔΔG % ΔΔG % ΔΔG % ΔΔG % 

open 

omega-Iopen 3r 0.34 18.92 1.38 5.80 0.45 19.70 ±0.47 ±6.38 

omega-Ihbond 1r 0.08 29.73 0.49 26.09 0.33 24.24 ±0.17 ±2.28 

omega-II 2r 0.00 33.78 0.00 59.42 0.00 42.42 ±0.00 ±10.65 

lasso 6r 1.26 4.05 1.79 2.90 1.32 4.55 ±0.24 ±0.69 

Σ open   86.5   94.2   90.9   

folded 

sheet 5r 0.71 10.14 1.38 5.80 1.73 2.27 ±0.42 ±3.22 

hybrid 4r 1.36 3.38 - 0.00 1.08 6.82 ±0.14 ±2.78 

Σ folded   13.5   5.8   9.1   
a Average standard deviation 0.29 kcal mol-1. b Total population of assigned representatives: REMD-IV 74 %, V 69 %, VI 66 %. c REMD-IV 
equilibrium gives the best agreement with experiment. d stddev = standard deviation. e Coordinate files are available as SI (Appendix A3). 
ID = ID of representative.  
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The model that agrees best with experiment is the equilibrium from REMD-IV (calculated 1H 

chemical shifts for URP are given in Table S12 of the SI, Appendix A3) predicting a ratio of 86 % open 

and 14 % folded conformations for URP with a predominance of omega conformations (Table 6.10 

and Fig. 6.3). This result is further supported by the DP4 assignment probabilities (Appendix 3 

Table S15). 

Table 6.10 Statistical error values (ppm), coefficients of distinctiveness (Δσ) and determination (R2) for the linear 
regression of calculated and experimental 1H chemical shifts of URP in aqueous solution at pH 6.0a 

URP representatives and equilibria (open:folded) MSE MUE RMSD WRMSE Δσ R2 

omega-Iopen -0.02 0.27 0.37 0.43 1.02 0.9774 

omega-Ihbond -0.09 0.32 0.44 0.55 0.99 0.9624 

omega-II -0.11 0.40 0.53 0.64 1.20 0.9456 

lasso -0.08 0.41 0.52 0.64 1.26 0.9489 

sheet -0.05 0.28 0.38 0.43 1.01 0.9755 

hybrid -0.01 0.33 0.44 0.53 1.12 0.9666 

Equilibrium REMD-IV (86:14) -0.08 0.22 0.29 0.31 0.78 0.9847 

Equilibrium REMD-V (94:6) -0.10 0.29 0.38 0.44 0.91 0.9723 

Equilibrium REMD-VI (91:9) -0.08 0.25 0.31 0.35 0.84 0.9815 
a Best results are shown in bold. MSE = Mean Square Error; MUE = Mean Unsigned Error; RMSD = Root Mean Square Deviation; WRMSE 
= Weighted Root MSE; Δσ = coefficient of distinctiveness; R2 = coefficient of determination. 

 

Equilibrium REMD-VI also performs better than any single conformation. Only equilibrium REMD-V 

fits worse than the omega-Iopen conformation. It is noteworthy that the average ratio of the 

frequently interconverting conformations omega-Iopen and omega-Ihbond in the long-scale MD 

simulations is 42:58. This resembles the relative populations of REMD-IV (39:61) and VI (45:55) but 

not REMD-V (18:82). Insufficient convergence of the omega-Iopen : omega-Ihbond ratio may explain 

the poor performance of equilibrium REMD-V.  

How Do the Conformational Equilibria of URP and UII Differ? Both exhibit predominantly open 

conformations in aqueous solution but UII shows a higher population of folded conformations (UII: 

28 %, URP: 14 %). This result is consistent with the possible interdependence of ring and tail 

conformation in UII but not URP, and supports the hypothesis that the N-terminal tail facilitates the 

formation of folded ring conformations. 

 

Conclusions 

Conformation and dynamics of UII and URP in aqueous solution were explored and classified by 

combining computational and experimental methods. The two peptides exhibit similar ring 

conformations. The structures of both UII and URP in aqueous solution cannot be described by 
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single conformations. As found previously for Arg8-vasopressin,2 UII and URP exist in solution in a 

conformational equilibrium between open and folded (saddle-like) ring conformations and in 

combination with extended and folded tail conformations. In contrast to vasopressin, however, the 

ring and tail conformations of UII are not independent of each other, so that UII behaves differently 

to URP, as URP lacks the tail region. Folded (saddle-like) conformations of URP appear only 

transiently in unrestricted MD simulations and the equilibrium distribution of conformations that 

results from REMD simulations and agrees best with experimental 1H chemical shifts is 86 % open to 

14 % folded. The corresponding equilibrium for UII is 72 % open:28 % folded. 

These data suggest that the free-energy penalty for a possible folded biologically active 

conformation is approximately 1.1 kcal mol-1 for URP but considerably smaller (approximately 

0.6 kcal mol-1) for UII, probably because of ring/tail interactions in UII. This difference may be 

significant in determining different effects of the two peptides on binding to the UII-receptor 

(UT2SR, UTR). The high similarity of ring conformations of UII and URP supports Brancaccio´s 

finding127 that differences in the biological function are not related to differences in ring 

conformations. UII and URP show the same conformational main types as the structurally related 

GPCR-ligand Arg8-vasopressin. However, both prefer open-type conformations in solution, in strong 

contrast to AVP (70 % folded conformations). 

All thermodynamically accessible representative conformations of UII and URP can serve as 

templates for 3D ligand-based drug design or docking, the structural data are given in the 

Supporting Information (online). 

The NMR data reported here supplement and complete published data. They include an almost 

complete assignment of the spectra of the cis-Pro3 isomers of UII. We have developed a novel and 

robust procedure to extract conformational equilibria from NMR data by combining experiment 

with enhanced sampling simulations. 

The protocol was developed on AVP2 and tested here on UII and URP. It seems a powerful tool for 

exploring the conformational equilibria of intrinsically flexible peptides. In the case of UII and URP, 

we have used REMD to determine the calculated equilibrium concentrations, rather than the 

metadynamics procedure used for AVP. Future work will evaluate a variety of enhanced-sampling 

protocols in order to determine the most suitable for peptide conformational equilibria. The 

protocol tested and published2 for Arg8-vasopressin and based on proton chemical shifts also yields 

well-defined predictions for UII and URP, here using REMD to determine the calculated equilibrium 

concentrations. 
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Unfortunately, we have little information about the lifetimes of the individual conformations. The 

conformational equilibria are fast on the NMR timescale but too slow for us to be able to sample 

them adequately in unbiased simulations.  
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Chapter 7: Related Peptides and General Conformational Classification 

The results in this section are not published yet. 

 

 

Table of Content Graphic 
(Representative conformations of OT) 

 

Foreword 

The three preceding chapters showed how to characterise and study the conformation and 

dynamics of the cyclic peptide hormones AVP, UII and URP. For AVP, four representative 

conformations, open, clinched open, saddle and twisted saddle, were identified that can be 

classified as either open, without significant transannular hydrogen bonds, or folded, with saddle-

like conformations that are stabilised by highly populated transannular hydrogen bonds and 

multiple turns comprising β-turns at residues Phe3 and Gln4. The four main conformations of AVP 

are highly similar to the open and folded conformations found for UII, lasso, omega-I, folded-I and 

folded-IVb2 (cf. Table 6.4). This suggests that a conformational classification in terms of common 

open and folded ring-state types may be generally applicable to cyclic peptides similar to AVP. To 

test this concept, the conformations of the related peptides oxytocin, deamino-oxytocin, and the 
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analogue carbetocin were clustered by analysis of long-scale MD simulations following the same 

protocols as for AVP, UII and URP. Supplementary Information for this chapter is given in 

Appendix 8. 

 

Molecular-Dynamics Simulations of OT, dOT and CT 

Oxytocin. For OT, a total of 50 µs MD simulations were performed in four MD runs with different 

initial conformations: (i) a saddle conformation of OT from the X-ray structure, PDB ID: 1NPO 

(Fig. 2.2), (ii) an open conformation generated by a high-temperature (800K) short-scale MD 

simulation, (iii) a clinched open conformation modelled from the AVP representative T16_12 by 

mutating Phe3 to Ile3 and Arg8 to Leu8, and (iv) a twisted saddle conformation modelled in the same 

way from the AVP representative T16_19. The coordinate files of the representative conformations 

of AVP were given as Online Supporting Information to Paper 1. 

Deamino-Oxytocin. The X-ray structure PDB ID: 1XY1 (Fig. 2.1) of dOT was used as starting 

conformation for a single 3 µs MD simulation. This conformation resembled the ring-state type 

twisted saddle of AVP (Fig. 4.4). 

Carbetocin. Starting conformations for CT were homology-modelled from the saddle and open 

conformations (i) and (ii) of OT (see above), and each conformation was simulated for 5 µs. 

Schemes of the primary structures of OT, dOT and CT are given in Chapter 2 (Scheme 2.1). Further 

simulation details of OT, dOT and CT are given in Table A8.1 (Appendix A8). 

 

Dynamics and Conformation of OT, dOT and CT 

Figures of the RMSD and DASH state trajectories of the MD simulations are given in Appendix A8 

(Figs. A8.1 to A8.7). DASH ring states, corresponding overall states and representative 

conformations for OT, dOT and CT (Table A8.2) and the mean angles of representatives (Table A8.3) 

are listed in Appendix A8. 

Oxytocin. Two of the four MD simulations, OT_MD-I (Fig. A8.1) and OT_MD-IV (Fig. A8.4), show a 

transition between the main classes of open and folded ring-state types. Simulations OT_MD-II 

(Fig. A8.2) and OT_MD-III (Fig. A8.3) only show interconversions between open conformations. This 

indicates kinetic trapping, as already observed in the simulations of AVP, UII and URP, and 
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necessitates enhanced sampling to access relative populations of conformation. The tail frequently 

interconverts between extended and folded conformations giving similar RMSD plots as for AVP. 

Thus, its motion can be assumed to be independent. Future PC analyses can be performed to 

substantiate this observation. Extended tail conformations are significantly favoured (absolute 

populations of approximately 80-90 %). The dynamics of OT seems very similar to AVP; however, 

the present results do not allow clear conclusions regarding the flexibility of OT compared to AVP. 

NMR modelling will show if the ratio of open and folded OT conformations differ from AVP. 

In principle, the same representative conformations as for AVP were identified for OT (open, 

clinched open, saddle, and twisted saddle). In addition, some significantly populated variants of 

open, clinched open and twisted saddle emerged: 

(i) a 4,5 peptide bond rotamer of clinched open denoted as clinched open45pbr (clop45pbr) that 

was also found for AVP (Appendix A2 Fig. S2) but weakly populated, 

(ii) a 2,3 peptide bond rotamer of the open (unfolded) ring-state type denoted as open23pbr 

(Fig. 7.1) resembling the lasso conformation of UII (Fig. 6.1), and 

(iii) a 310-helix (1 to 5) variant (Fig. 7.2) of the twisted saddle conformation denoted as 

twisted saddlehelix comparable to the inverse-folded conformation of UII but with different 

screw-sense. 

In simulation OT_MD-III (Fig. A8.3), a 3,4 peptide-bond rotamer of open23pbr denoted as open2334pbr 

(Fig. 7.3) was identified as a transient species and will be mentioned here because it corresponds 

to the lasso45pbr conformation, a representative of URP.  
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Figure 7.1a-c OT representative for the ring-state type open23pbr. Open23pbr is a peptide bond rotamer of 
the open ring-state type enabling hydrogen-bonding interactions with the sidechain carbonyl-O of Gln4. 
The ring-state type open23pbr of OT corresponds to the ring-state type lasso of UII. Depiction: (a) backbone 
(sticks), sidechains (lines), disulphide bridge (sticks), nonpolar hydrogens hidden, residue numbers 
labelled, hydrogen bonding interaction (dashed line); (b) backbone (cartoon), sidechains (lines), 
disulphide bridge (lines), nonpolar hydrogens hidden, residue numbers labelled; (c) surface. 

 

 

 
Figure 7.2a-c OT representative for the ring-state type twisted saddlehelix. Twisted saddlehelix is a variant 
of the twisted saddle ring-state type with ~70 % circular similarity of ring torsions. The ring adopts a 310-
helical form comprising residues 1 to 5 with hydrogen bonds Cys1O-Gln4H and Tyr2O-Asn5H. Depiction: (a) 
backbone (sticks), sidechains (lines), disulphide bridge (sticks), nonpolar hydrogens hidden, residue 
numbers labelled, hydrogen bonding interaction (dashed line); (b) backbone (cartoon), sidechains (lines), 
disulphide bridge (lines), nonpolar hydrogens hidden, residue numbers labelled; (c) surface. 
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Figure 7.3a-c Transient variant open2334pbr of the ring-state type open23pbr. Open2334pbr is a peptide bond 
rotamer of the open23pbr ring-state and corresponds to the conformation type lasso45pbr of URP. Depiction: 
(a) backbone (sticks), sidechains (lines), disulphide bridge (sticks), nonpolar hydrogens hidden, residue 
numbers labelled, hydrogen bonding interaction (dashed line); (b) backbone (cartoon), sidechains (lines), 
disulphide bridge (lines), nonpolar hydrogens hidden, residue numbers labelled; (c) structure. 

 

 

Deamino-Oxytocin. For dOT, only 3 µs MD simulations have been performed so far. The dynamics 

resembles simulation MD-IV of OT and only shows interconversions between the conformational 

type twisted saddle and its helical variant twisted saddlehelix, except for a transient occurrence of a 

conformation, denoted as open23var
i, that corresponds to the scoop type of UII. The higher frequency 

of interconversions may indicate a higher flexibility of dOT. This may mean that the N-terminal NH3
+ 

has a stabilising effect on the ring conformation. dOT is a superagonist compared to OT suggesting 

that flexibility may correspond to activity.  

Carbetocin. The MD simulation, starting with the folded saddle conformation, soon interconverted 

to the ring-state type open followed by interconversions to open23pbr and clinched open45pbr. The 

second MD simulation, starting with an open conformation, behaved inversely and the initial open 

conformation interconverted to the saddle type after 3 µs. Hence, CT exhibits three of the four main 

ring-state types of AVP and OT, saddle, clinched open and open, only the twisted saddle type was 

not found yet. 

  

                                                           
i a hybrid of OT´s ring-state types open23pbr  and clinched open  
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Hydrogen-Bond Populations and Secondary-Structure Propensities. Hydrogen-bond populations 

and secondary-structure propensities of the representative conformations of OT, dOT and CT are 

given in Table 7.1. Values for AVP are added from Table 4.4 and 4.5 for comparison. Only 

populations higher than 10 % are listed. The peptides of a particular ring-state type show similar 

hydrogen-bond and secondary-structure populations. This confirms that the two properties are 

suitable as diagnostic characteristics for ring-state types. It can nicely be seen how folded ring-state 

types exhibit highly populated transannular hydrogen bonds and well-defined turns in the ring, 

whereas the open ring-state types show no or only weakly populated β-turn centres and hydrogen 

bonds. The ring-state type variants, clinched open45pbr and open23pbr can position the residue Gln4 

above the ring, which enables occasional interactions of the sidechain carboxy-O with amide 

protons of the ring.  

Table 7.1 Hydrogen-bond populations (%) and secondary-structure propensities (%) of representative ring-state types 
of cyclic peptide hormones (AVP, OT, dOT, CT) 

Ring-state type Hydrogen bonds >10 %a  Turn propensities >10 %b Ring Conformation 

   Turn centres (Structure Example) 

saddle (Fig. 2.2) 
 2O5H 2O6H 6O9H  3 4 5 7 8  

AVP 95.7 83.2 10.8  94.1 93.9 89,3 18.6 17.3 
3,4,5 multiple turn 

3,4 β-I (7,8 β-II) 
OT 96.5 87.5 11.5  95.9 95.9 92.7 19.3 18.3 
CT 97.3 92.3 11.5  98.4 98.4 96.3 10.7 10.4 

twisted saddle (Fig. 2.1) 
 2O5H 2O6H 3O5H  3 4 5 7 8  

AVP 82.6 37.3 23.8  90.6 93.8 61.9 10.8 10.8 
3,4,5 multiple turn 

3,4 β-II 
OT 72.5 52.3 32.2  90.4 97.1 74.4 16.0 16.0 
dOT 73.7 60.3 24.9  95.6 97.0 79.2 - - 

twisted saddlehelix (Fig. 7.2) 

 1O4H 2O5H 6O9H  2 3 4 7 8  

OT 55.18 85.67 10.5  - 31.3 29.3 12.8 12.8 

3,4 turn within 310-helix 
310 helix (1 to 5) 

     68.0 68.0 68.0   

dOT 42.0 88.53 38.6 35.6  53.9 49.9 28.3 28.3 
     35.0 35.0 35.0   

clinched open (Fig. 4.1) 
 3O6H 4O6H 3O5H  4 5  7 8  

AVP 27.9 18.7 10.2  46.3 46.3  21.0 21.0 
open dist 4,5 β-VIII/I 

OT 15.7 26.6 --  28.9 28.9  - - 

clinched open45pbr (Fig. A2.S1) 

 3O6H 4O6H 3O5H  4 5  7 8  

OT - - -  37.8 37.8  - - 
open dist 4,5 β-II 

CT - - -  39.3 39.3  14.2 14.2 

 4OE3H 4OE2H 4OE4H        

CT 38.0 32.3 23.3       4OE Gln4/ ring Hbonds 

open (Fig. 2.3) 
 1O4H 2O4H 4O6H  2 3  7 8  

AVP 12.0 38.6 -  20.2 20.2  - - 
open, no classical turn OT 15.6 15.9 -  31.7 31.7  10.8 10.8 

CT 19.7 16.7 10.2  41.8 41.8  12.1 12.0 
open23pbr (Fig. 7.1) 

 4OE3H 4OE2H 4OE4H  2 3  7 8  

OT 42.6 36.5 29.6  - -  - - open, no classical turn 
4OE Gln4/ ring Hbonds CT 38.0 32.3 23.3  - -  - - 

a Hydrogen-bond populations are relative to the lifetime of the ring-state type. Notation: Residue numbers of carbonyl O and amide H. 
Populations > 70 % are highlighted. b Secondary-structure propensities > 75 % indicate classical turns. Abbreviation: dist = distorted. 
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Comparison of AVP, OT, dOT and CT with UII and URP 

UII and URP share the same motif of a cyclic 6-residue moiety with the peptide group of AVP, OT, 

dOT and CT. Their ring conformations can be classified similarly to the peptides as open (unfolded) 

or folded. However, their sequences, sequence lengths, the position of the ring within the sequence 

and the ratio of open and folded conformations differ significantly. The sequence similarity of AVP, 

OT, dOT and CT seems high enough to result in the same representative conformations (saddle, 

twisted saddle, clinched open, open and their variants). It has been shown for both groups of 

peptides that particular ring-state types can be characterised by their turn types and hydrogen-

bond populations and that turn centres differ distinctly for open and folded conformations. The 

question arises as to whether a general classification of conformations for peptide hormones with 

similar cyclic 6-residue motifs is possible based only on the positions of the turn centres (Fig. 7.4) 

in the ring independently of the sequence.  

 
Figure 7.4 Conformational classification of peptide hormones with a 6-residue ring 
motif. Folded ring conformations show turns at residues i+2 and i+3, open (unfolded) ring 
conformations either at i+1,i+2 or i+3,i+4. The bridge is symbolised with B and B’ (= S for 
disulphide bridges). 

 

To answer this question, a comprehensive analysis of the circular similarity of ring torsions ΦΨ i+1 

to i+4 and Φ i+5 of all peptides studied in this work was performed (Table A8.4).  

The striking result is the finding that almost all representative conformations of AVP-like peptides 

(AVP, OT, dOT, CT) can be assigned to representative conformations of UII and URP with ring torsion 

similarities of > 90 %. Ring-state subtypes scoop, lasso45pbr and folded-II/III of UII/URP were found 

for dOT and OT as transients. The ring-state subtype open of AVP, OT and CT was not found for UII 
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and URP but conformational variants were found (open23pbr = lasso, open23var* = scoop, open2334pbr = 

lasso45pbr). Helical variants were identified for UII, OT and dOT, however, with different screw-

senses.  

In Tables 7.2 to 7.4, the assignment of representative ring-state types of AVP, OT, dOT and CT to 

representatives of UII and URP is illustrated. Table 7.2 includes the ring-state types of the folded 

class that all comprise residues i+2 and i+3 as turn centres. Tables 7.3 and 7.4 provide the ring-state 

types of the open class subdivided by conformations with turns centres at i+1,i+2 and i+3,i+4. 

Table 7.2 Folded (saddle-like) ring-state types with turns centred at i+2,i+3: a tabular assignment of representative 
conformations of AVP, OT, CT, dOT (i=1) to UII (i=5) and URP (i=2) 

Ring-state types with turns centred at i+2,i+3 

 
saddle folded-I Turn Type Hbonds a> 70 % 

Circular 
Similarities 

  

 i+2,i+3 β-I, 
multiple turn 
i+1 to i+5/6 

 

i+1O-(i+4H,i+5H) 
AVP/UII   93 % 
OT/UII  94 % 
CT/UII  95 % 

twisted saddle folded-IVb2, hybrid, sheet Turn Type Hbonds > 70 % 
Circular 

Similarities 

  

i+2,i+3 β-II i+1O-i+4H 

AVP/UII   95 % 
OT/UII  94 % 
dOT/UII 91 % 
AVP/URP  91 % 
OT/URP  92 % 
dOT/URP  91 % 
UII/URP 89 % 

saddlevar* folded-II (folded-III)b Turn Type Hbonds > 70 % 
Circular 

Similarities 

 
 

parallel sheet 
i+1 to i+5 

iO-(i+3H,i+4H,i+5H) CT/UII   96 % 

twisted saddlehelix (inv-folded) Turn Type Hbonds > 70 % 
Circular 

Similarities 

  

310-helix 
i to i+4 

i+1O-i+4H 
(iO-i+3H)c 

(iO-i+5H)c 

(OT/dOT 37 %) 
(dOT/UII 37 %) 

* Only found as transient conformation. a Hydrogen-bond population. b Folded-III can be regarded as tail-variant of folded-II. c Only UII.  

AVP, OT, CT UII 

AVP, OT, dOT 

UII, URP 

CT UII 

UII 

OT, dOT 
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Table 7.3 Open (unfolded) ring-state types with turns centred at i+1,i+2: a tabular assignment of representative 
conformations of AVP, OT, CT, dOT (i=1) to UII (i=5) and URP (i=2) 

Ring-state types with turns centred at i+1,i+2 

 

open23pbr lasso Turn Type 
Hbonds a > 

70 % 
Circular 

Similarities 

  

i+1,i+2 (β-I) - 
OT/UII  92 % 
CT/UII  91 % 

open23var
* scoop Turn Type Hbonds > 70 % 

Circular 
Similarities 

 

 

i+1,i+2 β-I (OiHi+3)b OT/UII  72 % 
 

open2334pbr* lasso45pbr Turn Type Hbonds > 70 % 
Circular 

Similarities 

  

i+1,i+2 β-VIII - 
OT/URP  94 % 
 

open  Turn Type Hbonds > 70 % 
Circular 

Similarities 

 

- 
(i+1,i+2, 

undefined) 
- - 

 circle Turn Type Hbonds > 70 % 
Circular 

Similarities 

- 

 

(-) - - 

*Only found as transient conformation. a Hydrogen-bond population. b UII. 

  

OT, CT UII 

dOT 

OT 

UII 

URP 

AVP, OT, CT 

UII 
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Table 7.4 Open (unfolded) ring-state types with turns centred at i+3,i+4: a tabular assignment of representative 
conformations of AVP, OT, CT, dOT (i=1) to UII (i=5) and URP (i=2) 

Ring-state types with turns centred at i+3,i+4 

 
 

clinched open omega-I Turn Type Hbonds a > 70 % 
Circular 

Similarities 

  

i+3,i+4 β-
I/VIII 

-b 

AVP/UII 88 % 
OT/UII 86 % 
AVP/URP 88 % 
OT/URP 86 % 

clinched open45pbr omega-II Turn Type Hbonds > 70 % 
Circular 

Similarities 

  

i+3,i+4 β-II - 

AVP/UII 96 % 
OT/UII 95 % 
CT/UII 95 % 
AVP/URP 95 % 
OT/URP 94 % 
CT/URP 95 % 

a Hydrogen-bond population. b Related to omega-Iav 

 

  

AVP, OT UII, URP 

AVP, OT, CT UII, URP 
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Conformational Classification of Cyclic Peptide Hormones 

(with 6-residue ring moiety closed by a disulphide bridge) 

The following general conformational classification is suggested based on the occurrence of highly 

similar ring conformations for all peptides studied in this work and the previous finding that the 

ring conformations are the principal conformational characteristic of these peptides (cf. Chaps. 4 

and 6): 

1. Main Conformational Classes: Open and Folded. The ring conformations can be generally 

classified as either folded with highly populated transannular hydrogen bonds or open 

(unfolded) without significantly populated transannular hydrogen bonds. Folded (saddle-like) 

conformations always comprise residues i+2 and i+3 as turn centres, often as part of a multiple 

turn with highly populated transannular hydrogen bond(s) and well-defined β-turns. Unfolded 

(open) conformations exhibit turn centres at residues i+1,i+2 or i+3,i+4 and show no or only 

weakly populated transannular hydrogen bonds.  

 
(Figure A7.4) 

 

2. Ring-State Types. The main classes of open (unfolded) and folded (saddle-like) ring 

conformations comprise several conformational subtypes that are characterised by their turn 

centres, turn types and the population of transannular hydrogen bonds. Representative 

subtypes are denoted as ring-state types. Four relevant ring-state types have been identified 

for AVP: 

saddle, twisted saddle, clinched open, open. 

The MD simulations of OT revealed several variants of these ring-state types, e.g.: 

twisted saddlehelix, clinched open45pbr, open23pbr, open2334pbr 

These variants are mainly peptide-bond rotamers of the four main ring-state types of AVP with 

similar backbone shapes.i Highly similar ring-state types were also found for UII, e.g.: 

folded-I (= saddle), folded-IVb2 (= twisted saddle), omega-I (= clinched open), omega-II 

(= clinched open45pbr), lasso (= open23pbr) and lasso45pbr (= open2334pbr*, open)  

                                                           
i The rotation of a peptide bond leads to significantly different backbone torsions but only insignificant changes of the Cα coordinates; 

thus the backbone shape remains similar.  
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An illustrated summary of the representative ring-state types of all peptides studied in this 

work is given in Tables 7.2 to 7.4. Detailed descriptions are given in the associated chapters. 

3. Tail Conformations: Extended and Folded. The N- or C-terminal tails can be regarded as 

additional residue of the ring with individual conformation. The 3- and 4-membered tails of 

the investigated peptides adopt two main conformations, extended or folded. The extended 

form is usually favoured, most likely to minimise sterically hindrance. UII´s ring-state types, 

however, exhibits in part higher populated folded tail conformations. Folded tails comprise 

β-turns that include one of the bridge residues probably induced by the Pro-residues of the 

tails (cf. Scheme 4.2). Figures of representative tail conformations for AVP and UII are given in 

Figures 4.8 and 6.2. 

4. Overall Conformations. Overall conformations can be described as combination of ring and 

tail conformations (cf. Table 4.7): 

overall conformation = ring conformation + tail conformation 

For the majority of overall conformations, the tail moves essentially independently of the ring 

with more frequent interconversions but a correlation of ring and tail conformations cannot 

be excluded, as has been found for UII. It can be assumed that the probability of ring-tail 

interaction increases with tail length. 
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FINAL CONCLUSIONS AND OUTLOOK 

Summary and Conclusions 

Extensive µs-scale MD simulations were performed to study the conformational space of peptide 

hormones with a cyclic 6-residue moiety as putative bioactive motif.  

Conformational Classification. A general classification of conformations of peptides with the 

above-mentioned ring motif has been proposed (Chap. 7) based on the identification of main 

conformations for AVP, OT, dOT, CT, UII and URP. A detailed description of representative 

conformations for each peptide studied was given (Chaps. 4-7) and their similarity was discussed 

(Chap. 7). 

All peptides studied exhibit similar ring conformations, independent of their primary sequence. 

They can be assigned to two main classes of ring conformations: open and folded. The open class 

comprises largely unfolded ring conformations with turns centred at i+1,i+2 or i+3,i+4 and no 

significantly populated transannular hydrogen bonds (Tables 7.3-7.4). The second class comprises 

strongly folded conformations and turns centred at residues i+2,i+3 with highly populated 

transannular hydrogen bonds (Table 7.2). The short N-terminal tail of AVP (3 residues) moves 

essentially independently of the ring and the same can be assumed for OT, dOT and CT. Peptides 

with these short N-terminal tails clearly prefer extended tail conformations. UII, however, exhibits 

several overall conformations where ring and tail (4 residues, C-terminal) are correlated, which 

might account for the different bioactivities of UII and URP (Chap. 5). The ring conformation is the 

main conformational characteristic of the cyclic peptides, which was proven by PCA; overall 

conformations can be regarded as modular combinations of ring and tail conformations (Chap. 4). 

Conformational Equilibria in Aqueous Solution. The frequency of interconversions between main 

conformations in the MD simulations was too low to deduce equilibrium populations. The AMBER 

force field showed a clear bias towards main potential minima. For this reason, enhanced sampling 

was performed for AVP, UII and URP in the research groups of Prof. Clark (AVP, metadynamics) and 

Prof. Essex (UII/URP, replica exchange MD) that resulted in in silico approximations for equilibrium 

concentrations and confirmed the selection of representative conformations resulting from long-

scale MD simulations. A technique was developed and introduced to validate the in silico equilibria 

via direct comparison of DFT-calculated 1H chemical shifts with the experimentally observable NMR 

chemical shifts (Chap. 5). Accordingly, the best approximation for AVP is an equilibrium of 70 % 

folded (saddle-like) and 30 % open (unfolded) conformations; for UII and URP, in contrast, open 
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conformations are favoured with open:folded ratio of 72:28 (UII) and 86:14 (URP). The results help 

explain the seemingly contradictory structural descriptions in the literature of either single-

conformations and flexible, disordered conformations (a literature review was given in Tables 2.3 

to 2.6): Single-conformation descriptions are in accord with the major conformations of the in silico 

equilibria, which is the folded saddle conformation for AVP and OT and the open omega-I 

(= clinched open) conformation for UII and URP; a structural description as flexible or disordered 

indicates fast interconversions of multiple conformations, which is confirmed by the in silico 

predictions in this thesis. 

DASH. The analysis method DASH, used for clustering, proved to perform excellently for processing 

the demanding volumes of data and the user interface was optimised for application to AMBER 

trajectories (amberDASH). 

NMR. Experimental 15N chemical shifts of AVP, UII and URP and the assignment of 1H, 13C and 15N 

chemical shifts of cis-Pro3-UII from this work (Appendices A2 and A3) complement published NMR 

data. 1H and 13C chemical shifts of AVP, UII and URP are in accord with NMR data in the 

literature.103,109,127 

 

Relevance and Outlook 

Development of Validation Technique. The validation technique served well to predict the 

equilibrium populations of the peptides in this study and promises to be generally applicable to 

interpret NMR spectra of intrinsically flexible peptides or peptide sequences. For NMR-modelling 

of cyclic peptides, structurally related to the peptides in this work, it is recommended to choose a 

maximum number of representative subtypes, refined by their overall states with folded and 

extended tails, to model the main classes of open and folded conformations with maximum 

accuracy. However, the method needs to be developed further and several problems need to be 

addressed, e.g.: (i) The convergence problem of MD simulations. Even enhanced sampling does not 

guarantee convergence. However, the surprisingly consistent REMD-results for the ratio of main 

conformational types (open and folded) of UII and URP despite the non-convergence of the sub-

state populations are promising. It suggests that reliable results can be expected as soon as the 

main conformational types are converged. Further convergence will refine the accuracy of the 

model but will not alter the magnitude of the ratio. Currently, enhanced-sampling protocols are 

tested for flexible peptides in the groups of Prof. Clark and Prof. Essex to find the most suitable one. 
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(ii) The significance of models needs further improvement, e.g. by model refinement via clustering 

of sidechain conformations. (iii) The reliability and general applicability of the method should be 

evaluated by further examples. Presently, OT is being processed. 

Drug Design and Docking Calculations. The results are relevant for drug design and docking 

calculations as each thermodynamically stable conformer can be a bioactive conformation in terms 

of multi-allosteric interactions with the receptor. Even less populated conformations can be 

extracted continuously from a solution equilibrium (population shift). Thus, all representative 

conformations in this work (Chaps. 4-7) may offer templates for drug design and docking 

calculations and the general classification may help to predict main conformations of similar 

peptides. For drug design, one representative for each turn-centre in the ring should be chosen 

(cf. Fig. 7.4), e.g. a saddle (folded-I), an open23pbr (lasso) and a clinched open (omega-I) 

conformation. For docking simulations, at least one open and one folded conformation should be 

considered, e.g. an open23pbr and a saddle (folded-I) conformation. The conformational classification 

can also be used to define a reasonable selection of starting conformations for MD simulations of 

structurally related peptides via homology modelling. 

Subsequent Simulations. AVP representatives of this work have already been established as initial 

conformations and reference for subsequent research projects. Saleh et al., for example, studied 

the binding free energy of the interaction between AVP and its renal receptor V2R with molecular-

dynamics simulations and metadynamics enhanced-sampling and suggested a three-site 

mechanism.28 The simulations revealed atomistic details of the bioactive conformations of AVP, yet 

unpublished: According to their simulations, AVP undergoes multiple conformational 

interconversions along the binding path. A vestibule and an intermediate site of V2R required folded 

conformations of AVP. However, the ligand interconverted to open conformations (mainly clinched 

open) frequently when crossing the barrier between intermediate and orthosteric site. The final 

conformation in the binding pocket found was a saddle conformation.  

Flexibility. In the Introduction of this thesis it was mentioned that flexibility and even disorder may 

affect bioactivity. For the peptides investigated in this work, the ratio of open and folded 

conformations could serve as measure for their flexibility in terms of “the higher the population of 

folded conformations - the lower the disorder” or “the higher the population of open conformations 

- the higher the flexibility”. This already characterises URP as being more flexible than UII and might 

be a further factor related to different bioactivities towards UTR. From experiments, it is known 

that AVP is more flexible101 than OT and a partial agonist of OTR. Calculations of OT equilibria are 

currently in progress. If the conformational equilibrium of OT is shifted to folded conformations 
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relative to AVP, its lower flexibility would be confirmed and could be related to AVP´s agonism 

towards V2R. The same applies for dOT, a known super-agonist for OTR. The known order of 

agonistic activity (dOT > OT > AVP) towards OTR could be compared with their folded:open ratio of 

conformations in relation to flexibility. UII and URP, finally, show a significant preference of open 

conformations in solution in contrast to AVP, suggesting a significantly higher flexibility. Future 

simulations of ligand-receptor interactions may show if this notable property difference is 

implicated in different reaction paths. 

Further Possible Projects. Even if the main conformational types of the 6-membered cyclic peptides 

seem to be quite independent of the residues, a correlation of the primary sequence to the 

open:folded conformational equilibrium, and thus the flexibility, is very likely. This putative relation 

could be studied by calculation of further open:folded equilibria of sequence mutants. 

The present MD trajectories still provide plenty material for the study of further atomistic details. 

For example, in Chapter 4 (Paper 1), key-torsions for conformational interconversions were 

analysed for AVP. These may help understand the mechanisms of conformational interconversions, 

so that they can be used to define reaction coordinates. This approach could be pursued for the 

other peptides. Another example is the bridge, which was discussed for AVP (Chap. 4). Main 

conformational types of the bridges and a potential mutual interdependence with ring 

conformations should be analysed for all peptides to complete the conformational classification. As 

already mentioned, the clustering of sidechain conformations deems it necessary to improve the 

accuracy of in silico equilibrium models and, for this, suitable analysis protocols need to be tested. 

A further project, not completed yet, studies the cis/trans isomerisation of the proline residues in 

AVP and UII. First results for AVP indicate that a trans/cis-Pro7 interconversion via a single-path 

rotation of the peptide bond does not affect the ring conformation. Results may give insight into 

the implication of Pro cis/trans mutation for bioactivity. 

 

 

. 
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A 4: Additional Analyses 

Convergence of Tail Conformations for AVP 

The high frequency of folded/extended interconversions during the 11 µs MD simulation of AVP 

suggested that the ratio folded:extended states had converged. Further evidence for this was 

provided by a comparative analysis of the populations of the T6 tail states after 11 and 23 µs. 

Independent of the simulation time, the populations of folded and extended states showed no 

significant changes (Table A4.1). 

Table A4.1 Populations of tail conformations from 11 and 23 µs MD simulation of AVP 

Tail state (T6) Tail state population (%) 
 0-11µsa 0-23µs 

Extended Tail 
3 61.4 61.2 
4 19.6 20.4 

Total 81.0 81.6 

Folded Tail 
7,8 β-turn type II 

5 2.5 1.5 
6 13.6 14.4 

7,8 β-turn type I 
1 2.0 1.4 

distorted 
2 0.8 1.2 

Total 19.0 18.4 

T6 = torsions ΦΨ 7 to 9. a published1 

 

Data Consistency AVP (11 µs) vs. AVP (23 µs) 

For the NMR-modelling,2 representative overall states with extended and folded tail were chosen 

for the saddle and clinched open conformation, and the exact ratio of these states were calculated 

to refine the conformational equilibria. Two questions arise: 

(i) Is the ratio of the two single representative states (one with extended, the other with 

folded tail) in accordance with the extended/folded tail-populations deduced from all overall 

states (23 µs)? 

(ii) Are the populations of extended and folded tail states deduced from 23 µs (all overall 

states) in accordance with the previously published populations1 deduced from 11 µs? 

Table A4.2 lists the populations of extended and folded tail conformations deduced from all overall 

states (23 µs) and tail states (11 µs). The populations are sufficiently consistent to draw the 

following conclusions: 
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(i) The representatives used for NMR modelling are suitable to represent the conformational 

subtypes of the ring conformations saddle and clinched open with extended or folded tail. 

(ii) The populations of tail conformations in relation to the ring conformations deduced from 

23 µs are in accordance with those published previously for 11 µs. 

Table A4.2 Population of tail conformations for the four main ring conformations of AVP 

 Tail conformation 

 All overall states (T16) All tail states (T6) Representatives (T16) 

Ring conformation 23µs MD 11µs MD 23µs MD 

 ext fold ext fold ext fold 

saddle 77.06 22.94 76.34 a 23.66 a 73.14 b 26.86 b 

cl.open 71.87 28.13 68.34 a 31.66 a 62.63 b 37.37 b 

tw.saddle 89.28 10.72 83.44 a 16.56 a 82.54 17.46 

open 90.15 9.85 93.61 a  6.39 a 87.99 12.01 
a data published in reference1; b data published in reference2 

 

Circular Similarity: Representative Conformations vs. Literature 

Oxytocin. 
Table A4.3 Circular similarity of OT representatives (this work) and conformations from the literature § 

OT a Lippens92 b Ward93 c Nikiforovich94 d 
saddle 0.55 0.45 0.45 
tws 0.63 0.42 0.43 
twshelix 0.46 0.51 0.52 
int.saddle 0.46 0.42 0.42 
open23pbr 0.45 0.40 0.40 
open 0.30 0.36 0.37 
clop 0.68 0.45 0.45 
clop45pbr 0.60 0.44 0.44 

$ Maximum similarities are highlighted. a Representative conformations of OT from a total of 50 µs MD simulations (EH, this work). b OT 
conformation bound to NP, NMR. c Conformer “MD, Table 8” (lowest energy conformation predicted by MD simulation). d Conformer “I, 
Table 5” (potential energy minimised conformation). 

Urotensin II, Urotensin-Related Peptide. 
Table A4.4 Circular similarity of UII and URP representatives (this work) and conformations from the literature § 

UII a ID b Grieco129 c URP a ID b Chatenet125 d 

folded-I 6 0.56    
folded-IVb2 7 0.67 hybrid 4r 0.57 
   sheet 5r 0.55 
folded-II 8 0.40    
folded-III 9 0.37    
circle 10 0.46    
inv.folded 11 0.41    
omega-Iopen 1 0.54 omega-Iopen 3r 0.86 
omega-Ihbond 2 0.67 omega-Ihbond 1r 0.73 
omega-II 3 0.54 omega-II 2r 0.62 
lasso 4 0.47 lasso 6r 0.59 
scoop 5 0.62    

§ Maximum similarities are highlighted. a Representative conformations of UII from a total of 35 µs MD simulations (EH, Paper 3). b ID of 
representative conformation, cf. Table 6.1 and 6.6, Chapter 6 (Paper 3). c UII in DMSO, NMR. d URP in H2O, NMR. 
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A 5: Classical Turn Types 

A turn can be defined by the turn centres involved and the ΦΨ torsion angles at these residues. 

The sequence of torsions defines the turn type. All residues involved in a turn are numbered 

consecutively (i, i+1, i+2, i+3…). Ideal turn types as defined by Venkatachalam et al.277 and 

Richardson et al.58 are given in Table A5.1 (for further turn types, see e.g.323). A turn is denoted as 

classical if the neighbour residues of the turn centres form a hydrogen bond. However, 

approximately 25 % of all β-turns do not possess a hydrogen bond as stipulated by Venkatachalam. 

Therefore, Lewis et al.228 suggested a distance maximum of 7 Å for Cαi to Cαi+3 as a new criterion to 

define a β-turn. If there is no hydrogen bond and the dihedrals fluctuate around ideal torsion angles, 

the turn can be denoted as open turn. The notation for turns and other secondary-structure 

elements used in this thesis is explained in the Supporting Information of Paper 3 (Appendix A3, 

p S10). 

Table A5.1 Ideal turn types 

Turn type Torsion Distance Cαi,i+3 
 Φi+1 Ψi+1 Φi+2 Ψi+2  

β-I -60° -30° -90° 0° dαα < 7 Å 
β-III (≈I) a -60° -30° -60° -30° dαα < 7 Å 
β-VIII -60° -30° -120° 120° dαα < 7 Å 
β-II -60° 120° 80° 0° dαα < 7 Å 
β-I’ +60° +30° +90° 0° dαα < 7 Å 
β-III’ (≈I’) a +60° +30° +60° +30° dαα < 7 Å 
β-II’ +60° -120° -80° 0° dαα < 7 Å 
310-helix b -49° -26° -49° -26° (Oi-3Hi)n 

γclassical +75° -65°    
γinverse -75° +65°    

a Under dynamic conditions (stddev ±30° assumed). b Right-handed, Φ+Ψ≈-75°. i = residue number. 
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A 6: Physical Laws and Definitions 

This chapter is thought to supplement the physical laws and quantities used in this work with some 

background knowledge. General sources have been textbooks of physics324, textbooks of chemical 

physics325 and special lexica326. Topics are given alphabetical. 

Coulomb´s Law. Electrostatic force: 

𝐹 = 𝑘𝑒

𝑞1 𝑞2

𝑟2
=

1

4𝜋𝜀0

𝑞1 𝑞2

𝑟2
 

𝑘𝑒 Coulomb constant, 𝑞1𝑞2 charges of atom 1 and 2, 𝑟 distance between atom 1 and 2, 𝜀0 electric constant 

Ergodic Hypothesis. The ergodic hypothesis comes from the statistical mechanics and says that the 

time-average equals the ensemble-average if the trajectory of a dynamic system has passed every 

possible point (in its phase space).326 

Force and Force Constant. A physical quantity that changes the state of a body, e.g. the position of 

a body and thus, his potential energy. A force constant in this context defines the shape of the 

harmonic potential that is used to approximate the potential energy of the system. 

𝐹⃗ = 𝑚𝑎⃗ 
𝑚 mass, 𝑎⃗ velocity 

Gibb´s Free Energy. 

𝐺 = 𝐻 − 𝑇𝑆 = 𝑈 + 𝑝𝑉 − 𝑇𝑆 
with 𝐺 Gibb´s free energy, 𝐻 free enthalpy, 𝑇 temperature, 𝑆 entropy, 𝑈 potential energy (inner energy), 𝑝 pressure, 𝑉 volume 

In biochemistry, the free standard enthalpy is defined as 

∆𝐺′𝑚
0 = −𝑅𝑇𝑙𝑛𝐾𝑒𝑞 , 𝑅 = 𝑁𝐴𝑘𝐵 

𝑅 = 8.3144598 
𝐽

𝐾 𝑚𝑜𝑙
 = 0.001987204 

𝑘𝑐𝑎𝑙

𝐾 𝑚𝑜𝑙
  

𝑁𝐴 = 6.022140857 ∙ 1023
1

𝑚𝑜𝑙
,     𝑘𝐵 = 1.38064852 ∙ 10−23

𝐽

𝐾 
 

with 𝑅 ideal gas constant, 𝑇 absolute temperature, 𝐾𝑒𝑞 equilibrium constant, 𝑁𝐴Avogadro constant, 𝑘𝐵 Boltzmann constant 

Biochemical standard conditions: 25°C (298.15K), p = 1 atm, ai = 1 (chemical activity), pH = 7 

Hook´s Law. 

𝑉(𝑙) =  
𝑘

2
(𝑙 − 𝑙0)2 

𝑉(𝑙) potential energy relative to position, 𝑘 force constant, 𝑙 position, 𝑙0 origin 
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Lennard-Jones Potential. Approximation of the non-bonding interactions (energy) between 

uncharged atoms. Attractive interactions are e.g. van-der-Waal´s forces or permanent dipole-

dipole interactions. 

𝑉(𝑟) = 4𝜀 [(
𝜎

𝑟
)

12
− (

𝜎

𝑟
)

6
]         and          𝑟𝑚𝑖𝑛 = √𝜎

6
 

𝜀 depth of potential minimum [J], 𝜎 distance where V(r) = 0, 𝑟 distance between atoms; (
𝜎

𝑟
)

12

 Pauli repulsion; (
𝜎

𝑟
)

6

 attractive 

long-range term (v.d.Waals force or dispersion force) 

 

Figure A6.1 Lennard-Jones Potential 

 

Newton´s Laws of Motion.148 

(1) “Corpus omne perseverare in statu suo quiescendi vel movendi uniformiter in directum, nisi 

quatenus illud a viribus impressis cogitur statum suum mutare”i 

(2) „Mutationem motus proportionalem esse vi motrici impressae, et fieri secundum lineam 

rectam qua vis illa imprimitur.“ii 

𝑣 ⃑⃑⃑ ⃗ ∝̇  𝐹⃗ (Euler´s form: 𝐹⃗ = 𝑚𝑎⃗) 

(3) “Actioni contrariam semper et aequalem esse reactionem: sive corporum duorum actiones 

in se mutuo semper esse aequales et in partes contrarias dirigi.“ (action = reaction)iii 

𝐹⃗𝐴→𝐵 = 𝐹⃗𝐵→𝐴 

(4) (Superposition principle) 

𝐹⃗𝑟𝑒𝑠 = 𝐹⃗1 + 𝐹⃗1 + ⋯ + 𝐹⃗𝑛 

 

  

                                                           
i “Every body persists in its state of being at rest or of moving uniformly straight forward, except insofar as it is compelled to change its 

state by force impressed.” (Trägheitsprinzip, Impulserhaltungsgesetz) 
ii “The alteration of motion is ever proportional to the motive force impressed; and is made in the direction of the right line in which 

that force is impressed.” (Aktionsprinzip) 
iii “To every action there is always opposed an equal reaction: or the mutual actions of two bodies upon each other are always equal, 

and directed to contrary parts.” 



 Appendices 
A6: Physical Laws and Definitions 

A73 

Nuclear Magnetic Shielding Tensor.246 The nuclear magnetic shielding (dimensionless unit) is a 2nd 

order property of the electronic energy under the influence of a magnetic field. The shielding tensor 

is antisymmetric. Exchange of 𝛼 and 𝛽 results different quantities. 

𝜎𝛼𝛽 =
𝛿2𝐸

𝛿𝜇𝛼𝛿𝐵𝛽
 

𝐸 total electronic energy of the molecule; 𝐵 external magnetic field; 𝜇 magnetic moment of nucleus.  

Root Mean Square Deviation. A measure of the geometrical difference between two 

conformations. 

𝑅𝑀𝑆𝐷 = √
1

𝑁
∑ 𝛿𝑖

2

𝑁

𝑖=1

 

𝑅𝑀𝑆𝐷 root mean square deviation, 𝑁 number of atoms; 𝛿 coordinate difference of atom 𝑖 relative to intial conformation 
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A 7: Hardware and Software 

This chapter gives background information on hardware and software used in this project. It 

comprises the sections Simulation Tools, Analysis Tools, and Graphic Tools. 

 

Simulation Tools 

LEaP (AmberTools) 

LEaP (Link Edit and Parm) is a program for the preparation of topology and initial coordinate files. 

It can be used via a graphics interface or in text mode. Detailed instructions are given in the 

AmberTools manuals.142,143 

Example. Preparation of topology and initial coordinate files for the unrestrained simulation MD-XI 

of UII based on coordinates of a significantly populated state (inv-folded) found in REMD simulation 

REMD-I.3 

LEaP input file 

verbosity 0 

# 

source leaprc.ff99SB 

loadoff ions08.lib 

mod3 = loadamberparams frcmod.tip4pew 

jc_ions = loadamberparams frcmod.ionsjc_tip4pew 

prot = loadpdb 11_UIIre_21440_state1.pdb 

bond prot.5.SG prot.10.SG 

addions prot Na+ 0 

solvateoct prot TIP4PEWBOX 8.0 

saveamberparm prot uii_invf.top uii_invf.crd 

Input file giving the instructions to build a 
topology file uii_invf.top and an initial coordinate 
file uii_invf.crd of structure 
 11_UIIre_21440_state1.pdb with counterions 
(addions…) to get a total charge of 0, solvation 
with a truncated octahedral box of TIP4P-Ew 
water and a non-bonded cut-off of 8 Å 
(solvateoct…), a disulphide linkage of residues 5 
and 10 (bond…) and the parameters for force 
field ff99SB (source…) with matching water 
model (mod3…) and ion parameters (jc_ions…). 

Command line: tleap -f input_file 

 

SANDER 

SANDER is the main program within the AMBER package to run energy minimisations and MD 

simulations. Here, the PMEMD implementation for high-performance parallel processing was used. 

Example files for energy minimisation and MD simulation are given below. 
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Minimisation Example. Input file for energy minimisation. 

Minimisation of UII inverted-

folded state  

 &cntrl 

  imin   = 1, 

  maxcyc = 10000, 

  ncyc   = 500, 

  ntb    = 1, iwrap=1, 

  ntr    = 0, 

  cut    = 8, 

  ntpr=50, ntwr=50, ntwx=50 

Parameter setup to perform a minimisation (imin=1) of maximum 
10,000 steps (maxcyc) with 500 steps steepest descent (ncyc) continued 
by conjugated gradient minimisation under periodic boundary 
conditions and constant volume (ntb=1); no restraints (ntr=0); restart 
file is written back to the original solvation box (iwrap=1); non-bonded 
cutoff is 8 Å (cut=8, default for PME); results are written to the output 
every 50th step the (ntpr=50, = every 0.1 ps); every 50th step a restart 
file is written (ntwr); every 50th step coordinates are written to a 
coordinate file (ntwx=50). 

Command line (GPU): pmemd.cuda –O –i min.in –c min.crd –o min.out –r min.rst –x min.trj –p uii_invf.top 
(with –i input, -c coordinate file, -o output file, -r restart file, -x trajectory file, -p topology) 
Command line (CPU, 8 cores): mpirun -np 8 pmemd -O -i min.in -c min.crd -o min.out -r min.rst -x min.trj –p uii_invf.top 
(with –np number of cores) 

MD Simulation Example. 

Input 1, unrestrained MD simulation starting from a minimised conformation 

Heating to 300K 

 

&cntrl 

  irest=0, ntx=1, imin=0, nmropt=0, nstlim=125000000, dt=0.002, 

  nsnb=25, cut=8.0, 

  ntt=1, tautp=1.0, tempi=0.0, temp0=300.0, 

  ntc=2, ntf=2, ntb=2, 

  ntp=1, taup=1.0, pres0=1.0, 

  ntpr=5000, ntwr=5000, ntwx=5000, ntr=0, iwrap=1, ioutfm=1, 

 &end 

Instructions to start a new (irest=0), unrestrained (ntr=0) MD simulation; reading the initial file without velocities (ntx=1); no 
minimisation (imin=0); 125,000,000 MD-steps to be performed (nstlim, =250 ns); maximum time step 0.002 ps (dt); default 
frequency of non-bonded list updates (nsnb=25); 8 Å non-bonded cutoff (cut); constant temperature via weak coupling (ntt=1) 
of 1.0 ps to external bath (tautp=1.0); intital temperature 0 K (tempi), reference temperature default (temp0=300.0); use SHAKE 
algorithm (ntc=2); omit force evaluation involving H-atoms if SHAKE is on (ntf=2); constant pressure periodic boundary 
conditions (ntb=2) with isotropic position scaling (ntp=1), default relaxation time in ps (taup=1.0), and 1 bar (default) reference 
pressure (pres0); results (ntpr), coordinates (ntwr), and restart files (ntwx) are written to outputs every 5000th step (=10 ns); 
restart file is written back to the original solvation box (iwrap=1); NETCDF format for trajectory files output files (ioutfm=1) 

Command line (GPU): pmemd.cuda –O –i md1.in –c md1.crd –o md1.out –r md1.rst –x md1.trj –p uii_invf.top 
(with –i input file 1, -c coordinate file 1 (= min.crd), -o output file 1, -r restart file 1, -x trajectory file 1, -p topology) 
Command line (CPU, 8 cores): mpirun -np 8 pmemd -O -i md1.in -c md1.crd -o md1.out -r md1.rst -x md1.trj –p uii_invf.top 
(with –np number of cores) 
 
 
 

MD Simulation Example. 

Input 2, subsequent restarts 

production, T = 300K 

 

&cntrl 

  irest=1, ntx=5, imin=0, nmropt=0, nstlim=125000000, dt=0.002, 

  nsnb=25, cut=8.0, 

  ntt=1, tautp=1.0, tempi=0.0, temp0=300.0, 

  ntc=2, ntf=2, ntb=2, 

  ntp=1, taup=1.0, pres0=1.0, 

  ntpr=5000, ntwr=5000, ntwx=5000, ntr=0, iwrap=1, ioutfm=1, 

 &end 

Instructions to continue (irest=1) a MD simulation using coordinates, velocities and box size from an external input file (here 
the NETCDF trajectory file of the preceding MD simulation run); all other parameters are identical with Input 1. 

Command line (GPU): pmemd.cuda –O –i md2.in –c md2.crd –o md2.out –r md2.rst –x md2.trj –p uii_invf.top 
(with –i input file 2, -c coordinate file 2 (= md1.crd), -o output file 2, -r restart file 2, -x trajectory file 2, -p topology) 
Command line (CPU, 8 cores): mpirun -np 8 pmemd -O -i md2.in -c md2.crd -o md2.out -r md2.rst -x md2.trj –p uii_invf.top 
(like GPU command, with –np number of cores) 
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AMBER 10 on CPUs (Central Processing Unit) 

From 2011 to 2016, most MD simulations were performed with the AMBER_10 PMEMD 

implementation of SANDER, Release 10-14219 on eight Harpertown Intel Xeon E5462 cores (@ 2.83 

GHz), a multi-node cluster of the Computer-Chemie-Centre of the FAU Erlangen-Nürnberg (for 

performance, see Table A7.1). 

AMBER 14 on GPUs (Graphics Processing Unit)  

In 2015 and 2016, MD simulations were also performed with the AMBER_14 PMEMD.CUDA 

(Computer Unified Device Architecture Language) implementation of SANDER, Release 14206,221,222 

on a 4,800 MB NVIDIA Tesla K20c graphic card with 2496 CUDA cores (@ 0.71 GHz) and a 5,375 MB 

NVIDIA C2075 graphic card with 448 CUDA cores (@1.15 GHz), two single node machines of the 

Computer-Chemie-Centre of the FAU Erlangen-Nürnberg (for performance, see Table A7.1).  

 Performance of AMBER 10 (CPU) and AMBER 14 (GPU) MD simulations 

Table A7.1 Performance of AMBER 10 (CPU) and AMBER 14 (GPU) on unrestrained MD simulations of cyclic peptides 
System Size Performance Reference 

Peptide NAtoms a % water b µs c 
d/µs 

(CPU) d 

ns/d 
(CPU) d  

d/µs 
(GPU) e 

ns/d 
(GPU) e 

MD-IDf Thesis 

AVP 142 4792 97.0 23.0 38.2 26.2 7.5 133.3 MinMD_1YF4 Chapter 4,51,2 

UII 181 6154 97.0 5.0 48.8 20.5 - - UII_MD-I Chapter 63 

 181 5754 96.8 5.0 45.1 22.2 - - UII_MD-II Chapter 63 

 181 6642 97.3 10.0 34.6 28.9 10.4 96.2 UII_MD-III Chapter 63 

 181 10082 98.1 5.0 88.4 11.3 15.9 62.9 UII_MD-IV Chapter 63 

 181 4338 95.8 5.0 - - 7.3 - UII_MD-V Chapter 63 

 181 5402 96.6 5.0 - - 9.5 - UII_MD-XI Chapter 63 

URP 136 4153 96.7 5.0 30.7 32.6 - - URP_MD-IXa Chapter 63 

 136 3633 96.2 5.0 28.6 35.0 - - URP_MD-IXb Chapter 63 

 136 3965 96.5 5.0 29.6 33.8 - - URP_MD-IXc Chapter 63 

 136 5021 97.3 5.0 38.8 25.8 - - URP_MD-IXd Chapter 63 

OT 136 4029 96.6 15.0 29.9 33.4 9.1 109.9 OT_MD-I Chapter 7 

 136 4985 97.3 15.0 38.5 26.0 6.5 153.8 OT_MD-II Chapter 7 

 136 6241 97.8 10.0 46.3 21.6 10.6 94.3 OT_MD-III Chapter 7 

 136 5121 97.3 10.0 42.0 23.8 8.4 119.0 OT_MD-IV Chapter 7 

dOT 133 3961 96.6 3.0 29.5 33.9 - - dOT_MD-I Chapter 7 

CT 138 4446 96.9 5.3 32.7 30.6 - - CT_MD-I Chapter 7 

 138 6802 98.0 5.0 58.5 17.1 - - CT_MD-II Chapter 7 

av 151 5307 97.0 - 41.3 26.4 9.5 109.09   

total - - - 141.3 - - - -   

a Total number of atoms (peptide, water, ions); b Percentage water atoms; c Simulation time; d 8 CPU cores @ 2.83 GHz (Intel Xeon E5462 
Harpertown); e2496 CUDA cores @ 0.71 GHz (NVIDIA Tesla K20c) and 448 CUDA cores @ 1.15 GHz (NVIDIA C2075); f ID or working title 
of corresponding MD simulation 
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Analysis Tools 

DASH 

Principles and Parameters. A conformation can be defined by the sequence of ΦΨ torsions on 

which a DASH analysis is based. The torsions are extracted from the coordinate files of the MD 

simulations with ptraj (or cpptraj) and gathered as a torsion trajectory. This torsion trajectory is the 

input for the DASH program. DASH clusters the torsion space as a time series of DASH states. A 

DASH state is characterised by mean torsion angles (cluster centre). The representative of such a 

mean torsion ensemble is the torsion-trajectory snapshot with the highest similarity to the mean 

torsions. To visualise the representative, the corresponding frame of the original AMBER trajectory 

with the Cartesian coordinates can be extracted. The main parameters for DASH are the bout 

length (l) and the number of steps (n) (analysed frames) that define the minimum lifetime of a state: 

 𝑠𝑡𝑎𝑡𝑒 𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒 =
𝑏𝑜𝑢𝑡 𝑙𝑒𝑛𝑔𝑡ℎ (𝑙)

𝑡𝑖𝑚𝑒 𝑠𝑡𝑒𝑝𝑠 (𝑛)
∗ 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒  

Reducing the minimum state lifetime will increase the number of final states by means of sub-

clustering main conformations. A state refinement can be achieved if the number of time steps is 

increased while the minimum lifetime is held constant. In this thesis, a bout length of l = 20 was 

chosen as standard for DASH analyses, which equals a minimum lifetime of 10 ns for a distinct 

ensemble of mean torsions to be considered as DASH state. This gives a reasonable number of DASH 

states to classify main conformations with maximum performance. 

Performance and Accuracy. A comparison of the performance of the classical pairwise-metrics 

cluster methods average-linkage and means against DASH is shown in Table A7.2. For these 

calculations, the ring conformations were clustered by the Cα and S atoms of the ring (average-

linkage and means) and the dihedral angles ΦΨ 2-6 and 1χ2, 1χ3, 6χ2 (DASH), respectively. The first 

five microseconds of the MD simulation of AVP1,2 were chosen as dataset. Average-linkage is a 

hierarchical bottom-up algorithm starting with individual conformations that are iteratively merged 

to a defined final number of clusters. Means is a refinement algorithm starting with a predefined 

number of seeds that are resorted (refined). Both methods require a predefined number of clusters. 

DASH is a sequential analysis method and does not need any predefined number of clusters.  

The RMSD trajectory of the ring (Cα, S) and the DASH state trajectories of the analysis of 10,000 

and 5,000,000 frames are shown in Figure A7.1. The cluster results of average-linkage and mean 

are shown in Figures A7.2 to A7.4. 
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A significant conformational transition occurs at 1.46 µs (Fig. A7.1), which is the interconversion 

from ring type open to saddle. All methods tested reproduce these two main conformational ring 

types but differ in the description of subtypes. Means had difficulty identifying unambiguously 

populated (>80 %) cluster bins within the open section. Cluster bins of average-linkage were more 

highly populated (Fig. A7.4) but the method showed poor performance compared to means, even 

with small datasets of 5,000 time steps. DASH performed almost 30 times faster than means when 

10,000 time steps were analysed. Even when every single frame of the simulation was analysed (= 

5 million conformations), the run time of DASH was less than one hour. Classical cluster methods 

cannot process such data volumes (cf. means: doubling the data volume from 5,000 to 10,000 time 

steps already quadrupled the runtime). 

Table A7.2 Performance of clustering methods DASH, Average-Linkage and Means 

Method Time steps 
Defined 
Clusters 

Final 
Clusters 

Main 
Clusters a 

Runtime  
[min] 

Cluster 
Trajectories 

Ring Alignment b 

Means 5,000 5 5 3 13 Fig. A7.2 

Av.Linkage 5,000 5 5 2 45 Fig. A7.4 

Means 10,000 5 5 3 58 Fig. A7.3 

DASH 10,000 - 10 6 2 Fig. A7.1 

DASH 5,000,000 - 16 5 55 Fig. A7.1 
a Population > 5 %. b Ring and disulphide bridge torsions (T13ss: ΦΨ 2-6, 1χ2, 1χ3, 6χ2) or ring and sulphur atoms (:1-6@CA, S*). 

 

 

Figure A7.1  RMSD and DASH state trajectory of 5 µs MD simulation of AVP 
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#                       Condensed Map                                     

#                                                                   

#    5000 points divided into 50 windows, each window contains 100 points. 

# 

#                                                                       

#Clustering: divide 5000 points into 5 clusters 

#Cluster    0: has    94 points, occurrence 0.019 

#Cluster    1: has  3530 points, occurrence 0.706  

#Cluster    2: has   568 points, occurrence 0.114  

#Cluster    3: has   606 points, occurrence 0.121  

#Cluster    4: has   202 points, occurrence 0.040 

#Cluster    0   .... 111.  .11. 

#Cluster    1   .             3XX9XXXXXXXXXXXXXXXX9XXXXXXXXXXXXXXX 

#Cluster    2     4594 39782... 

#Cluster    3   7932.373...4665  .                . 

#Cluster    4   1.21...2.2.311.  . 

Figure A7.2 Means clustering AVP 5,000snaps(1 snap/ns)|:1-6@CA,S*|5µs|cl05|50 win 

 

#                       Condensed Map                                     

#                                                                   

#    5000 points divided into 50 windows, each window contains 100 points. 

# 

#                                                                       

#Clustering: divide 10000 points into 5 clusters 

#Cluster    0: has   200 points, occurrence 0.020 

#Cluster    1: has  7061 points, occurrence 0.706 

#Cluster    2: has  1121 points, occurrence 0.112 

#Cluster    3: has  1282 points, occurrence 0.128 

#Cluster    4: has   336 points, occurrence 0.034 

#Cluster    0   ......11....11. 

#Cluster    1   .             3XX9XXXXXXXXXXXXXXXX9XXXXXXXXXXXXXXX 

#Cluster    2     3594.39782... 

#Cluster    3   7942.383 ..4675  .                . 

#Cluster    4   1.11...1.1.221.  . 

 

Figure A7.3 Means clustering AVP 10,000snaps(2 snap/ns)|:1-6@CA,S*|5µs|cl05|50 win 

 

#                       Condensed Map                                     

#                                                                   

#    5000 points divided into 50 windows, each window contains 100 points. 

# 

#                                                                       

#Clustering: divide 5000 points into 5 clusters 

#Cluster    0: has  1336 points, occurrence 0.267 

#Cluster    1: has   104 points, occurrence 0.021 

#Cluster    2: has    70 points, occurrence 0.014 

#Cluster    3: has    20 points, occurrence 0.004 

#Cluster    4: has  3470 points, occurrence 0.694 

#Cluster    0   9999X8989897896                                    

#Cluster    1   .... ..1.1 21..                                    

#Cluster    2   .            ..  3. ..     .   .. 1                

#Cluster    3     .. . ....                                        

#Cluster    4                 3XX69X99XXXXX9XXX99X8XXXXXXXXXXXXXXX 

 

Figure A7.4 Average-Linkage clustering AVP 5,000snaps(1 snap/ns)|:1-6@CA,S*|5µs|cl05|50 win 
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AmberDASH 

Initial versions of the Perl script amberDASH by David Whitley in 2013 were programmed based on 

specifications by EH to simplify the workflow of DASH analyses on AMBER trajectories. It can be 

used in combination with MDASH,327 the current version of DASH.  

Documentation. 

AMBERDASH2(1) User Contributed Perl Documentation AMBERDASH2(1) 
 
NAME 

 amberDASH - Dash interface for AMBER trajectories 

SYNOPSIS 
 amberdash [options] seed [-- dash_options] 

 Run dash on trajectories generated by the AMBER molecular dynamics package (http://ambermd.org/). 

OPTIONS 
 -help 

 Print help message and exit. 
 -version 

 Print version number and exit. 
 -debug 

 Print progress messages on stderr. 
 -keep 

 Keep all the intermediate files that are normally deleted when the program exits. 
 -keep-dash-input 

 Keep the dash input file seed.dash.in which is normally deleted when the program exits. 
 -keep-ptraj-input 

 Keep the ptraj input file seed.ptraj.in which is normally deleted when the program exits. 
 -no-dash 

 Generate (and keep) the dash input file seed.dash.in but do not run dash. 
 -progress 

 Print output from the ptraj command on stdout. Useful for monitoring progress when reading large trajectories. 
 -snap 

 Write PDB files containing snapshots representing the dash states. 
 -backbone r1:r2 

 Analyse the sequence of backbone torsion angles from residue r1 to residue r2. 

DASH OPTIONS 
 The dash_options are described in the dash documentation. The dash flags -N (number of frames) and -T (number of torsions) are 

not required; they are supplied automatically by amberDASH. 

INPUT FILES 
 Several input files are required, specified by the seed prefix, in order to identify the topology, the torsion angles and the trajectory. 
 The topology is always specified by an AMBER topology file seed.top. The torsion angles may be specified either by the -backbone 

option or by a file seed.tor. The -backbone option takes precedence. The trajectory may be specified either as a single AMBER 
trajectory file seed.trj, or by a sequence of trajin commands in a text file seed.trajin. If seed.trajin exists, it is used and seed.trj is 
ignored; otherwise seed.trj is used. The seed.trajin approach is necessary if the trajectory spans several files or a subset of the 
trajectory is required via start, stop and offset arguments to trajin.If snapshots are required (-snap) and the trajectory is specified 
in seed.trajin, the trajin commands in seed.trajin must include start, stop and offset fields. Otherwise the script is unable to locate 
the representative dash states in the trajectory and the snapshots are omitted. 

 seed.top 
 An AMBER topology file corresponding to the trajectory to be analysed. 

 seed.trajin 
 A text file containing trajin commands to extract the trajectory to be analysed. Any lines not containing trajin commands are 

ignored. 
 seed.trj 

 An AMBER trajectory file. 
 seed.tor 

 A text file defining the torsion angles to be analysed. Each torsion angle is specified by a whitespace-separated line with five 
fields: 

 name mask1 mask2 mask3 mask4 
 Here name is an identifier and mask1, ..., mask4 are AMBER atom masks defining the torsion angle. Lines starting with '#' are 

treated as comments and ignored. This file must be prepared manually by the user. 

OUTPUT FILES 
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 seed.dash.out 
 The dash output file. 

 seed.ptraj.out 
 The output from the ptraj command to extract the torsions. 

 If -snap is specified, the following files are written for each dash state: 
 seed.stateN.frame 
 The PDB file containing the representative frame frame for dash state N. 
 seed.ptraj.stateN.out 
 The output from the ptraj command to generate the PDB file for dash state N. 

 If -keep is specified, the following intermediate files are retained: 
 seed.ptraj.in 
 The input file for the ptraj command to extract the torsions. 
 seed.name 
 The torsion angles for each torsion name. 
 seed.dash.in 
 The dash input file obtained by joining the torsion angle files. 

 If -keep-ptraj and -snap are specified, the following files are retained: 
 seed.ptraj.stateN.in 
 The input file for the ptraj command to generate the PDB file for dash state N. 

INSTALLATION 
 The programs dash and either ptraj or cpptraj are required. If they are not on the PATH their full pathnames must be specified at 

the top of the amberDASH script. cpptraj reads large trajectories faster than ptraj, while ptraj calculates statistics for the torsion 
angles. 

NOTE 
 All the output files will be clobbered by the next run of the script for the same seed. 

REFERENCE 
 D. W. Salt, B. D. Hudson, L. Banting, M. J. Ellis and M. G. Ford 
 DASH: A novel analysis method for molecular-dynamics simulation data. 
 Analysis of ligands of PPAR-gamma, J. Med. Chem., 48, 3214-3220, 2005. 
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perl v5.18.1 2015-12-08 AMBERDASH2(1) 

Command line (GPU): amberdash2.pl [options] seed [-- dash_options] 
Options: -help (print help message and exit); -version (print version number and exit); -debug (print progress messages on stderr); -keep 
(keep all intermediate files); -keep-dash-input (keep the dash input file); -keep-ptraj-input (keep the ptraj input file); -no-dash (keep the 
dash input file but do not run dash); -progress (print output from the ptraj command on stdout); -snap (write PDB files containing 
snapshots representing the dash states); -backbone r1:r2 (analyse the sequence of backbone torsion angles from residue r1 to residue 
r2). For full documentation, use the command "perldoc amberdash2.pl". 

Example. DASH ring-state analysis 

Command-line with torsion trajectory output labelled with ring states for further analysis with SARcaddle (PCA) 
amberdash2.pl -keep-dash-input -progress -snap seed -- -L UIIonvf_5us_T10_dash-label.in 

Input: AMBER trajectory (coordinates in netcdf format): seed.trajin 
trajin /delta3/haensele/Urotensin II/MinMD_invfolded/md1.trj  1  25000 50 

trajin /delta3/haensele/Urotensin II/MinMD_invfolded/md2.trj  1  75000 50 

… 

Input with definition of torsions to be analysed: seed.tor 
# Ring 

psi5 :5@N :5@CA :5@C :6@N 

phi6 :5@C :6@N :6@CA :6@C 

psi6 :6@N :6@CA :6@C :7@N 

phi7 :6@C :7@N :7@CA :7@C 

psi7 :7@N :7@CA :7@C :8@N 

phi8 :7@C :8@N :8@CA :8@C 

psi8 :8@N :8@CA :8@C :9@N 

phi9 :8@C :9@N :9@CA :9@C 

psi9 :9@N :9@CA :9@C :10@N 

phi10 :9@C :10@N :10@CA :10@C 
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Input topology: seed.top (AMBER topology file used for the MD simulation) 

Output file seed.dash.in (torsion trajectory defined by seed.tor) = Input for DASH: 
-3.0233 -67.6670 -1.3856 -66.3812 -17.5568 -132.0548 20.6964 55.5236 25.8836 54.8955 

-11.6154 -62.8468 -14.5486 -59.1280 -33.9189 -116.4681 32.1009 53.9973 29.7835 44.3236 

9.3207 -74.3252 -10.2949 -56.7112 -46.4321 -97.9060 18.3238 56.7269 8.3868 57.5924 

... 

Output file seed.dash.out (result of DASH analysis) 
DASH, version 2.11b5 

Thu Mar 17 00:55:26 2016 

 

[TRAJECTORY] 

file   : /delta3/haensele/Urotensin II/MinMD_invfolded/analysis_dash/seed.dash.in 

angles : 10 

frames : 10001 

 

[OPTIONS] 

winsize  : 11 

binsize  : 4 

runlen   : 3 

fmax     : 2.4 

smin     : 48 

boutlen  : 20 

smooth   : 40 

roughen  : 20 

 

[ANGLE_1] 

maxima      : 2, 142 

states      : 2 = [-180, -108), 1 = [-108, 72), 2 = [72, 180) 

transitions : 6 

reassigned  : 27 (0.27%) 

... 

 

[ANGLE_10] 

maxima      : -78, 54 

states      : 1 = [-180, -12), 2 = [-12, 168), 1 = [168, 180) 

transitions : 2 

reassigned  : 0 (0.00%) 

 

[SUMMARY] 

combined states : 9 

final states    : 7 

transitions     : 11 

reassigned      : 59 (0.59%) 

 

[DASH_STATES] 

[1]     1 1 1 1 1 1 2 1 1 1 

[2]     1 1 1 2 1 1 1 1 1 1 

[3]     1 1 1 2 1 1 1 1 1 2 

[4]     1 1 1 2 1 1 2 1 1 1 

[5]     2 1 1 1 1 1 2 1 1 1 

[6]     2 1 1 1 2 1 2 1 1 1 

[7]     2 1 1 2 2 1 2 1 1 1 

 

[DASH_STATE_DISTRIBUTION] 

State     Frames   %Frames   Rep.Frame      RMSD 

[1]          417      4.17        4154      9.44 

[2]         1224     12.24        2787      6.24 

[3]         2529     25.29        2047      2.86 

[4]           54      0.54        3804      7.21 

[5]          133      1.33        3880     11.35 

[6]         5575     55.74        4976      3.86 

[7]           69      0.69        7167      4.99 

 

[DASH_STATE_MEAN_ANGLES] 

[1]        19.86  -80.89  -29.57 -121.01  -15.64 -119.19  164.54  -68.14  137.85 -118.79 

[2]         3.07  -62.26  -27.11  -63.66  -21.35 -111.00   16.93   55.07   69.18  -87.63 

[3]         1.34  -65.52  -24.70  -60.19  -24.83 -115.24   21.23   54.60   22.34   53.25 

[4]        -1.14  -65.61   -3.27  -72.72  -17.43 -126.77  177.84  -72.28  116.59 -143.00 

[5]       124.33 -137.89  -24.28 -118.99  -17.33 -112.83  166.75  -68.30  136.26 -111.99 

[6]       143.77  -88.28   -8.57 -116.07  161.23  -73.54  150.85   56.00   35.06  -84.96 

[7]       139.90  -94.13  -16.13  -80.20  155.79  -69.47  144.34   53.60   30.74  -88.51 

 

[DASH_STATE_STANDARD_DEVIATIONS] 



 Appendices 
A7: Hardware and Software 

A83 

[1]        47.49   37.56   17.02   22.98   19.76   28.18   17.96   16.85   15.29   28.91 

[2]        12.91   10.15   11.28   11.48   11.28   15.99   12.17    9.38   44.66   37.14 

[3]         9.75    9.46   10.23    8.69   10.31   13.72    9.46    8.13   10.63    8.02 

[4]        12.24    8.58   13.50   13.65   11.45   18.49   18.27   17.56   30.59   27.57 

[5]        36.05   26.81   17.82   27.51   18.28   30.35    9.79   15.67   23.01   33.10 

[6]        15.52   22.76   21.09   27.75   15.77   14.73   11.84    8.52   17.66   21.31 

[7]        11.87   20.41   19.11   24.05   11.51   13.09   10.96    7.99   17.21   21.36 

 

[DASH_STATE_TRAJECTORY] 

State   Frames  Cumulative 

[3]       2529        2529 

[2]       1224        3753 

[4]         54        3807 

[1]        276        4083 

[5]         44        4127 

[1]        141        4268 

[5]         89        4357 

[6]       3836        8193 

[7]         26        8219 

[6]        815        9034 

[7]         43        9077 

[6]        924       10001 

 

[DASH_STATE_TRANSITIONS] 

11 

 

[DASH_STATE_BOUTS] 

[1]     276 141 

[2]     1224 

[3]     2529 

[4]     54 

[5]     44 89 

[6]     3836 815 924 

[7]     26 43 

 

[CPU_TIME] 

Input : 0.2s 

Dash  : 0.1s 

Total : 0.3s 

Output labelled with ring states for further analysis with SARcaddle (PCA). 
-3.0233 -67.6670 -1.3856 -66.3812 -17.5568 -132.0548 20.6964 55.5236 25.8836 54.8955 3 

-11.6154 -62.8468 -14.5486 -59.1280 -33.9189 -116.4681 32.1009 53.9973 29.7835 44.3236 3 

9.3207 -74.3252 -10.2949 -56.7112 -46.4321 -97.9060 18.3238 56.7269 8.3868 57.5924 3 

… 

 

Principal Component Analysis (PCA) in DASH 

Recent versions of DASH include a routine to calculate principal components of the torsion angle 

trajectory. 

Example. Analysis of the correlation of torsions for distinct ring-state types of UII. 

Input: Overall torsion trajectories extracted from sections of MD simulations exclusively 

occupied by a distinct ring-state type. 

Command line: dash2 –p –i <input> -o <output1> -L <arg> 
(with –p calculate principal components; -i specify input file (torsion trajectory); -o specify output file; -L write input data 
with state labels to file <arg>) 

Output (PCA part) 
DASH, version 2.11b5 

Mon Jul 13 12:43:21 2015 

 

[TRAJECTORY] 

file   : /delta3/haensele/Urotensin II/MinMD_ALL/analysis_pca/T18_trajectory_state-

type_sections/omega-I_UIInmr_1-10001.pca.in 
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angles : 18 

frames : 10001 

 

[OPTIONS] 

winsize  : 11 

binsize  : 4 

runlen   : 3 

fmax     : 2.4 

smin     : 48 

boutlen  : 20 

smooth   : 40 

roughen  : 20 

…  

[PCA_SUMMARY] 

                   PC1         PC2         PC3         PC4         PC5         PC6      … 

Variance        2.3517      1.8056      1.5347      1.2906      1.1824      1.1521      … 

Explained       0.1306      0.1003      0.0853      0.0717      0.0657      0.0640      … 

Cumulative      0.1306      0.2310      0.3162      0.3879      0.4536      0.5176      … 

 

[PCA_COEFFICIENTS] 

         PC1         PC2         PC3         PC4         PC5         PC6         PC7    … 

     -0.0202      0.0432     -0.0033      0.0225     -0.4801      0.5317      0.0803      … 

      0.0549     -0.0299     -0.0554      0.0213      0.4403     -0.4711      0.2742      … 

      0.0047     -0.0374      0.0027      0.0924     -0.2532     -0.2940      0.4537      … 

      0.0109     -0.0227     -0.0789      0.1385     -0.4225     -0.2298      0.5141      … 

     -0.0073      0.0961     -0.1842      0.1565     -0.4011     -0.3613     -0.2844      … 

     -0.1945      0.2383      0.0257     -0.2245      0.3108      0.2065      0.3194      … 

     -0.0114      0.1415     -0.0975      0.0485      0.0525      0.3118      0.3782      … 

      0.0229      0.0427     -0.0332     -0.0016     -0.0354     -0.0865     -0.3111      … 

     -0.3313      0.3904     -0.0299     -0.3284     -0.0636     -0.0771      0.0360      … 

      0.3171     -0.4295      0.3210     -0.2718     -0.0816     -0.0045      0.0530      … 

      0.0027      0.1420     -0.4721      0.5708      0.1741      0.1104     -0.0477      … 

      0.1829      0.0027     -0.1343     -0.0157      0.0418      0.1224      0.0859      … 

      0.2235      0.2234      0.4589      0.3963      0.0606      0.0168      0.0336      … 

     -0.0742     -0.4396     -0.5239     -0.2192      0.0195      0.0531      0.0349      … 

      0.4940      0.2683     -0.0156     -0.0738      0.0092      0.0197      0.0093      … 

     -0.5209     -0.1515      0.2783      0.2276     -0.0037      0.0076     -0.0043      … 

      0.0898      0.4576     -0.1185     -0.3495     -0.1452     -0.1615     -0.0703      … 

     -0.3677      0.0538      0.1545     -0.0428     -0.0598     -0.1242     -0.0664      … 

 

[PCA_WEIGHTS] 

         PC1         PC2         PC3         PC4         PC5         PC6         PC7      … 

      0.0004      0.0019      0.0000      0.0005      0.2305      0.2828      0.0065      … 

      0.0030      0.0009      0.0031      0.0005      0.1939      0.2219      0.0752      … 

      0.0000      0.0014      0.0000      0.0085      0.0641      0.0864      0.2058      … 

      0.0001      0.0005      0.0062      0.0192      0.1785      0.0528      0.2643      … 

      0.0001      0.0092      0.0339      0.0245      0.1609      0.1305      0.0809      … 

      0.0378      0.0568      0.0007      0.0504      0.0966      0.0427      0.1020      … 

      0.0001      0.0200      0.0095      0.0024      0.0028      0.0972      0.1430      … 

      0.0005      0.0018      0.0011      0.0000      0.0013      0.0075      0.0968      … 

      0.1098      0.1524      0.0009      0.1078      0.0040      0.0059      0.0013      … 

      0.1006      0.1845      0.1030      0.0738      0.0067      0.0000      0.0028      … 

      0.0000      0.0202      0.2229      0.3258      0.0303      0.0122      0.0023      … 

      0.0335      0.0000      0.0180      0.0002      0.0017      0.0150      0.0074      … 

      0.0499      0.0499      0.2106      0.1570      0.0037      0.0003      0.0011      … 

      0.0055      0.1932      0.2744      0.0481      0.0004      0.0028      0.0012      … 

      0.2441      0.0720      0.0002      0.0055      0.0001      0.0004      0.0001      … 

      0.2714      0.0229      0.0774      0.0518      0.0000      0.0001      0.0000      … 

      0.0081      0.2094      0.0140      0.1222      0.0211      0.0261      0.0049      … 

      0.1352      0.0029      0.0239      0.0018      0.0036      0.0154      0.0044      … 

 

[PCA_CENTROID] 

      ANGLE1      ANGLE2      ANGLE3      ANGLE4      ANGLE5      ANGLE6      ANGLE7      … 

    -95.2916    138.7798    -67.9813    126.0465    -94.2493     42.5560   -114.4368      … 
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Dashsim 

Dashsim is a C++ script written by David Whitley to enable direct comparison of DASH states in the 

output files of different DASH analyses. A comparison of torsion angle sections from any source is 

possible (similar to RMSD alignments) if the number of torsions is identical and the DASH output 

format is used. A sample input is given below. The script calculates the circular similarity of the 

compared torsion angles. Further details on the algorithm and principle of the method is given in 

Appendix A3 (p S10). Command line: dashsim file1 file2 

Example. Comparison of representative conformations of OT from long-scale MD simulations with 

torsion angles from molecular mechanics calculations published 1991 by Ward et al.93 

Input file 1: torsion angles of representative conformations for OT (dash output format) 
 

DASH, output version 2.10b1 

 

[TRAJECTORY] 

file   : various 

angles : 10 

frames : undefined 

 

# Ring torsions of OT representatives 

# OT T10= phi2 psi2 phi3 psi3 phi4 psi4 phi5 psi5 phi6 psi6 

 

[DASH_STATE_MEAN_ANGLES] 

[1ot]   -93.96  146.36  -62.67  -16.64  -90.07   -5.74 -121.42  -22.99 -130.13  150.68 

[2ot]  -111.29  -30.18 -121.25   -6.9  -114.38  151.34  -68.46  107.67 -129.87  139.68 

[3ot]  -104.82  128.47   48.21   19.89 -138.34  149.28  -77.04  121.74 -130.4   145.9 

[4ot]   -95.3   -19.66 -106.67  157.29  -67.66  -22.47 -100.22   67.45 -108.45  141.44 

[5ot]   -89.74  -19.86 -101.05  158.29  -71.09  148.76   51.7    47.5   -76.36  139.84 

[6ot]   -88.3   161.35  -58.33  136.92   56.08    9.61  -110.41 -15.15 -118.39  144.64 

[7ot]   -87.3   137.46   44.39   32.68   55.37   25.79  -84.82   17.51 -110.11  152.76 

[99ot]  -76.0   161.57  7 1.98   -0.22 -128.51  148.58   51.64   34.96 -113.58  133.73 

 

Input file 2: torsion angles from molecular mechanics calculations published by Ward et al. 
1991 93 (dash output format) 
[TRAJECTORY] 

file   : article Ward 1991 

angles : 10 

frames : undefined 

 

# ring torsions of OT from Ward 1991 Ward DJ, Chen Y, Platt E, Robson B (1991) Development and testing of 

protocols for computer-aided design of peptide drugs, using oxytocin. J Theor Biol 148 (2):193-227; Conf 

1-8 from energy calculation (Molecular Mechanic calculation), Conf MD lowest energy conformaer from MD 

simulation 

# OT T10= phi2 psi2 phi3 psi3 phi4 psi4 phi5 psi5 phi6 psi6 

 

[DASH_STATE_MEAN_ANGLES] 

[Conf 1] -126.99  170.04  -58.95  -35.89  -58.67  -47.01 -165.59  121.96 -138.09  120.08 

[Conf 2]  -54.91  -34.93  -44.82  -35.08 -105.06  -68.55 -168.21  131.66 -165.67  141.06 

[Conf 3]  -55.06  -35.08  -45.21  -34.92 -104.99  -68.65 -168.27  132.02 -165.96  140.12 

[Conf 4] -117.91 -177.95  -71.74   74.33 -156.29 -168.00  -67.47   88.85 -119.80  150.36 

[Conf 5]  -70.10 -174.63  -75.46   81.97 -131.70 -131.35  -61.16  -32.02  -52.39  143.96 

[Conf 6] -115.99  126.80   64.33 -114.65 -112.70    5.54  -95.67 -175.72 -161.32  158.51 

[Conf 7] -107.63 -106.92  -76.27  -63.21 -105.71  -84.70 -104.21 -140.42  -97.01  -57.10 

[Conf 8]  -70.32  134.04  -39.05  110.04  163.08 -176.74  -63.35   85.57  -94.85  151.89 

[Conf MD] -62.51  -42.11  -84.06  147.02  -75.71  -51.86  -87.57   82.32 -105.80  137.47 
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Output circular similarity representative conformations of OT vs. MM Ward et al. 93 
reading file OT_T16T10.dashsim.in 

angles = 10 

reading DASH_STATE_MEAN_ANGLES 

states = 8 

 

reading file OT_Ward1991_T10.dashsim.in 

angles = 10 

reading DASH_STATE_MEAN_ANGLES 

states = 10 

 

Circular Similarity Matrix 

A = representative conformations of OT from long-scale MD (EH) 

B = conformations of OT by MM calculation (Ward 1991) 

 

         B1      B2      B3      B4      B5      B6      B7      B8      B9      B10      

A1       0.45    0.45    0.45    0.45    0.45    0.45    0.45    0.45    0.45    0.45 

A2       0.40    0.40    0.40    0.40    0.40    0.40    0.40    0.40    0.40    0.40 

A3       0.37    0.37    0.37    0.37    0.36    0.36    0.36    0.36    0.37    0.37 

A4       0.45    0.45    0.45    0.45    0.45    0.45    0.45    0.45    0.45    0.45 

A5       0.44    0.44    0.44    0.44    0.44    0.44    0.44    0.44    0.44    0.44 

A6       0.43    0.43    0.43    0.43    0.43    0.43    0.43    0.42    0.43    0.43 

A7       0.52    0.52    0.52    0.52    0.51    0.51    0.51    0.51    0.52    0.52 

A8       0.42    0.42    0.42    0.42    0.42    0.42    0.42    0.42    0.42    0.42 

 

Result: Maximum similarity 51-52 % of Ward B1-10i to OT A7 (twisted saddle)  

 

Graphic Tools 

Figures and posters were prepared with PyMOL 1.3 (educational product),328 POV-Ray 3.6.2,329 

Gnuplot 5.0,330 Chimera 1.10,331 ChemBioDraw Ultra 13,332 Microsoft 2013 Excel,333 Adobe 

Photoshop CS5,334 and Adobe Illustrator CS5.335 

 

 

                                                           
i The similarity between Ward´s conformations is 99-100%. Thus all Ward conformations belong to the same ring-state type. 



 Appendices 
  A8: Supporting Information Chapter 7 

A87 

A 8:  Supporting Information Chapter 7 

MD Simulations and Dynamics 

Simulation Parameters 

Table A8.1 Summary of MD simulation details of OT, dOT and CT§ 

Simulation Time (µs) Initial conformation Resulting ring-state types NAtoms (WAT)* 

OT (9 residues, 136 atoms, charge +1) 

MD: AMBER ff99sb/ TIP4PEw/ trunc.oct. / 1Cl-/ 300K/ 1bar/ 8Å cutoff/ PME/ PBC/ Shake 

 OT_MD-I 15 saddle saddle, open23pbr 4029 (973) 

 OT_MD-II 15 open 
open, open23pbr, cl.open, 
cl.open45pbr 

4985 (1212) 

 OT_MD-III 10 cl.open cl.open, cl.open45pbr 6241 (1526) 

 OT_MD-IV 10 tw.saddle tw.saddle, tw.saddlehelix, cl.open 5121 (1246) 

dOT (9 residues, 133 atoms, charge 0) 

MD: AMBER ff99sb/ TIP4PEw/ trunc.oct. / 300K/ 1bar/ 8Å cutoff/ PME/ PBC/ Shake 

 dOT_MD 3 tw.saddle tw.saddle, tw.saddlehelix  3961 (957) 

CT (9 residues, 138 atoms, charge 0) 

MD: AMBER ff99sb/ TIP4PEw/ trunc.oct. / 300K/ 1bar/ 8Å cutoff/ PME/ PBC/ Shake 

 CT_MD-I 5 saddle saddle, open, open23pbr, cl.open45pbr 4446 (1077) 

 CT_MD-II 5 open open, saddle 6802 (1666) 
3Force-field parameters for dOT and CT were modified within ff99SB using semi-empirical partial charges and force constants of similar 
atom combinations from e.g. alanine (-CH3), threonine (CH2-O-H) and methionine (-CH2-S-). *NAtoms: total number of atoms; WAT: 
number of water molecules.  

 

RMSD and DASH State Trajectories 

 

 

Figure A8.1 RMSD and DASH trajectories 
of simulation OT_MD-I (15µs). 

Trajectories of DASH states (T18 overall 
blue, T10 ring red, T6 C-terminal tail green) 
and RMSD (Cα 1-6, ring; Cα 6-9, tail). Initial 
conformation open. Main ring-state types 
are labelled. The simulation shows two 
main ring-state types, saddle and open23pbr 
(= 2,3 peptide bond rotamer of ring-state 
type open) with direct open/folded 
interconversion. The tail exhibits frequent 
interconversions predominated by 
extended (80.1 %15µs) conformations; 
folded tail-state types (19.9 %15µs, 7,8 β-II 
and β-I). Overall states T16_7, T16_10 and 
T16_17 were chosen as representatives for 
the ring-state types saddleext, saddlefold and 
open23pbr(ext) (subscript ext = extended tail, 
fold = folded tail).  
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Figure A8.2 RMSD and DASH trajectories 
of simulation OT_MD-II (15µs). 

Trajectories of DASH states (T18 overall 
blue, T10 ring red, T6 C-terminal tail green) 
and RMSD (Cα 1-6, ring; Cα 6-9, tail). Initial 
conformation open. Main ring-state types 
are labelled. The simulation only shows 
open conformations of ring-state types 
open, open23pbr, clinched open (clop) and 
cl.open45pbr (clop45pbr). The section labelled 
with * is occupied by the transient state 
intermediate saddle (cf. AVP, 
Appendix A1). The tail exhibits frequent 
interconversions predominated by 
extended (91.6 %15µs) conformations; 
folded tail-state types (8.4 %15µs, 7,8 β-II). 
The RMSD trajectory shows a higher 
frequency of extended and folded tail 
conformations indicating a state lifetime < 
10 ns for folded tail conformations. Overall 
states T16_23 and T16_25 of OT_MD-II 
were chosen as representatives for the 
ring-state types openext and openfold; 
overall state T16_17 of OT_MD-II was 
chosen as representative for the ring-state 
type clinched open45pbr.fold (subscript ext = 
extended tail, fold = folded tail). 

 

 

Figure A8.3 RMSD and DASH trajectories 
of simulation OT_MD-III (10 µs). 

Trajectories of DASH states (T18 overall 
blue, T10 ring red, T6 C-terminal tail green) 
and RMSD (Cα 1-6, ring; Cα 6-9, tail). Initial 
conformation clinched open. Main ring-
state types are labelled. The simulation 
only shows open conformations of ring-
state type clinched open (clop), clinched 
open45pbr (clop45pbr) and a transient open 
variant, open2334pbr resembling the URP 
lasso45pbr representative. The tail exhibits 
frequent interconversions predominated 
by extended (92.5 %10µs) conformations; 
folded tail-state types (7.5 %10µs, 7,8 β-II). 
The RMSD trajectory shows a higher 
frequency of extended and folded tail 
conformations indicating a state lifetime < 
10 ns for folded tail conformations. Overall 
states T16_1 and T16_2 of OT_MD-III were 
chosen as representatives for the ring-
state types clinched openext and clinched 
openfold; overall state T16_4 of OT_MD-III 
was chosen as representative for the ring-
state type clinched open45pbr.ext (subscript 
ext = extended tail, fold = folded tail).  
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Figure A8.4 RMSD and DASH trajectories 
of simulation OT_MD-IV (10 µs). 

Trajectories of DASH states (T18 overall 
blue, T10 ring red, T6 C-terminal tail green) 
and RMSD (Cα 1-6, ring; Cα 6-9, tail). Initial 
conformation twisted saddle. Main ring-
state types are labelled. The first 8 µs, the 
simulation shows frequent 
interconversions within the folded ring-
state types twisted saddle (tws) and the 
310-helical variant twisted saddlehelix 
(twshelix), then interconverts to the open 
ring-state type clinched open (clop). The 
tail exhibits frequent interconversions 
between extended (88.0 %10µs) and folded 
tail-state types (12.0 %10µs, 7,8 β-II). The 
RMSD trajectory shows a higher frequency 
of extended and folded tail conformations 
indicating a state lifetime < 10 ns for folded 
tail conformations. Overall states T16_9 
and T16_12 of OT_MD-IV were chosen as 
representatives for the ring-state types 
twisted saddleext and twisted saddlefold; 
overall state T16_18 and T16_20 of 
OT_MD-IV were chosen as representatives 
for the ring-state types twisted 
saddlehelix,ext and twisted saddlehelix,fold 

(subscript ext = extended tail, fold = folded 
tail).  

 

Figure A8.5 RMSD and DASH trajectories 
of simulation dOT_MD (3 µs). 

Trajectories of DASH states (T18 overall 
blue, T10 ring red, T8 C-terminal tail green) 
and RMSD (Cα 1-6, ring; Cα 6-9, tail). Initial 
conformation twisted saddle (PDB ID: 
1XY1). Main ring-state types are labelled. 
dOT shows occasional interconversion to 
the 310-helical variant twisted saddlehelix 
(twshelix). After 1µs a scoop-like transient 
was identified (denoted as twisted 
saddlehelix-var) with an open/folded 
hybrid structure that might be an 
intermediate for open/folded inter-
conversions. The tail exhibits frequent 
interconversions between extended 
(94.9 %3µs) and folded tail-state types 
(5.1 %3µs 7,8 β-II). Within the sections of 
the saddle ring-state types, inter-
conversions seem to be independent of 
the ring conformation (highly frequent 
interconversions), whereas for the twisted 
saddle sections a folded tail-conformations 
seems to be favoured that may suggest 
correlation of ring and tail conformation. 
Overall states T16_4 and T16_7 of 
dOT_MD were chosen as representatives 
for the ring-state types twisted saddle and 
twisted saddlehelix.   
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Figure A8.6 RMSD and DASH trajectories 
of simulation CT_MD-I (5.25 µs). 

Trajectories of DASH states (T18 overall 
blue, T10 ring red, T8 C-terminal tail green) 
and RMSD (Cα 1-6, ring; Cα 6-9, tail). Initial 
conformation saddle. Main ring-state 
types are labelled. After 428 ns the initially 
folded conformation saddle interconverts 
step-wise to open (unfolded) ring-state 
types open, open23pbr and clinched 
open45pbr (clop45pbr). The interconversion 
from open23pbr to clop45pbr passes the 
transient state intermediate saddle (*). The 
tail exhibits frequent interconversions 
between extended (91.9 %5.25µs) and folded 
tail-state types (8.1 %5.25µs 7,8 β-II). The 
RMSD trajectory shows a higher frequency 
of extended and folded tail conformations 
indicating a state lifetime < 10 ns for folded 
tail conformations. Overall states T16_2 
and T16_8 of CT_MD-I were chosen as 
representatives for the ring-state types 
open23pbr and clinched open45pbr that 
resemble the ring-state types lasso and 
omega-II of UII/URP. 

 

 

 

Figure A8.7 RMSD and DASH trajectories 
of simulation CT_MD-II (5 µs). 

Trajectories of DASH states (T18 overall 
blue, T10 ring red, T8 C-terminal tail green) 
and RMSD (Cα 1-6, ring; Cα 6-9, tail). Initial 
conformation open. Main ring-state types 
are labelled. After 3.2 µs the initially 
unfolded conformation open interconverts 
to the ring-state type saddle (folded). The 
transient state (*) at 3.1 µs is a saddle-
variant with high similarity to the folded-II 
type of UII (96 %). The transient state (*) at 
1.2 µs is a variant of the intermediate 
saddle ring-state type and a 
conformational hybrid of open and folded 
ring-state types. The tail exhibits frequent 
interconversions between extended 
(89.7 %5µs) and folded tail-state types 
(10.3 %5.25µs 7,8 β-II). The RMSD trajectory 
shows a higher frequency of extended and 
folded tail conformations indicating a state 
lifetime < 10 ns for folded tail 
conformations. Overall states T16_9 and 
T16_2 of CT_MD-II were chosen as 
representatives for the ring-state types 
open and saddle of CT that resemble the 
ring-state types lasso56pbr and folded-I of 
UII/URP.  
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Conformations and Circular Similarity 

DASH States and Representative Conformations 

Table A8.2 Absolute populations and circular similarities of DASH ring states, corresponding overall states and 
representatives of the MD simulations of OT, dOT and CT§ 

 MD Ring state a Overall state b Representative c Ring-state type 
 

 T10 Pop (%) T16 Pop (%) 
circsim 

T16 vs. T10 
ID b circsim 

T10 vs. Rep 
 

OT OT_MD-I 2 45.5 7 17.7 1.00 I_T16_7 1.00 saddleext 

    10 15.3 0.99 I_T16_10 0.99 saddlefold 
  1 33.7 3 20.8 1.00 I_T16_7 0.92 saddle 
  4 8.8 13 6.3 1.00 I_T16_7 0.88 saddle 

  3 0.9 11 0.4 1.00 I_T16_7 0.67 saddle 
  Total 88.9     ext:fold d = 77.9 : 22.1 

  5 10.9 17 4.4 0.98 I_T16_17 0.98 open23pbr 

  6 0.2 20 0.2 1.00 I_T16_17 0.59 open2356pbr 
  Total 11.1     ext:fold d = 100:0 

 OT_MD-II 7 41.9 15 25.7 1.00 III_T16_4 0.99 clop45pbr 

  10 39.8 23 19.4 1.00 II_T16_23 1.00 openext 

    25 4.8 0.99 II_T16_20 0.99 openfold 

  8 0.4 18 0.3 1.00 II_T16_23 0.70 open 

  Total 40.2     ext:fold d = 88.0 : 12.0 

  2 1.9 4 1.0 0.99 I_T16_17 0.96 open23pbr 
  4 2.3 9 1.5 0.99 III_T16_1 0.97 clop 

  5 2.0 11 1.6 1.00 III_T16_1 0.93 clop 

  3 1.9 7 1.4 0.99 III_T16_1 0.98 clop 

  6 0.6 12 0.6 1.00 III_T16_1 0.94 clop 

  Total 6.8       

  9 2.2 19 1.6 1.00 - - int.saddle 

 OT_MD-III 1 83.8 1 77.1 1.00 III_T16_1 1.00 clopext 

    2 6.7 0.98 III_T16_2 0.98 clopfold 

        ext:fold d = 92.0 : 8.0 

  3 14.4 4 13.7 1.00 III_T16_4 1.00 clop45pbr.ext 
    5 0.7 0.98 II_T16_17 0.98 clop45pbr.fold 
        ext:fold d = 95.3 : 4.7 

  2 1.8 3 1.8 1.00 III_T16_4 0.62 open2334pbr 

 OT_MD-IV 8 28.4 18 12.5 0.99 IV_T16_18 0.99 twshelix.ext 

    20 2.0 1.00 IV_T16_20 1.00 twshelix.fold 
  10 15.7 23 10.5 1.00 IV_T16_18 0.84 twshelix 
  9 1.7 21 1.3 0.97 IV_T16_18 0.84 twshelix 
  11 0.7 25 0.8 1.00 IV_T16_18 0.82 twshelix 
  Total 46.5     ext:fold d = 95.8 : 4.2 

  5 26.5 9 11.7 0.99 IV_T16_9 0.99 twsext 

    12 5.2 0.98 IV_T16_12 0.98 twsfold 

  6 7.7 13 3.8 1.00 IV_T16_9 0.90 tws 

  7 0.2 (9,13) - - IV_T16_9 0.84 tws 

  Total 34.4     ext:fold d = 76.5 : 23.5 

  3 16.4 5 9.6 0.99 III_T16_1 0.98 clop 

  1 1.5 3 0.6 0.96 III_T16_1 0.92 clop 

  2 0.8 4 0.2 0.80 III_T16_1 0.85 clop 

  Total 18.7     ext:fold d = 91.4:8.6 

  4 0.5 (6,7) - - III_T16_1 0.64 open2334pbr 

dOT dOT_MD 2 87.3 4 81.0 1.00 T16_4 1.00 tws 

  Total 87.3     ext:fold d = 95.9 : 4.1 

  3 9.9 7 4.7 0.96 T16_7 0.96 twshelix_fold 

  Total 9.9     ext:fold d = 52.0:48.0 

  1 2.9 2 1.9 0.97 - - openvar 

CT CT_MD-I 8 36.7 16 20.4 1.00 II_T16_9 1.00 open 
  Total 36.7     ext:fold d = 92.7:7.3 

  4 32.1 8 18.8 1.00 I_T16_8 1.00 clop45pbr 

  Total 32.1     ext:fold d = 88.1:11.9 

  2 17.9 2 10.8 1.00 I_T16_2 1.00 open23pbr 

  3 3.2 5 2.44 0.99 I_T16_2 0.95 open23pbr 
  Total 21.1     ext:fold d = 95.7:4.3 

  5 1.44 11 1.44 1.00 - - int.saddle 
  1 0.46 1 0.46 1.00 - - open2356pbr 

 CT_MD-II 1 59.7 1 20.5 1.00 II_T16_1 1.00 saddle 

  Total 59.7     ext:fold d = 90.5:9.5 

  4 37.1 9 34.3 1.00 II_T16_9 1.00 open 

  Total 37.1     ext:fold d = 87.7:12.3 

  2 1.8 5 1.1 1.00 - - saddlevar (= folded-II) 
  3 1.5 6 0.8 1.00 - - int.saddlevar 

§ Representative states for each peptide are highlighted in green. For OT, representatives subtypes have been defined with extended and folded tail for subsequent NMR modelling. 

a Ring states are ordered by ring-state types and descending populations. b Overall states with maximum similarity of ring torsions to ring states. c Representative states are highlighted 
(green = extended tail; light green = folded tail). d Ratio of extended and folded tail conformations are calculated from the relative populations of overall states of the same ring-state 
type. Abbreviations: T10 = ring states defined via ΦΨ 2-6 (10 torsions); T16 = overall states defined via ΦΨ 2-9 (16 torsions); Pop = absolute state population relative to simulation 
time; circsim = circular similarity; clop = clinched open; tws = twisted saddle.  
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Mean Angles of Representative Conformations  

Table A8.3 Mean angles of DASH states for representative and transient conformations of all peptides investigated §  
 Φi+1 Ψi+1 Φi+2 Ψi+2 Φi+3 Ψi+3 Φi+4 Ψi+4 Φi+5 Representative 

 AVP 
saddle, tws 

see Table S2 of Supporting Information Paper 2 (Appendix A2) 
clop, open 
clop45pbr* -84.3 -10.9 -120.7 160.1 -74.1 148.6 52.8 42.3 -79.6 MD_23us_T16_18 
 22.2 17.9 27.9 11.5 14.1 11.1 8.6 16.7 21.0 stddev 

int.saddle* -68.6 163.2 -72.9 -0.6 -125.2 146.9 26.0 63.5 -105.4 MD_11us_T10_3 
 13.4 18.3 10.4 21.2 24.0 15.8 51.5 53.8 36.4 stddev 

 OT 
saddle -94.0 146.4 -62.7 -16.6 -90.1 -5.7 -121.4 -23.0 -130.1 MD-I_T16_7 
 25.5 17.2 10.1 16.1 18.5 17.2 20.5 23.5 23.6 stddev 

tws -88.3 161.4 -58.3 136.9 56.1 9.6 -110.4 -15.2 -118.4 MD-IV_T16_9 
 30.5 16.8 20.7 20.4 8.3 25.8 30.4 40.3 28.8 stddev 

twshelix -87.3 137.5 44.4 32.7 55.4 25.8 -84.8 17.5 -110.1 MD-IV_T16_18 
 42.6 14.0 7.8 11.5 8.5 15.2 21.2 43.5 36.7 stddev 

clop -95.3 -19.7 -106.7 157.3 -67.7 -22.5 -100.2 67.5 -108.5 MD-III_T16_1 
 29.7 24.4 28.8 15.0 24.5 23.7 29.8 52.9 40.1 stddev 

clop45pbr -89.7 -19.9 -101.1 158.3 -71.1 148.8 51.7 47.5 -76.4 MD-III_T16_4 
 26.2 17.6 28.3 11.4 25.8 20.2 8.9 17.4 23.2 stddev 

open -104.8 128.5 48.2 19.9 -138.3 149.3 -77.0 121.7 -130.4 MD-II_T16_23 
 37.6 12.8 8.1 19.0 17.7 14.5 14.8 29.4 30.7 stddev 

open23pbr -111.3 -30.2 -121.3 -6.9 -114.4 151.3 -68.5 107.7 -129.9 MD-I_T16_17 
 33.8 53.7 28.6 20.5 31.5 17.0 44.4 40.0 27.6 stddev 

open2334pbr* -114.2 -22.9 -132.7 149.3 60.1 171.4 -79.5 129.8 -128.5 MD-III_T16_3 
 27.6 16.3 18.8 22.3 8.3 31.3 21.7 22.6 27.1 stddev 

int.saddle* -76.0 161.6 -72.0 -0.2 -128.5 148.6 51.6 35.0 -113.6 MD-II_T10_9 
 21.5 18.8 18.7 18.7 21.6 17.8 19.5 29.0 33.9 stddev 

 dOT 
tws -98.6 158.9 -58.8 138.2 56.4 8.0 -123.0 -22.5 -91.3 MD_T16_4 
 28.5 13.7 11.3 10.6 8.0 21.0 26.1 32.5 32.8 stddev 

twshelix -67.7 132.7 44.0 32.1 54.7 22.9 -87.2 24.1 -105.9 MD_T16_7 
 27.0 12.1 7.5 10.7 8.4 13.8 21.9 40.4 37.9 stddev 

open23var* -131.4 -19.9 -138.7 60.9 55.2 27.6 -115.0 25.5 -84.6 MD_T16_2 
 32.1 13.0 14.7 28.2 8.2 18.2 27.6 18.7 24.8 stddev 

 CT 
saddle -117.4 147.7 -61.6 -19.9 -86.1 -8.7 -120.2 -29.3 -120.2 MD-II_T16_01 
 30.4 13.8 10.2 16.1 17.6 16.8 20.6 18.0 29.4 stddev 

clop45pbr -87.4 -7.8 -110.4 157.4 -73.7 150.3 51.4 47.0 -74.3 MD-I_T16_8 
 19.45 19.44 27.54 10.01 12.12 10.74 8.42 15.42 19.51 stddev 

open -90.3 124.8 48.1 24.5 -135.4 157.7 -74.6 118.1 -127.3 MD-II_T16_9 
 37.0 15.8 8.0 17.4 18.9 15.8 20.0 35.9 34.8 stddev 

open23pbr -124.3 -29.2 -129.7 -9.8 -119.2 159.1 -72.8 122.8 -125.5 MD-I_T16_2 
 43.09 17.14 18.98 19.54 28.66 11.31 18.24 32.05 31.47 stddev 

int.saddle* -82.0 164.3 -73.3 -0.4 -133.3 147.6 50.4 34.4 -90.0 MD-I_T16_11 
 17.83 37.6 16.34 35.72 21.61 14.24 9.38 23.04 32.64 stddev 

int.saddlevar* -104.7 129.5 48.9 19.6 -122.7 27.5 53.0 42.8 -95.6 MD-II_T16_6 
 38.7 13.1 6.7 22.7 20.5 48.9 9.3 34.4 37.3 stddev 

saddlevar* -60.7 129.1 49.1 10.3 -120.9 -33.9 -142.5 -29.6 -115.8 MD-II_T16_5 
 21.2 15.4 8.8 31.8 20.9 21.6 23.2 19.2 33.3 stddev 

 UI 
folded-I, -IVb2 

see Table S3 of Supporting Information Paper 3 (Appendix A3) 

folded-II,-II 
inv-folded 
Ω-I, -II 
lasso, scoop 
circle 

 URP 
hybrid, sheet 

see Table S3 of Supporting Information Paper 3 (Appendix A3) Ω-I,-II 
lasso45pbr 

§AVP (i=1), OT (i=1), dOT (i=1), CT (i=1), UII (i=5) and URP (i=2) 
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Circular Similarity of Representative and Transient* Conformations 

Table A8.4 Circular similarity § of ring torsions a of representative and transient conformations of AVP, OT, dOT, CT, UII, 
and URP b 
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AVP saddle 1.00 0.62 0.51 0.36 0.52 0.57 0.97 0.60 0.64 0.51 0.36 0.53 0.47 0.30 0.56 

  tws 0.62 1.00 0.56 0.41 0.43 0.44 0.62 0.97 0.74 0.55 0.42 0.45 0.37 0.47 0.44 

  clop 0.51 0.56 1.00 0.56 0.39 0.39 0.52 0.56 0.48 0.97 0.56 0.42 0.54 0.58 0.37 

  clop45pbr* 0.36 0.41 0.56 1.00 0.40 0.54 0.36 0.41 0.37 0.57 0.96 0.42 0.58 0.60 0.54 

  open 0.52 0.43 0.39 0.40 1.00 0.66 0.53 0.41 0.56 0.38 0.41 0.96 0.55 0.41 0.62 

  int.saddle* 0.57 0.44 0.39 0.54 0.66 1.00 0.57 0.43 0.49 0.40 0.54 0.67 0.61 0.40 0.93 

OT saddle 0.97 0.62 0.52 0.36 0.53 0.57 1.00 0.61 0.63 0.51 0.36 0.54 0.48 0.31 0.55 

  tws 0.60 0.97 0.56 0.41 0.41 0.43 0.61 1.00 0.71 0.55 0.41 0.44 0.36 0.46 0.42 

  twshelix 0.64 0.74 0.48 0.37 0.56 0.49 0.63 0.71 1.00 0.47 0.38 0.57 0.39 0.40 0.48 

  clop 0.51 0.55 0.97 0.57 0.38 0.40 0.51 0.55 0.47 1.00 0.57 0.41 0.54 0.59 0.37 

  clop45pbr 0.36 0.42 0.56 0.96 0.41 0.54 0.36 0.41 0.38 0.57 1.00 0.44 0.58 0.60 0.54 

  open 0.53 0.45 0.42 0.42 0.96 0.67 0.54 0.44 0.57 0.41 0.44 1.00 0.57 0.42 0.63 

  open23pbr 0.47 0.37 0.54 0.58 0.55 0.61 0.48 0.36 0.39 0.54 0.58 0.57 1.00 0.56 0.58 

  open2334pbr* 0.30 0.47 0.58 0.60 0.41 0.40 0.31 0.46 0.40 0.59 0.60 0.42 0.56 1.00 0.37 

  int.saddle* 0.56 0.44 0.37 0.54 0.62 0.93 0.55 0.42 0.48 0.37 0.54 0.63 0.58 0.37 1.00 

dOT tws 0.60 0.93 0.55 0.40 0.40 0.41 0.60 0.94 0.70 0.55 0.40 0.42 0.35 0.44 0.40 

  twshelix 0.63 0.73 0.48 0.37 0.55 0.49 0.63 0.71 0.96 0.47 0.38 0.56 0.39 0.40 0.47 

  open23var* 0.52 0.59 0.67 0.50 0.38 0.38 0.52 0.59 0.55 0.67 0.51 0.39 0.55 0.62 0.37 

CT saddle 0.93 0.61 0.51 0.35 0.52 0.55 0.95 0.60 0.63 0.50 0.35 0.52 0.47 0.30 0.54 

  clop45pbr 0.37 0.42 0.56 0.98 0.42 0.55 0.36 0.42 0.38 0.57 0.97 0.44 0.58 0.60 0.55 

  open 0.52 0.45 0.42 0.44 0.94 0.68 0.53 0.43 0.56 0.41 0.45 0.97 0.57 0.42 0.63 

  open23pbr 0.45 0.35 0.52 0.56 0.55 0.59 0.45 0.33 0.36 0.52 0.56 0.56 0.96 0.56 0.55 

  int.saddle* 0.55 0.44 0.36 0.54 0.61 0.92 0.55 0.43 0.48 0.37 0.54 0.62 0.58 0.38 0.96 

  int.saddlevar* 0.58 0.47 0.43 0.46 0.63 0.66 0.58 0.45 0.58 0.43 0.47 0.63 0.44 0.28 0.67 

  saddlevar* 0.76 0.55 0.47 0.31 0.54 0.46 0.76 0.53 0.62 0.47 0.32 0.54 0.38 0.25 0.48 

UII folded-I 0.93 0.62 0.53 0.36 0.52 0.54 0.94 0.61 0.65 0.53 0.35 0.53 0.48 0.33 0.52 

  folded-IVb2 0.62 0.95 0.55 0.43 0.42 0.45 0.62 0.94 0.73 0.55 0.43 0.44 0.36 0.45 0.44 

  folded-II 0.75 0.54 0.46 0.32 0.57 0.47 0.75 0.53 0.63 0.45 0.33 0.57 0.39 0.27 0.50 

  folded-III 0.58 0.43 0.49 0.32 0.47 0.42 0.57 0.42 0.53 0.49 0.34 0.49 0.41 0.29 0.39 

  inv-folded 0.43 0.31 0.42 0.50 0.36 0.50 0.43 0.30 0.37 0.44 0.51 0.38 0.49 0.28 0.49 

  Ω-Iopen 0.47 0.51 0.88 0.51 0.37 0.35 0.46 0.51 0.42 0.86 0.51 0.40 0.51 0.60 0.32 

  Ω-Ihbond 0.57 0.62 0.83 0.57 0.38 0.41 0.57 0.63 0.51 0.84 0.57 0.40 0.50 0.52 0.40 

  Ω-II 0.36 0.41 0.55 0.96 0.40 0.53 0.36 0.41 0.37 0.56 0.95 0.43 0.58 0.60 0.54 

  lasso 0.45 0.35 0.52 0.56 0.55 0.60 0.45 0.34 0.37 0.51 0.56 0.57 0.92 0.56 0.56 

  scoop 0.47 0.54 0.60 0.39 0.39 0.41 0.47 0.53 0.52 0.60 0.40 0.41 0.54 0.56 0.38 

  circle 0.50 0.34 0.62 0.41 0.46 0.40 0.51 0.33 0.36 0.61 0.40 0.45 0.65 0.47 0.39 

URP hybrid 0.59 0.91 0.59 0.40 0.39 0.40 0.59 0.92 0.69 0.59 0.40 0.41 0.33 0.48 0.39 

  sheet 0.52 0.70 0.62 0.39 0.45 0.41 0.53 0.69 0.62 0.61 0.41 0.47 0.45 0.55 0.39 

  Ω-Ihbond 0.57 0.62 0.83 0.57 0.37 0.41 0.57 0.63 0.51 0.84 0.57 0.40 0.50 0.53 0.40 

  Ω-Iopen 0.46 0.51 0.88 0.50 0.37 0.35 0.47 0.51 0.42 0.86 0.50 0.40 0.51 0.61 0.32 

  Ω-II 0.36 0.42 0.54 0.95 0.40 0.54 0.37 0.41 0.37 0.55 0.94 0.42 0.56 0.59 0.55 

  lasso45pbr 0.34 0.45 0.62 0.60 0.41 0.40 0.35 0.45 0.40 0.63 0.60 0.43 0.58 0.94 0.37 
§ Similarities > 0.65 are highlighted in green, > 0.90 in red. Transient states are marked with *. a ΦΨ i+1 to i+4 and Φ i+5. 
b AVP (i=1), OT (i=1), dOT (i=1), CT (i=1), UII (i=5) and URP (i=2). Abbreviations: int.saddle = hybrid of open an saddle, 
open23var* =scoop-like hybrid of open23pbr and cl.open, saddlevar = folded-II, int.saddlevar = hybrid of int.saddle and saddlevar.   
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Table A8.4 continued 
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AVP saddle 0.60 0.63 0.52 0.93 0.62 0.75 0.58 0.43 0.47 0.57 0.36 0.45 0.47 0.50 

  tws 0.93 0.73 0.59 0.62 0.95 0.54 0.43 0.31 0.51 0.62 0.41 0.35 0.54 0.34 

  clop 0.55 0.48 0.67 0.53 0.55 0.46 0.49 0.42 0.88 0.83 0.55 0.52 0.60 0.62 

  clop45pbr* 0.40 0.37 0.50 0.36 0.43 0.32 0.32 0.50 0.51 0.57 0.96 0.56 0.39 0.41 

  open 0.40 0.55 0.38 0.52 0.42 0.57 0.47 0.36 0.37 0.38 0.40 0.55 0.39 0.46 

  int.saddle* 0.41 0.49 0.38 0.54 0.45 0.47 0.42 0.50 0.35 0.41 0.53 0.60 0.41 0.40 

OT saddle 0.60 0.63 0.52 0.94 0.62 0.75 0.57 0.43 0.46 0.57 0.36 0.45 0.47 0.51 

  tws 0.94 0.71 0.59 0.61 0.94 0.53 0.42 0.30 0.51 0.63 0.41 0.34 0.53 0.33 

  twshelix 0.70 0.96 0.55 0.65 0.73 0.63 0.53 0.37 0.42 0.51 0.37 0.37 0.52 0.36 

  clop 0.55 0.47 0.67 0.53 0.55 0.45 0.49 0.44 0.86 0.84 0.56 0.51 0.60 0.61 

  clop45pbr 0.40 0.38 0.51 0.35 0.43 0.33 0.34 0.51 0.51 0.57 0.95 0.56 0.40 0.40 

  open 0.42 0.56 0.39 0.53 0.44 0.57 0.49 0.38 0.40 0.40 0.43 0.57 0.41 0.45 

  open23pbr 0.35 0.39 0.55 0.48 0.36 0.39 0.41 0.49 0.51 0.50 0.58 0.92 0.54 0.65 

  open2334pbr* 0.44 0.40 0.62 0.33 0.45 0.27 0.29 0.28 0.60 0.52 0.60 0.56 0.56 0.47 

  int.saddle* 0.40 0.47 0.37 0.52 0.44 0.50 0.39 0.49 0.32 0.40 0.54 0.56 0.38 0.39 

dOT tws 1.00 0.70 0.60 0.61 0.91 0.53 0.42 0.30 0.50 0.63 0.40 0.32 0.51 0.32 

  twshelix 0.70 1.00 0.54 0.65 0.73 0.63 0.55 0.37 0.43 0.51 0.37 0.38 0.53 0.36 

  open23var* 0.60 0.54 1.00 0.54 0.58 0.42 0.42 0.43 0.61 0.68 0.50 0.52 0.72 0.53 

CT saddle 0.60 0.63 0.53 0.95 0.61 0.73 0.54 0.42 0.46 0.57 0.35 0.44 0.46 0.51 

  clop45pbr 0.41 0.38 0.51 0.36 0.43 0.33 0.33 0.51 0.51 0.57 0.95 0.56 0.39 0.41 

  open 0.42 0.56 0.38 0.52 0.44 0.59 0.50 0.37 0.40 0.40 0.44 0.57 0.41 0.45 

  open23pbr 0.32 0.36 0.53 0.45 0.33 0.38 0.38 0.46 0.51 0.48 0.55 0.91 0.53 0.67 

  int.saddle* 0.41 0.48 0.38 0.52 0.45 0.49 0.39 0.52 0.32 0.40 0.54 0.56 0.38 0.38 

  int.saddlevar* 0.43 0.57 0.37 0.57 0.47 0.65 0.52 0.54 0.38 0.46 0.46 0.43 0.37 0.40 

  saddlevar* 0.53 0.63 0.42 0.75 0.55 0.96 0.70 0.42 0.42 0.51 0.33 0.38 0.41 0.43 

UII folded-I 0.61 0.65 0.54 1.00 0.61 0.75 0.56 0.43 0.50 0.58 0.36 0.45 0.49 0.53 

  folded-IVb2 0.91 0.73 0.58 0.61 1.00 0.54 0.44 0.32 0.49 0.62 0.43 0.34 0.52 0.31 

  folded-II 0.53 0.63 0.42 0.75 0.54 1.00 0.68 0.41 0.41 0.50 0.33 0.38 0.40 0.45 

  folded-III 0.42 0.55 0.42 0.56 0.44 0.68 1.00 0.47 0.45 0.46 0.33 0.42 0.49 0.48 

  inv-folded 0.30 0.37 0.43 0.43 0.32 0.41 0.47 1.00 0.38 0.42 0.49 0.47 0.41 0.46 

  Ω-Iopen 0.50 0.43 0.61 0.50 0.49 0.41 0.45 0.38 1.00 0.72 0.51 0.51 0.60 0.66 

  Ω-Ihbond 0.63 0.51 0.68 0.58 0.62 0.50 0.46 0.42 0.72 1.00 0.56 0.46 0.53 0.54 

  Ω-II 0.40 0.37 0.50 0.36 0.43 0.33 0.33 0.49 0.51 0.56 1.00 0.55 0.38 0.41 

  lasso 0.32 0.38 0.52 0.45 0.34 0.38 0.42 0.47 0.51 0.46 0.55 1.00 0.54 0.65 

  scoop 0.51 0.53 0.72 0.49 0.52 0.40 0.49 0.41 0.60 0.53 0.38 0.54 1.00 0.65 

  circle 0.32 0.36 0.53 0.53 0.31 0.45 0.48 0.46 0.66 0.54 0.41 0.65 0.65 1.00 

URP hybrid 0.91 0.68 0.61 0.60 0.89 0.52 0.42 0.29 0.54 0.65 0.40 0.31 0.53 0.36 

  sheet 0.67 0.62 0.63 0.55 0.66 0.45 0.34 0.32 0.62 0.52 0.40 0.44 0.71 0.51 

  Ω-Ihbond 0.62 0.51 0.68 0.58 0.62 0.49 0.46 0.42 0.72 0.99 0.56 0.46 0.53 0.54 

  Ω-Iopen 0.50 0.43 0.62 0.50 0.49 0.40 0.42 0.37 0.95 0.73 0.50 0.50 0.59 0.67 

  Ω-II 0.42 0.37 0.51 0.38 0.43 0.33 0.31 0.50 0.53 0.56 0.93 0.54 0.39 0.42 

  lasso45pbr 0.44 0.40 0.60 0.37 0.44 0.31 0.31 0.28 0.63 0.56 0.59 0.57 0.60 0.48 
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AVP saddle 0.93 0.37 0.52 0.45 0.55 0.58 0.76 0.59 0.52 0.57 0.46 0.36 0.34 

  tws 0.61 0.42 0.45 0.35 0.44 0.47 0.55 0.91 0.70 0.62 0.51 0.42 0.45 

  clop 0.51 0.56 0.42 0.52 0.36 0.43 0.47 0.59 0.62 0.83 0.88 0.54 0.62 

  clop45pbr* 0.35 0.98 0.44 0.56 0.54 0.46 0.31 0.40 0.39 0.57 0.50 0.95 0.60 

  open 0.52 0.42 0.94 0.55 0.61 0.63 0.54 0.39 0.45 0.37 0.37 0.40 0.41 

  int.saddle* 0.55 0.55 0.68 0.59 0.92 0.66 0.46 0.40 0.41 0.41 0.35 0.54 0.40 

OT saddle 0.95 0.36 0.53 0.45 0.55 0.58 0.76 0.59 0.53 0.57 0.47 0.37 0.35 

  tws 0.60 0.42 0.43 0.33 0.43 0.45 0.53 0.92 0.69 0.63 0.51 0.41 0.45 

  twshelix 0.63 0.38 0.56 0.36 0.48 0.58 0.62 0.69 0.62 0.51 0.42 0.37 0.40 

  clop 0.50 0.57 0.41 0.52 0.37 0.43 0.47 0.59 0.61 0.84 0.86 0.55 0.63 

  clop45pbr 0.35 0.97 0.45 0.56 0.54 0.47 0.32 0.40 0.41 0.57 0.50 0.94 0.60 

  open 0.52 0.44 0.97 0.56 0.62 0.63 0.54 0.41 0.47 0.40 0.40 0.42 0.43 

  open23pbr 0.47 0.58 0.57 0.96 0.58 0.44 0.38 0.33 0.45 0.50 0.51 0.56 0.58 

  open2334pbr* 0.30 0.60 0.42 0.56 0.38 0.28 0.25 0.48 0.55 0.53 0.61 0.59 0.94 

  int.saddle* 0.54 0.55 0.63 0.55 0.96 0.67 0.48 0.39 0.39 0.40 0.32 0.55 0.37 

dOT tws 0.60 0.41 0.42 0.32 0.41 0.43 0.53 0.91 0.67 0.62 0.50 0.42 0.44 

  twshelix 0.63 0.38 0.56 0.36 0.48 0.57 0.63 0.68 0.62 0.51 0.43 0.37 0.40 

  open23var*  0.53 0.51 0.38 0.53 0.38 0.37 0.42 0.61 0.63 0.68 0.62 0.51 0.60 

CT saddle 1.00 0.36 0.51 0.44 0.54 0.58 0.75 0.59 0.53 0.57 0.46 0.36 0.34 

  clop45pbr 0.36 1.00 0.45 0.56 0.55 0.47 0.32 0.40 0.39 0.56 0.50 0.95 0.60 

  open 0.51 0.45 1.00 0.56 0.63 0.63 0.56 0.41 0.45 0.40 0.40 0.43 0.43 

  open23pbr 0.44 0.56 0.56 1.00 0.56 0.42 0.37 0.31 0.44 0.47 0.51 0.54 0.57 

  int.saddle* 0.54 0.55 0.63 0.56 1.00 0.67 0.47 0.40 0.39 0.40 0.31 0.55 0.37 

  int.saddlevar* 0.58 0.47 0.63 0.42 0.67 1.00 0.64 0.43 0.42 0.45 0.37 0.47 0.28 

  saddlevar* 0.75 0.32 0.56 0.37 0.47 0.64 1.00 0.52 0.44 0.51 0.40 0.33 0.29 

UII folded-I 0.95 0.36 0.52 0.45 0.52 0.57 0.75 0.60 0.55 0.58 0.50 0.38 0.37 

  folded-IVb2 0.61 0.43 0.44 0.33 0.45 0.47 0.55 0.89 0.66 0.62 0.49 0.43 0.44 

  folded-II 0.73 0.33 0.59 0.38 0.49 0.65 0.96 0.52 0.45 0.49 0.40 0.33 0.31 

  folded-III 0.54 0.33 0.50 0.38 0.39 0.52 0.70 0.42 0.34 0.46 0.42 0.31 0.31 

  inv-folded 0.42 0.51 0.37 0.46 0.52 0.54 0.42 0.29 0.32 0.42 0.37 0.50 0.28 

  Ω-Iopen 0.46 0.51 0.40 0.51 0.32 0.38 0.42 0.54 0.62 0.72 0.95 0.53 0.63 

  Ω-Ihbond 0.57 0.57 0.40 0.48 0.40 0.46 0.51 0.65 0.52 0.99 0.73 0.56 0.56 

  Ω-II 0.35 0.95 0.44 0.55 0.54 0.46 0.33 0.40 0.40 0.56 0.50 0.93 0.59 

  lasso 0.44 0.56 0.57 0.91 0.56 0.43 0.38 0.31 0.44 0.46 0.50 0.54 0.57 

  scoop 0.46 0.39 0.41 0.53 0.38 0.37 0.41 0.53 0.71 0.53 0.59 0.39 0.60 

  circle 0.51 0.41 0.45 0.67 0.38 0.40 0.43 0.36 0.51 0.54 0.67 0.42 0.48 

URP hybrid 0.59 0.40 0.41 0.31 0.40 0.43 0.52 1.00 0.71 0.65 0.55 0.40 0.52 

  sheet 0.53 0.39 0.45 0.44 0.39 0.42 0.44 0.71 1.00 0.52 0.63 0.41 0.58 

  Ω-Ihbond 0.57 0.56 0.40 0.47 0.40 0.45 0.51 0.65 0.52 1.00 0.73 0.56 0.56 

  Ω-Iopen 0.46 0.50 0.40 0.51 0.31 0.37 0.40 0.55 0.63 0.73 1.00 0.53 0.64 

  Ω-II 0.36 0.95 0.43 0.54 0.55 0.47 0.33 0.40 0.41 0.56 0.53 1.00 0.59 

  lasso45pbr 0.34 0.60 0.43 0.57 0.37 0.28 0.29 0.52 0.58 0.56 0.64 0.59 1.00 
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Coordinate Files 

Coordinate files of representative and several transient conformations as discussed in the main text (*). 

OT, saddle (FOLDED) 
OT_MD-I_15us_T16_7 

ATOM      1  N   CYX     1     -17.763  -7.989  13.506  0.00  0.00               
ATOM      2  H1  CYX     1     -17.482  -8.951  13.627  0.00  0.00               
ATOM      3  H2  CYX     1     -18.450  -7.690  12.828  0.00  0.00               
ATOM      4  H3  CYX     1     -18.172  -7.808  14.412  0.00  0.00               
ATOM      5  CA  CYX     1     -16.556  -7.260  13.262  0.00  0.00               
ATOM      6  HA  CYX     1     -16.879  -6.225  13.148  0.00  0.00               
ATOM      7  CB  CYX     1     -15.737  -7.314  14.453  0.00  0.00               
ATOM      8  HB2 CYX     1     -16.345  -7.290  15.358  0.00  0.00               
ATOM      9  HB3 CYX     1     -15.199  -8.260  14.497  0.00  0.00               
ATOM     10  SG  CYX     1     -14.584  -5.900  14.696  0.00  0.00               
ATOM     11  C   CYX     1     -15.840  -7.488  11.947  0.00  0.00               
ATOM     12  O   CYX     1     -15.963  -8.582  11.446  0.00  0.00               
ATOM     13  N   TYR     2     -15.203  -6.449  11.408  0.00  0.00               
ATOM     14  H   TYR     2     -15.018  -5.551  11.832  0.00  0.00               
ATOM     15  CA  TYR     2     -14.419  -6.591  10.216  0.00  0.00               
ATOM     16  HA  TYR     2     -14.923  -7.237   9.498  0.00  0.00               
ATOM     17  CB  TYR     2     -14.576  -5.255   9.468  0.00  0.00               
ATOM     18  HB2 TYR     2     -15.642  -5.099   9.304  0.00  0.00               
ATOM     19  HB3 TYR     2     -14.186  -4.475  10.123  0.00  0.00               
ATOM     20  CG  TYR     2     -13.869  -5.237   8.074  0.00  0.00               
ATOM     21  CD1 TYR     2     -14.449  -5.969   7.018  0.00  0.00               
ATOM     22  HD1 TYR     2     -15.457  -6.341   7.122  0.00  0.00               
ATOM     23  CE1 TYR     2     -13.778  -6.114   5.782  0.00  0.00               
ATOM     24  HE1 TYR     2     -14.286  -6.612   4.969  0.00  0.00               
ATOM     25  CZ  TYR     2     -12.539  -5.418   5.611  0.00  0.00               
ATOM     26  OH  TYR     2     -11.816  -5.666   4.504  0.00  0.00               
ATOM     27  HH  TYR     2     -12.268  -6.250   3.891  0.00  0.00               
ATOM     28  CE2 TYR     2     -11.973  -4.629   6.623  0.00  0.00               
ATOM     29  HE2 TYR     2     -11.076  -4.060   6.429  0.00  0.00               
ATOM     30  CD2 TYR     2     -12.633  -4.601   7.888  0.00  0.00               
ATOM     31  HD2 TYR     2     -12.184  -4.028   8.686  0.00  0.00               
ATOM     32  C   TYR     2     -12.923  -6.962  10.265  0.00  0.00               
ATOM     33  O   TYR     2     -12.236  -6.539  11.182  0.00  0.00               
ATOM     34  N   ILE     3     -12.386  -7.642   9.253  0.00  0.00               
ATOM     35  H   ILE     3     -13.003  -8.003   8.540  0.00  0.00               
ATOM     36  CA  ILE     3     -11.096  -8.357   9.284  0.00  0.00               
ATOM     37  HA  ILE     3     -11.134  -9.014  10.153  0.00  0.00               
ATOM     38  CB  ILE     3     -10.924  -9.238   8.051  0.00  0.00               
ATOM     39  HB  ILE     3     -10.028  -9.819   8.268  0.00  0.00               
ATOM     40  CG2 ILE     3     -12.060 -10.267   8.132  0.00  0.00               
ATOM     41 HG21 ILE     3     -13.041  -9.871   7.867  0.00  0.00               
ATOM     42 HG22 ILE     3     -11.945 -11.044   7.376  0.00  0.00               
ATOM     43 HG23 ILE     3     -11.976 -10.788   9.086  0.00  0.00               
ATOM     44  CG1 ILE     3     -10.729  -8.522   6.731  0.00  0.00               
ATOM     45 HG12 ILE     3     -11.679  -8.042   6.495  0.00  0.00               
ATOM     46 HG13 ILE     3      -9.948  -7.770   6.842  0.00  0.00               
ATOM     47  CD1 ILE     3     -10.483  -9.289   5.425  0.00  0.00               

ATOM     48 HD11 ILE     3     -10.730  -8.562   4.652  0.00  0.00               
ATOM     49 HD12 ILE     3      -9.442  -9.590   5.303  0.00  0.00               
ATOM     50 HD13 ILE     3     -11.127 -10.162   5.315  0.00  0.00               
ATOM     51  C   ILE     3      -9.879  -7.420   9.491  0.00  0.00               
ATOM     52  O   ILE     3      -8.887  -7.893  10.105  0.00  0.00               
ATOM     53  N   GLN     4      -9.952  -6.140   9.101  0.00  0.00               
ATOM     54  H   GLN     4     -10.750  -5.763   8.609  0.00  0.00               
ATOM     55  CA  GLN     4      -8.830  -5.199   9.427  0.00  0.00               
ATOM     56  HA  GLN     4      -7.897  -5.734   9.602  0.00  0.00               
ATOM     57  CB  GLN     4      -8.485  -4.280   8.377  0.00  0.00               
ATOM     58  HB2 GLN     4      -9.304  -3.617   8.099  0.00  0.00               
ATOM     59  HB3 GLN     4      -7.624  -3.744   8.776  0.00  0.00               
ATOM     60  CG  GLN     4      -8.070  -5.019   7.068  0.00  0.00               
ATOM     61  HG2 GLN     4      -7.410  -5.833   7.367  0.00  0.00               
ATOM     62  HG3 GLN     4      -8.958  -5.430   6.589  0.00  0.00               
ATOM     63  CD  GLN     4      -7.396  -4.183   6.050  0.00  0.00               
ATOM     64  OE1 GLN     4      -7.062  -3.021   6.247  0.00  0.00               
ATOM     65  NE2 GLN     4      -7.245  -4.743   4.901  0.00  0.00               
ATOM     66 HE21 GLN     4      -6.786  -4.224   4.166  0.00  0.00               
ATOM     67 HE22 GLN     4      -7.611  -5.680   4.816  0.00  0.00               
ATOM     68  C   GLN     4      -9.072  -4.525  10.783  0.00  0.00               
ATOM     69  O   GLN     4      -8.230  -3.717  11.236  0.00  0.00               
ATOM     70  N   ASN     5     -10.121  -4.828  11.516  0.00  0.00              
ATOM     71  H   ASN     5     -10.777  -5.543  11.239  0.00  0.00               
ATOM     72  CA  ASN     5     -10.423  -4.293  12.843  0.00  0.00               
ATOM     73  HA  ASN     5      -9.674  -3.538  13.082  0.00  0.00               
ATOM     74  CB  ASN     5     -11.765  -3.453  12.813  0.00  0.00               
ATOM     75  HB2 ASN     5     -11.851  -2.853  11.908  0.00  0.00               
ATOM     76  HB3 ASN     5     -12.580  -4.131  12.562  0.00  0.00               
ATOM     77  CG  ASN     5     -12.008  -2.641  14.057  0.00  0.00               
ATOM     78  OD1 ASN     5     -13.080  -2.794  14.624  0.00  0.00               
ATOM     79  ND2 ASN     5     -11.068  -1.944  14.640  0.00  0.00               
ATOM     80 HD21 ASN     5     -11.322  -1.592  15.553  0.00  0.00               
ATOM     81 HD22 ASN     5     -10.238  -1.750  14.099  0.00  0.00               
ATOM     82  C   ASN     5     -10.422  -5.347  13.988  0.00  0.00               
ATOM     83  O   ASN     5      -9.934  -5.077  15.097  0.00  0.00               
ATOM     84  N   CYX     6     -10.795  -6.565  13.663  0.00  0.00               
ATOM     85  H   CYX     6     -11.221  -6.776  12.772  0.00  0.00               
ATOM     86  CA  CYX     6     -10.911  -7.689  14.622  0.00  0.00               
ATOM     87  HA  CYX     6     -10.281  -7.506  15.493  0.00  0.00               
ATOM     88  CB  CYX     6     -12.346  -7.900  15.107  0.00  0.00               
ATOM     89  HB2 CYX     6     -12.942  -8.248  14.263  0.00  0.00               
ATOM     90  HB3 CYX     6     -12.293  -8.842  15.654  0.00  0.00               
ATOM     91  SG  CYX     6     -13.244  -6.638  16.100  0.00  0.00               
ATOM     92  C   CYX     6     -10.419  -8.998  14.027  0.00  0.00               
ATOM     93  O   CYX     6     -10.641  -9.286  12.802  0.00  0.00               
ATOM     94  N   PRO     7      -9.942  -9.930  14.890  0.00  0.00               

ATOM     95  CD  PRO     7      -9.416  -9.615  16.249  0.00  0.00               
ATOM     96  HD2 PRO     7     -10.353  -9.579  16.806  0.00  0.00               
ATOM     97  HD3 PRO     7      -8.803  -8.722  16.129  0.00  0.00               
ATOM     98  CG  PRO     7      -8.532 -10.762  16.604  0.00  0.00               
ATOM     99  HG2 PRO     7      -8.642 -10.981  17.666  0.00  0.00               
ATOM    100  HG3 PRO     7      -7.525 -10.555  16.241  0.00  0.00               
ATOM    101  CB  PRO     7      -9.044 -11.899  15.778  0.00  0.00               
ATOM    102  HB2 PRO     7      -9.816 -12.499  16.260  0.00  0.00               
ATOM    103  HB3 PRO     7      -8.224 -12.561  15.501  0.00  0.00               
ATOM    104  CA  PRO     7      -9.445 -11.223  14.469  0.00  0.00               
ATOM    105  HA  PRO     7      -8.527 -11.073  13.901  0.00  0.00               
ATOM    106  C   PRO     7     -10.500 -12.058  13.696  0.00  0.00               
ATOM    107  O   PRO     7     -11.702 -12.080  13.985  0.00  0.00               
ATOM    108  N   LEU     8     -10.064 -12.859  12.687  0.00  0.00               
ATOM    109  H   LEU     8      -9.081 -12.758  12.479  0.00  0.00               
ATOM    110  CA  LEU     8     -10.833 -13.794  11.832  0.00  0.00               
ATOM    111  HA  LEU     8     -11.899 -13.661  12.016  0.00  0.00               
ATOM    112  CB  LEU     8     -10.468 -13.255  10.361  0.00  0.00               
ATOM    113  HB2 LEU     8     -10.959 -12.287  10.260  0.00  0.00               
ATOM    114  HB3 LEU     8      -9.403 -13.111  10.181  0.00  0.00               
ATOM    115  CG  LEU     8     -10.861 -14.135   9.145  0.00  0.00               
ATOM    116  HG  LEU     8     -10.448 -15.138   9.259  0.00  0.00               
ATOM    117  CD1 LEU     8     -12.341 -14.043   8.985  0.00  0.00               
ATOM    118 HD11 LEU     8     -12.619 -13.089   8.537  0.00  0.00               
ATOM    119 HD12 LEU     8     -12.622 -14.843   8.301  0.00  0.00               
ATOM    120 HD13 LEU     8     -12.852 -14.153   9.941  0.00  0.00               
ATOM    121  CD2 LEU     8     -10.142 -13.606   7.912  0.00  0.00               
ATOM    122 HD21 LEU     8      -9.054 -13.676   7.927  0.00  0.00               
ATOM    123 HD22 LEU     8     -10.428 -14.197   7.042  0.00  0.00               
ATOM    124 HD23 LEU     8     -10.512 -12.615   7.647  0.00  0.00               
ATOM    125  C   LEU     8     -10.531 -15.316  12.150  0.00  0.00               
ATOM    126  O   LEU     8      -9.477 -15.910  11.882  0.00  0.00               
ATOM    127  N   GLY     9     -11.517 -16.021  12.576  0.00  0.00               
ATOM    128  H   GLY     9     -12.296 -15.514  12.972  0.00  0.00               
ATOM    129  CA  GLY     9     -11.503 -17.506  12.559  0.00  0.00               
ATOM    130  HA2 GLY     9     -10.667 -17.978  13.074  0.00  0.00               
ATOM    131  HA3 GLY     9     -12.433 -17.824  13.031  0.00  0.00               
ATOM    132  C   GLY     9     -11.643 -18.138  11.061  0.00  0.00               
ATOM    133  O   GLY     9     -11.906 -17.477  10.045  0.00  0.00               
ATOM    134  N   NHE    10     -11.520 -19.441  10.990  0.00  0.00               
ATOM    135  HN1 NHE    10     -11.554 -20.046  11.798  0.00  0.00               
ATOM    136  HN2 NHE    10     -11.701 -19.891  10.105  0.00  0.00               
TER     137      NHE    10 
ATOM    138  Cl- Cl-    11       3.195 -13.426  12.937  0.00  0.00               
TER     139      Cl-    1 
END 

OT, twisted saddle (FOLDED)  
OT_MD-IV_10us_T16_9 

ATOM      1  N   CYX     1       5.684 -13.412   1.766  0.00  0.00               
ATOM      2  H1  CYX     1       6.619 -13.755   1.598  0.00  0.00               
ATOM      3  H2  CYX     1       5.740 -12.870   2.616  0.00  0.00               
ATOM      4  H3  CYX     1       5.412 -12.787   1.021  0.00  0.00               
ATOM      5  CA  CYX     1       4.771 -14.527   1.903  0.00  0.00               
ATOM      6  HA  CYX     1       4.908 -14.830   2.941  0.00  0.00               
ATOM      7  CB  CYX     1       3.333 -14.184   1.706  0.00  0.00               
ATOM      8  HB2 CYX     1       2.655 -15.012   1.914  0.00  0.00               
ATOM      9  HB3 CYX     1       3.135 -13.370   2.404  0.00  0.00               
ATOM     10  SG  CYX     1       2.988 -13.457   0.024  0.00  0.00               
ATOM     11  C   CYX     1       5.161 -15.697   0.976  0.00  0.00               
ATOM     12  O   CYX     1       5.637 -15.439  -0.154  0.00  0.00               
ATOM     13  N   TYR     2       5.062 -16.924   1.453  0.00  0.00               
ATOM     14  H   TYR     2       4.540 -17.010   2.313  0.00  0.00               
ATOM     15  CA  TYR     2       5.483 -18.174   0.797  0.00  0.00               
ATOM     16  HA  TYR     2       6.519 -18.010   0.499  0.00  0.00               
ATOM     17  CB  TYR     2       5.326 -19.371   1.717  0.00  0.00               
ATOM     18  HB2 TYR     2       5.822 -19.262   2.682  0.00  0.00               
ATOM     19  HB3 TYR     2       4.253 -19.536   1.818  0.00  0.00               
ATOM     20  CG  TYR     2       5.930 -20.655   1.171  0.00  0.00               
ATOM     21  CD1 TYR     2       7.338 -20.673   0.950  0.00  0.00               
ATOM     22  HD1 TYR     2       7.899 -19.799   1.246  0.00  0.00               
ATOM     23  CE1 TYR     2       7.928 -21.807   0.316  0.00  0.00               
ATOM     24  HE1 TYR     2       8.953 -21.685  -0.002  0.00  0.00               
ATOM     25  CZ  TYR     2       7.065 -22.884  -0.085  0.00  0.00               
ATOM     26  OH  TYR     2       7.603 -23.892  -0.815  0.00  0.00               
ATOM     27  HH  TYR     2       6.912 -24.465  -1.156  0.00  0.00               
ATOM     28  CE2 TYR     2       5.673 -22.851   0.261  0.00  0.00               
ATOM     29  HE2 TYR     2       4.991 -23.627  -0.052  0.00  0.00               
ATOM     30  CD2 TYR     2       5.099 -21.732   0.911  0.00  0.00               
ATOM     31  HD2 TYR     2       4.026 -21.718   1.027  0.00  0.00               
ATOM     32  C   TYR     2       4.646 -18.346  -0.488  0.00  0.00               
ATOM     33  O   TYR     2       3.465 -17.962  -0.453  0.00  0.00               

ATOM     48 HD11 ILE     3       4.355 -22.096  -5.158  0.00  0.00               
ATOM     49 HD12 ILE     3       5.118 -23.333  -4.090  0.00  0.00               
ATOM     50 HD13 ILE     3       3.831 -22.393  -3.505  0.00  0.00               
ATOM     51  C   ILE     3       3.070 -20.071  -2.445  0.00  0.00               
ATOM     52  O   ILE     3       3.073 -20.931  -1.567  0.00  0.00               
ATOM     53  N   GLN     4       1.975 -19.710  -3.063  0.00  0.00               
ATOM     54  H   GLN     4       2.079 -19.145  -3.893  0.00  0.00               
ATOM     55  CA  GLN     4       0.641 -20.194  -2.820  0.00  0.00               
ATOM     56  HA  GLN     4       0.033 -19.508  -3.410  0.00  0.00               
ATOM     57  CB  GLN     4       0.468 -21.705  -3.216  0.00  0.00               
ATOM     58  HB2 GLN     4       1.228 -22.392  -2.846  0.00  0.00               
ATOM     59  HB3 GLN     4      -0.499 -22.013  -2.818  0.00  0.00               
ATOM     60  CG  GLN     4       0.330 -21.763  -4.741  0.00  0.00               
ATOM     61  HG2 GLN     4      -0.481 -21.079  -4.992  0.00  0.00               
ATOM     62  HG3 GLN     4       1.234 -21.363  -5.200  0.00  0.00               
ATOM     63  CD  GLN     4      -0.020 -23.141  -5.295  0.00  0.00               
ATOM     64  OE1 GLN     4       0.797 -23.844  -5.845  0.00  0.00               
ATOM     65  NE2 GLN     4      -1.294 -23.548  -5.245  0.00  0.00               
ATOM     66 HE21 GLN     4      -1.458 -24.515  -5.488  0.00  0.00               
ATOM     67 HE22 GLN     4      -1.983 -23.021  -4.729  0.00  0.00               
ATOM     68  C   GLN     4       0.058 -19.960  -1.398  0.00  0.00               
ATOM   69  O  GLN     4      -1.091 -20.320  -1.176  0.00  0.00 
ATOM     70  N   ASN     5       0.663 -19.290  -0.407  0.00  0.00               
ATOM     71  H   ASN     5       1.475 -18.761  -0.692  0.00  0.00               
ATOM     72  CA  ASN     5      -0.017 -18.930   0.864  0.00  0.00               
ATOM     73  HA  ASN     5      -0.808 -19.666   1.007  0.00  0.00               
ATOM     74  CB  ASN     5       0.987 -19.123   1.969  0.00  0.00               
ATOM     75  HB2 ASN     5       1.777 -19.850   1.780  0.00  0.00               
ATOM     76  HB3 ASN     5       1.477 -18.158   2.102  0.00  0.00               
ATOM     77  CG  ASN     5       0.359 -19.436   3.349  0.00  0.00               
ATOM     78  OD1 ASN     5      -0.452 -20.342   3.493  0.00  0.00               
ATOM     79  ND2 ASN     5       0.837 -18.944   4.499  0.00  0.00               
ATOM     80 HD21 ASN     5       0.387 -19.218   5.361  0.00  0.00               

ATOM     95  CD  PRO     7      -3.008 -13.580  -1.193  0.00  0.00               
ATOM     96  HD2 PRO     7      -2.422 -12.669  -1.310  0.00  0.00               
ATOM     97  HD3 PRO     7      -2.960 -13.892  -0.150  0.00  0.00               
ATOM     98  CG  PRO     7      -4.479 -13.346  -1.359  0.00  0.00               
ATOM    99  HG2 PRO     7      -4.718 -12.322  -1.073  0.00  0.00              
ATOM    100  HG3 PRO     7      -5.018 -14.043  -0.718  0.00  0.00               
ATOM    101  CB  PRO     7      -4.676 -13.648  -2.867  0.00  0.00               
ATOM    102  HB2 PRO     7      -4.807 -12.742  -3.458  0.00  0.00               
ATOM    103  HB3 PRO     7      -5.551 -14.247  -3.123  0.00  0.00               
ATOM    104  CA  PRO     7      -3.411 -14.423  -3.337  0.00  0.00               
ATOM    105  HA  PRO     7      -3.780 -15.420  -3.579  0.00  0.00               
ATOM    106  C   PRO     7      -2.646 -13.805  -4.558  0.00  0.00               
ATOM    107  O   PRO     7      -1.697 -13.027  -4.340  0.00  0.00               
ATOM    108  N   LEU     8      -2.995 -14.255  -5.767  0.00  0.00               
ATOM    109  H   LEU     8      -3.725 -14.944  -5.876  0.00  0.00               
ATOM    110  CA  LEU     8      -2.133 -13.872  -6.926  0.00  0.00               
ATOM    111  HA  LEU     8      -1.096 -13.702  -6.634  0.00  0.00               
ATOM    112  CB  LEU     8      -2.169 -14.992  -7.966  0.00  0.00               
ATOM    113  HB2 LEU     8      -3.202 -15.274  -8.171  0.00  0.00               
ATOM    114  HB3 LEU     8      -1.666 -15.840  -7.501  0.00  0.00               
ATOM    115  CG  LEU     8      -1.645 -14.699  -9.370  0.00  0.00               
ATOM    116  HG  LEU     8      -2.218 -13.883  -9.810  0.00  0.00               
ATOM    117  CD1 LEU     8      -0.224 -14.071  -9.246  0.00  0.00               
ATOM    118 HD11 LEU     8      -0.093 -13.151  -8.676  0.00  0.00               
ATOM    119 HD12 LEU     8       0.354 -14.860  -8.765  0.00  0.00               
ATOM    120 HD13 LEU     8       0.168 -13.901 -10.249  0.00  0.00               
ATOM    121  CD2 LEU     8      -1.650 -16.000 -10.242  0.00  0.00               
ATOM    122 HD21 LEU     8      -2.638 -16.388 -10.489  0.00  0.00               
ATOM    123 HD22 LEU     8      -1.201 -15.748 -11.203  0.00  0.00               
ATOM    124 HD23 LEU     8      -1.015 -16.696  -9.695  0.00  0.00               
ATOM    125  C   LEU     8      -2.735 -12.570  -7.503  0.00  0.00               
ATOM    126  O   LEU     8      -3.894 -12.549  -7.882  0.00  0.00               
ATOM    127  N   GLY     9      -1.867 -11.532  -7.595  0.00  0.00               
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ATOM     34  N   ILE     3       5.151 -18.999  -1.563  0.00  0.00               
ATOM     35  H   ILE     3       5.957 -19.585  -1.399  0.00  0.00               
ATOM     36  CA  ILE     3       4.370 -19.277  -2.736  0.00  0.00               
ATOM     37  HA  ILE     3       3.978 -18.284  -2.954  0.00  0.00               
ATOM     38  CB  ILE     3       5.172 -19.828  -3.972  0.00  0.00               
ATOM     39  HB  ILE     3       4.711 -19.688  -4.950  0.00  0.00               
ATOM     40  CG2 ILE     3       6.392 -18.920  -4.202  0.00  0.00               
ATOM     41 HG21 ILE     3       7.030 -19.202  -3.365  0.00  0.00               
ATOM     42 HG22 ILE     3       6.819 -19.129  -5.183  0.00  0.00               
ATOM     43 HG23 ILE     3       6.014 -17.898  -4.204  0.00  0.00               
ATOM     44  CG1 ILE     3       5.713 -21.294  -3.689  0.00  0.00               
ATOM     45 HG12 ILE     3       5.853 -21.395  -2.613  0.00  0.00               
ATOM     46 HG13 ILE     3       6.606 -21.542  -4.264  0.00  0.00               
ATOM     47  CD1 ILE     3       4.706 -22.326  -4.152  0.00  0.00                

ATOM     81 HD22 ASN     5       1.306 -18.056   4.387  0.00  0.00               
ATOM     82  C   ASN     5      -0.668 -17.623   0.768  0.00  0.00               
ATOM     83  O   ASN     5      -1.397 -17.269   1.689  0.00  0.00               
ATOM     84  N   CYX     6      -0.348 -16.903  -0.337  0.00  0.00               
ATOM     85  H   CYX     6       0.160 -17.351  -1.087  0.00  0.00               
ATOM     86  CA  CYX     6      -0.823 -15.510  -0.568  0.00  0.00               
ATOM     87  HA  CYX     6      -1.577 -15.279   0.184  0.00  0.00               
ATOM     88  CB  CYX     6       0.309 -14.574  -0.281  0.00  0.00               
ATOM     89  HB2 CYX     6       0.097 -13.570  -0.649  0.00  0.00               
ATOM     90  HB3 CYX     6       0.519 -14.554   0.788  0.00  0.00               
ATOM     91  SG  CYX     6       1.967 -14.925  -0.960  0.00  0.00               
ATOM     92  C   CYX     6      -1.516 -15.381  -1.958  0.00  0.00               
ATOM     93  O   CYX     6      -1.036 -16.003  -2.926  0.00  0.00               
ATOM     94  N   PRO     7      -2.532 -14.523  -2.160  0.00  0.00               

ATOM    128  H   GLY     9      -0.889 -11.720  -7.426  0.00  0.00               
ATOM    129  CA  GLY     9      -2.249 -10.239  -8.213  0.00  0.00               
ATOM    130  HA2 GLY     9      -3.225  -9.847  -7.929  0.00  0.00               
ATOM    131  HA3 GLY     9      -1.653  -9.409  -7.835  0.00  0.00               
ATOM    132  C   GLY     9      -2.289 -10.338  -9.717  0.00  0.00               
ATOM    133  O   GLY     9      -1.854 -11.329 -10.265  0.00  0.00               
ATOM    134  N   NHE    10      -2.777  -9.337 -10.401  0.00  0.00               
ATOM    135  HN1 NHE    10      -3.018  -8.450  -9.983  0.00  0.00               
ATOM    136  HN2 NHE    10      -2.931  -9.549 -11.376  0.00  0.00               
TER     137      NHE    10 
ATOM    138  Cl- Cl-    11       3.249 -11.561   6.458  0.00  0.00               
TER     139      Cl-    11  
END 

OT, twisted saddlehelix (FOLDED)  
OT_MD-IV_10us_T16_18 
ATOM      1  N   CYX     1      -5.904  10.130 -12.698  0.00  0.00               
ATOM      2  H1  CYX     1      -5.587   9.642 -13.524  0.00  0.00               
ATOM      3  H2  CYX     1      -5.815  11.128 -12.829  0.00  0.00               
ATOM      4  H3  CYX     1      -6.871   9.851 -12.614  0.00  0.00               
ATOM      5  CA  CYX     1      -5.212   9.777 -11.447  0.00  0.00               
ATOM      6  HA  CYX     1      -5.393   8.724 -11.231  0.00  0.00               
ATOM      7  CB  CYX     1      -3.696   9.943 -11.520  0.00  0.00               
ATOM      8  HB2 CYX     1      -3.325   9.652 -10.538  0.00  0.00               
ATOM      9  HB3 CYX     1      -3.399   9.213 -12.273  0.00  0.00               
ATOM     10  SG  CYX     1      -3.011  11.557 -11.991  0.00  0.00               
ATOM     11  C   CYX     1      -5.764  10.625 -10.325  0.00  0.00               
ATOM     12  O   CYX     1      -6.120  11.772 -10.387  0.00  0.00               
ATOM     13  N   TYR     2      -5.862   9.978  -9.176  0.00  0.00               
ATOM     14  H   TYR     2      -5.441   9.069  -9.047  0.00  0.00               
ATOM     15  CA  TYR     2      -6.463  10.550  -7.977  0.00  0.00               
ATOM     16  HA  TYR     2      -7.359  11.068  -8.319  0.00  0.00               
ATOM     17  CB  TYR     2      -6.933   9.396  -7.101  0.00  0.00               
ATOM     18  HB2 TYR     2      -7.447   8.616  -7.663  0.00  0.00               
ATOM     19  HB3 TYR     2      -6.092   8.789  -6.768  0.00  0.00               
ATOM     20  CG  TYR     2      -7.781   9.779  -5.910  0.00  0.00               
ATOM     21  CD1 TYR     2      -9.099  10.262  -6.120  0.00  0.00               
ATOM     22  HD1 TYR     2      -9.560  10.333  -7.094  0.00  0.00               
ATOM     23  CE1 TYR     2      -9.709  10.838  -5.002  0.00  0.00               
ATOM     24  HE1 TYR     2     -10.663  11.320  -5.159  0.00  0.00               
ATOM     25  CZ  TYR     2      -9.142  10.719  -3.752  0.00  0.00               
ATOM     26  OH  TYR     2      -9.802  11.288  -2.667  0.00  0.00               
ATOM     27  HH  TYR     2     -10.752  11.422  -2.702  0.00  0.00               
ATOM     28  CE2 TYR     2      -7.834  10.174  -3.540  0.00  0.00               
ATOM     29  HE2 TYR     2      -7.331  10.129  -2.585  0.00  0.00               
ATOM     30  CD2 TYR     2      -7.183   9.582  -4.638  0.00  0.00               
ATOM     31  HD2 TYR     2      -6.253   9.068  -4.444  0.00  0.00               
ATOM     32  C   TYR     2      -5.629  11.591  -7.135  0.00  0.00               
ATOM     33  O   TYR     2      -4.403  11.500  -6.964  0.00  0.00               
ATOM     34  N   ILE     3      -6.351  12.630  -6.759  0.00  0.00               
ATOM     35  H   ILE     3      -7.279  12.761  -7.135  0.00  0.00               
ATOM     36  CA  ILE     3      -5.894  13.863  -6.047  0.00  0.00               
ATOM     37  HA  ILE     3      -6.593  14.640  -6.357  0.00  0.00               
ATOM     38  CB  ILE     3      -5.908  13.667  -4.469  0.00  0.00               
ATOM     39  HB  ILE     3      -5.379  14.520  -4.045  0.00  0.00               
ATOM     40  CG2 ILE     3      -7.364  13.638  -4.045  0.00  0.00               
ATOM     41 HG21 ILE     3      -7.997  12.996  -4.658  0.00  0.00               
ATOM     42 HG22 ILE     3      -7.434  13.400  -2.984  0.00  0.00               
ATOM     43 HG23 ILE     3      -7.768  14.647  -4.121  0.00  0.00               
ATOM     44  CG1 ILE     3      -5.001  12.417  -4.092  0.00  0.00               
ATOM     45 HG12 ILE     3      -4.071  12.598  -4.632  0.00  0.00               
ATOM     46 HG13 ILE     3      -5.405  11.468  -4.443  0.00  0.00               
ATOM     47  CD1 ILE     3      -4.539  12.292  -2.695  0.00  0.00               

ATOM     48 HD11 ILE     3      -4.204  11.265  -2.554  0.00  0.00               
ATOM     49 HD12 ILE     3      -3.645  12.897  -2.548  0.00  0.00               
ATOM     50 HD13 ILE     3      -5.313  12.570  -1.978  0.00  0.00               
ATOM     51  C   ILE     3      -4.511  14.331  -6.577  0.00  0.00               
ATOM     52  O   ILE     3      -3.671  14.653  -5.770  0.00  0.00               
ATOM     53  N   GLN     4      -4.354  14.485  -7.932  0.00  0.00               
ATOM     54  H   GLN     4      -5.132  14.184  -8.501  0.00  0.00               
ATOM     55  CA  GLN     4      -3.141  15.007  -8.546  0.00  0.00               
ATOM     56  HA  GLN     4      -3.173  14.985  -9.636  0.00  0.00               
ATOM     57  CB  GLN     4      -2.923  16.464  -8.144  0.00  0.00               
ATOM     58  HB2 GLN     4      -3.123  16.725  -7.105  0.00  0.00               
ATOM     59  HB3 GLN     4      -1.916  16.802  -8.387  0.00  0.00               
ATOM     60  CG  GLN     4      -3.766  17.299  -9.093  0.00  0.00               
ATOM     61  HG2 GLN     4      -3.410  17.168 -10.115  0.00  0.00               
ATOM     62  HG3 GLN     4      -4.815  17.058  -8.920  0.00  0.00               
ATOM     63  CD  GLN     4      -3.630  18.778  -8.828  0.00  0.00               
ATOM     64  OE1 GLN     4      -2.527  19.375  -8.680  0.00  0.00               
ATOM     65  NE2 GLN     4      -4.762  19.511  -8.779  0.00  0.00               
ATOM     66 HE21 GLN     4      -4.679  20.474  -8.488  0.00  0.00               
ATOM     67 HE22 GLN     4      -5.611  18.963  -8.795  0.00  0.00               
ATOM     68  C   GLN     4      -1.803  14.211  -8.249  0.00  0.00               
ATOM     69  O   GLN     4      -0.726  14.705  -8.410  0.00  0.00               
ATOM     70  N   ASN     5      -2.020  12.916  -7.791  0.00  0.00               
ATOM     71  H   ASN     5      -2.970  12.574  -7.819  0.00  0.00               
ATOM     72  CA  ASN     5      -0.920  12.060  -7.325  0.00  0.00               
ATOM     73  HA  ASN     5      -0.171  12.703  -6.862  0.00  0.00               
ATOM     74  CB  ASN     5      -1.458  11.042  -6.242  0.00  0.00               
ATOM     75  HB2 ASN     5      -0.630  10.688  -5.628  0.00  0.00               
ATOM     76  HB3 ASN     5      -2.132  11.623  -5.612  0.00  0.00               
ATOM     77  CG  ASN     5      -2.230   9.878  -6.726  0.00  0.00               
ATOM     78  OD1 ASN     5      -2.402   9.610  -7.920  0.00  0.00               
ATOM     79  ND2 ASN     5      -2.675   9.086  -5.770  0.00  0.00               
ATOM     80 HD21 ASN     5      -3.220   8.283  -6.051  0.00  0.00               
ATOM     81 HD22 ASN     5      -2.276   9.092  -4.841  0.00  0.00               
ATOM     82  C   ASN     5      -0.182  11.374  -8.517  0.00  0.00               
ATOM     83  O   ASN     5       0.623  10.518  -8.249  0.00  0.00               
ATOM     84  N   CYX     6      -0.429  11.730  -9.836  0.00  0.00               
ATOM     85  H   CYX     6      -1.153  12.411 -10.014  0.00  0.00               
ATOM     86  CA  CYX     6       0.489  11.277 -10.938  0.00  0.00               
ATOM     87  HA  CYX     6       1.388  10.875 -10.471  0.00  0.00               
ATOM     88  CB  CYX     6      -0.217  10.318 -11.942  0.00  0.00               
ATOM     89  HB2 CYX     6       0.492   9.774 -12.567  0.00  0.00               
ATOM     90  HB3 CYX     6      -0.768   9.602 -11.332  0.00  0.00               
ATOM     91  SG  CYX     6      -1.383  11.066 -13.161  0.00  0.00               
ATOM     92  C   CYX     6       1.038  12.556 -11.675  0.00  0.00               
ATOM     93  O   CYX     6       0.358  13.577 -11.531  0.00  0.00               
ATOM     94  N   PRO     7       2.104  12.519 -12.454  0.00  0.00               

ATOM     95  CD  PRO     7       2.978  11.360 -12.596  0.00  0.00               
ATOM     96  HD2 PRO     7       2.538  10.402 -12.875  0.00  0.00               
ATOM     97  HD3 PRO     7       3.559  11.300 -11.676  0.00  0.00               
ATOM     98  CG  PRO     7       3.956  11.887 -13.691  0.00  0.00               
ATOM     99  HG2 PRO     7       3.550  11.420 -14.588  0.00  0.00               
ATOM    100  HG3 PRO     7       4.995  11.635 -13.477  0.00  0.00               
ATOM    101  CB  PRO     7       3.887  13.433 -13.705  0.00  0.00               
ATOM    102  HB2 PRO     7       4.034  13.985 -14.634  0.00  0.00               
ATOM    103  HB3 PRO     7       4.565  13.907 -12.995  0.00  0.00               
ATOM    104  CA  PRO     7       2.410  13.640 -13.363  0.00  0.00               
ATOM    105  HA  PRO     7       2.256  14.605 -12.881  0.00  0.00               
ATOM    106  C   PRO     7       1.636  13.638 -14.687  0.00  0.00               
ATOM    107  O   PRO     7       1.556  12.647 -15.395  0.00  0.00               
ATOM    108  N   LEU     8       0.947  14.753 -14.970  0.00  0.00               
ATOM    109  H   LEU     8       1.165  15.510 -14.337  0.00  0.00               
ATOM    110  CA  LEU     8       0.015  14.887 -16.072  0.00  0.00               
ATOM    111  HA  LEU     8      -0.388  13.904 -16.319  0.00  0.00               
ATOM    112  CB  LEU     8      -1.080  15.794 -15.461  0.00  0.00               
ATOM    113  HB2 LEU     8      -0.602  16.634 -14.956  0.00  0.00               
ATOM    114  HB3 LEU     8      -1.611  15.198 -14.719  0.00  0.00               
ATOM    115  CG  LEU     8      -2.156  16.354 -16.440  0.00  0.00               
ATOM    116  HG  LEU     8      -1.615  16.793 -17.279  0.00  0.00               
ATOM    117  CD1 LEU     8      -3.086  15.210 -16.856  0.00  0.00               
ATOM    118 HD11 LEU     8      -3.765  14.982 -16.034  0.00  0.00               
ATOM    119 HD12 LEU     8      -3.769  15.584 -17.619  0.00  0.00               
ATOM    120 HD13 LEU     8      -2.459  14.379 -17.176  0.00  0.00               
ATOM    121  CD2 LEU     8      -2.956  17.486 -15.718  0.00  0.00               
ATOM    122 HD21 LEU     8      -3.961  17.456 -16.139  0.00  0.00               
ATOM    123 HD22 LEU     8      -2.984  17.230 -14.659  0.00  0.00               
ATOM    124 HD23 LEU     8      -2.416  18.432 -15.761  0.00  0.00               
ATOM    125  C   LEU     8       0.702  15.536 -17.213  0.00  0.00               
ATOM    126  O   LEU     8       1.271  16.635 -17.110  0.00  0.00               
ATOM    127  N   GLY     9       0.619  14.981 -18.412  0.00  0.00               
ATOM    128  H   GLY     9       0.070  14.134 -18.416  0.00  0.00               
ATOM    129  CA  GLY     9       1.299  15.415 -19.590  0.00  0.00               
ATOM    130  HA2 GLY     9       2.300  15.716 -19.279  0.00  0.00               
ATOM    131  HA3 GLY     9       1.294  14.614 -20.329  0.00  0.00               
ATOM    132  C   GLY     9       0.642  16.625 -20.250  0.00  0.00               
ATOM    133  O   GLY     9      -0.498  17.019 -19.956  0.00  0.00               
ATOM    134  N   NHE    10       1.242  17.156 -21.296  0.00  0.00               
ATOM    135  HN1 NHE    10       2.196  16.864 -21.453  0.00  0.00               
ATOM    136  HN2 NHE    10       0.815  17.969 -21.716  0.00  0.00               
TER     137      NHE    10 
ATOM    138  Cl- Cl-    11      -3.502   9.387  10.061  0.00  0.00               
TER     139      Cl-    11  
END 

OT, clinched open (OPEN)  
OT_MD-III_10us_T16_1 

ATOM      1  N   CYX     1      -9.131 -10.448   9.870  0.00  0.00               
ATOM      2  H1  CYX     1      -8.320 -10.528   9.274  0.00  0.00               
ATOM      3  H2  CYX     1      -8.691 -10.654  10.755  0.00  0.00               
ATOM      4  H3  CYX     1      -9.364  -9.466   9.829  0.00  0.00               
ATOM      5  CA  CYX     1     -10.289 -11.307   9.548  0.00  0.00               
ATOM      6  HA  CYX     1     -10.978 -11.135  10.376  0.00  0.00               
ATOM      7  CB  CYX     1     -10.936 -10.957   8.205  0.00  0.00               
ATOM      8  HB2 CYX     1     -11.147  -9.896   8.077  0.00  0.00               
ATOM      9  HB3 CYX     1     -10.191 -11.158   7.435  0.00  0.00               
ATOM     10  SG  CYX     1     -12.405 -11.976   7.806  0.00  0.00               
ATOM     11  C   CYX     1      -9.902 -12.780   9.704  0.00  0.00               
ATOM     12  O   CYX     1      -8.856 -13.147   9.143  0.00  0.00               
ATOM     13  N   TYR     2     -10.768 -13.630  10.258  0.00  0.00               
ATOM     14  H   TYR     2     -11.598 -13.207  10.649  0.00  0.00               
ATOM     15  CA  TYR     2     -10.377 -15.043  10.507  0.00  0.00               
ATOM     16  HA  TYR     2      -9.396 -14.982  10.979  0.00  0.00               
ATOM     17  CB  TYR     2     -11.440 -15.563  11.521  0.00  0.00               
ATOM     18  HB2 TYR     2     -10.873 -16.297  12.093  0.00  0.00               
ATOM     19  HB3 TYR     2     -11.671 -14.828  12.292  0.00  0.00               
ATOM     20  CG  TYR     2     -12.840 -16.103  11.131  0.00  0.00               
ATOM     21  CD1 TYR     2     -13.349 -17.224  11.870  0.00  0.00               
ATOM     22  HD1 TYR     2     -12.742 -17.573  12.692  0.00  0.00               
ATOM     23  CE1 TYR     2     -14.684 -17.625  11.676  0.00  0.00               
ATOM     24  HE1 TYR     2     -15.032 -18.467  12.255  0.00  0.00               
ATOM     25  CZ  TYR     2     -15.605 -16.807  11.002  0.00  0.00               

ATOM     48 HD11 ILE     3     -14.598 -15.251   4.926  0.00  0.00               
ATOM     49 HD12 ILE     3     -15.356 -15.754   6.406  0.00  0.00               
ATOM     50 HD13 ILE     3     -15.160 -14.055   6.121  0.00  0.00               
ATOM     51  C   ILE     3     -10.184 -15.610   5.732  0.00  0.00               
ATOM     52  O   ILE     3     -10.051 -14.390   5.693  0.00  0.00               
ATOM     53  N   GLN     4      -9.768 -16.369   4.735  0.00  0.00               
ATOM     54  H   GLN     4     -10.038 -17.342   4.767  0.00  0.00               
ATOM     55  CA  GLN     4      -8.938 -15.916   3.611  0.00  0.00               
ATOM     56  HA  GLN     4      -8.134 -15.298   4.010  0.00  0.00               
ATOM     57  CB  GLN     4      -8.368 -17.123   2.909  0.00  0.00               
ATOM     58  HB2 GLN     4      -9.133 -17.783   2.500  0.00  0.00               
ATOM     59  HB3 GLN     4      -7.714 -16.802   2.098  0.00  0.00               
ATOM     60  CG  GLN     4      -7.524 -17.993   3.962  0.00  0.00               
ATOM     61  HG2 GLN     4      -6.750 -17.454   4.508  0.00  0.00               
ATOM     62  HG3 GLN     4      -8.156 -18.337   4.781  0.00  0.00               
ATOM     63  CD  GLN     4      -6.763 -19.179   3.389  0.00  0.00               
ATOM     64  OE1 GLN     4      -6.394 -19.329   2.200  0.00  0.00               
ATOM     65  NE2 GLN     4      -6.334 -20.049   4.317  0.00  0.00               
ATOM     66 HE21 GLN     4      -5.607 -20.696   4.047  0.00  0.00               
ATOM     67 HE22 GLN     4      -6.652 -19.958   5.271  0.00  0.00               
ATOM     68  C   GLN     4      -9.700 -15.035   2.533  0.00  0.00               
ATOM     69  O   GLN     4      -9.093 -14.142   1.926  0.00  0.00              
ATOM     70  N   ASN     5     -10.984 -15.409   2.310  0.00  0.00               
ATOM     71  H   ASN     5     -11.388 -16.075   2.954  0.00  0.00               
ATOM     72  CA  ASN     5     -11.857 -14.664   1.478  0.00  0.00               

ATOM     95  CD  PRO     7     -16.383 -11.634   4.283  0.00  0.00               
ATOM     96  HD2 PRO     7     -16.272 -11.567   5.365  0.00  0.00               
ATOM     97  HD3 PRO     7     -16.287 -12.686   4.014  0.00  0.00               
ATOM     98  CG  PRO     7     -17.806 -11.259   3.979  0.00  0.00               
ATOM     99  HG2 PRO     7     -18.434 -11.610   4.798  0.00  0.00               
ATOM    100  HG3 PRO     7     -18.124 -11.662   3.017  0.00  0.00               
ATOM    101  CB  PRO     7     -17.654  -9.726   3.869  0.00  0.00               
ATOM    102  HB2 PRO     7     -17.520  -9.355   4.884  0.00  0.00               
ATOM    103  HB3 PRO     7     -18.491  -9.343   3.284  0.00  0.00               
ATOM    104  CA  PRO     7     -16.386  -9.574   3.018  0.00  0.00               
ATOM    105  HA  PRO     7     -16.657  -9.729   1.973  0.00  0.00               
ATOM    106  C   PRO     7     -15.767  -8.223   3.330  0.00  0.00               
ATOM    107  O   PRO     7     -14.914  -8.099   4.251  0.00  0.00               
ATOM    108  N   LEU     8     -16.192  -7.112   2.667  0.00  0.00               
ATOM    109  H   LEU     8     -16.950  -7.241   2.011  0.00  0.00               
ATOM    110  CA  LEU     8     -15.559  -5.813   2.790  0.00  0.00               
ATOM    111  HA  LEU     8     -14.509  -6.083   2.913  0.00  0.00               
ATOM    112  CB  LEU     8     -15.712  -5.009   1.489  0.00  0.00               
ATOM    113  HB2 LEU     8     -16.777  -4.806   1.374  0.00  0.00               
ATOM    114  HB3 LEU     8     -15.445  -5.609   0.619  0.00  0.00               
ATOM    115  CG  LEU     8     -15.038  -3.607   1.539  0.00  0.00               
ATOM    116  HG  LEU     8     -15.247  -3.046   2.450  0.00  0.00               
ATOM    117  CD1 LEU     8     -13.556  -3.874   1.437  0.00  0.00               
ATOM    118 HD11 LEU     8     -12.918  -2.993   1.375  0.00  0.00               
ATOM    119 HD12 LEU     8     -13.252  -4.362   2.363  0.00  0.00               



 Appendices 
  A8: Supporting Information Chapter 7 

A98 

ATOM     26  OH  TYR     2     -16.891 -17.332  10.885  0.00  0.00               
ATOM     27  HH  TYR     2     -17.443 -16.606  10.585  0.00  0.00               
ATOM     28  CE2 TYR     2     -15.103 -15.697  10.254  0.00  0.00               
ATOM     29  HE2 TYR     2     -15.773 -15.106   9.648  0.00  0.00               
ATOM     30  CD2 TYR     2     -13.745 -15.308  10.411  0.00  0.00               
ATOM     31  HD2 TYR     2     -13.261 -14.504   9.875  0.00  0.00               
ATOM     32  C   TYR     2     -10.378 -15.944   9.271  0.00  0.00               
ATOM     33  O   TYR     2     -10.145 -17.107   9.420  0.00  0.00               
ATOM     34  N   ILE     3     -10.953 -15.462   8.185  0.00  0.00               
ATOM     35  H   ILE     3     -11.306 -14.516   8.217  0.00  0.00               
ATOM     36  CA  ILE     3     -11.050 -16.270   6.816  0.00  0.00               
ATOM     37  HA  ILE     3     -10.687 -17.279   7.010  0.00  0.00               
ATOM     38  CB  ILE     3     -12.569 -16.468   6.375  0.00  0.00               
ATOM     39  HB  ILE     3     -12.632 -16.748   5.324  0.00  0.00               
ATOM     40  CG2 ILE     3     -13.195 -17.572   7.233  0.00  0.00               
ATOM     41 HG21 ILE     3     -13.036 -17.265   8.267  0.00  0.00               
ATOM     42 HG22 ILE     3     -14.196 -17.873   6.923  0.00  0.00               
ATOM     43 HG23 ILE     3     -12.529 -18.433   7.182  0.00  0.00               
ATOM     44  CG1 ILE     3     -13.212 -15.100   6.551  0.00  0.00               
ATOM     45 HG12 ILE     3     -12.549 -14.374   6.080  0.00  0.00               
ATOM     46 HG13 ILE     3     -13.300 -14.796   7.594  0.00  0.00               
ATOM     47  CD1 ILE     3     -14.668 -15.018   5.989  0.00  0.00                

ATOM     73  HA  ASN     5     -11.295 -13.884   0.964  0.00  0.00               
ATOM     74  CB  ASN     5     -12.421 -15.599   0.311  0.00  0.00               
ATOM     75  HB2 ASN     5     -11.547 -16.135  -0.059  0.00  0.00               
ATOM     76  HB3 ASN     5     -13.188 -16.304   0.632  0.00  0.00               
ATOM     77  CG  ASN     5     -13.021 -14.733  -0.836  0.00  0.00               
ATOM     78  OD1 ASN     5     -13.454 -13.605  -0.670  0.00  0.00               
ATOM     79  ND2 ASN     5     -12.989 -15.296  -1.970  0.00  0.00               
ATOM     80 HD21 ASN     5     -13.220 -14.772  -2.802  0.00  0.00               
ATOM     81 HD22 ASN     5     -12.642 -16.227  -2.154  0.00  0.00               
ATOM     82  C   ASN     5     -12.958 -13.947   2.290  0.00  0.00               
ATOM     83  O   ASN     5     -13.964 -14.552   2.618  0.00  0.00               
ATOM     84  N   CYX     6     -12.626 -12.766   2.761  0.00  0.00               
ATOM     85  H   CYX     6     -11.764 -12.356   2.430  0.00  0.00               
ATOM     86  CA  CYX     6     -13.456 -12.023   3.703  0.00  0.00               
ATOM     87  HA  CYX     6     -14.116 -12.759   4.161  0.00  0.00               
ATOM     88  CB  CYX     6     -12.578 -11.542   4.830  0.00  0.00               
ATOM     89  HB2 CYX     6     -11.896 -12.345   5.111  0.00  0.00               
ATOM     90  HB3 CYX     6     -11.920 -10.808   4.367  0.00  0.00               
ATOM     91  SG  CYX     6     -13.415 -11.064   6.338  0.00  0.00               
ATOM     92  C   CYX     6     -14.224 -10.939   3.050  0.00  0.00               
ATOM     93  O   CYX     6     -13.669 -10.195   2.218  0.00  0.00               
ATOM     94  N   PRO     7     -15.533 -10.698   3.467  0.00  0.00               

ATOM    120 HD13 LEU     8     -13.284  -4.402   0.523  0.00  0.00               
ATOM    121  CD2 LEU     8     -15.554  -2.763   0.404  0.00  0.00               
ATOM    122 HD21 LEU     8     -16.605  -2.488   0.489  0.00  0.00               
ATOM    123 HD22 LEU     8     -14.934  -1.868   0.343  0.00  0.00               
ATOM    124 HD23 LEU     8     -15.335  -3.347  -0.489  0.00  0.00               
ATOM    125  C   LEU     8     -15.996  -5.002   4.045  0.00  0.00               
ATOM    126  O   LEU     8     -17.166  -4.767   4.276  0.00  0.00               
ATOM    127  N   GLY     9     -15.003  -4.432   4.790  0.00  0.00               
ATOM    128  H   GLY     9     -14.101  -4.768   4.486  0.00  0.00               
ATOM    129  CA  GLY     9     -15.187  -3.825   6.140  0.00  0.00               
ATOM    130  HA2 GLY     9     -15.961  -4.365   6.685  0.00  0.00               
ATOM    131  HA3 GLY     9     -14.268  -3.841   6.727  0.00  0.00               
ATOM    132  C   GLY     9     -15.586  -2.370   6.102  0.00  0.00               
ATOM    133  O   GLY     9     -15.821  -1.702   5.071  0.00  0.00               
ATOM    134  N   NHE    10     -15.604  -1.802   7.305  0.00  0.00               
ATOM    135  HN1 NHE    10     -15.314  -2.383   8.078  0.00  0.00               
ATOM    136  HN2 NHE    10     -15.943  -0.861   7.447  0.00  0.00               
TER     137      NHE    10 
ATOM    138  Cl- Cl-    11      -5.589   4.480  15.967  0.00  0.00               
TER     139      Cl-    11  
END 

OT, clinched open45pbr (OPEN)  
OT_MD-III_10us_T16_4 

ATOM      1  N   CYX     1      -8.083  -0.642  18.787  0.00  0.00               
ATOM      2  H1  CYX     1      -8.766  -1.328  19.075  0.00  0.00               
ATOM      3  H2  CYX     1      -8.294  -0.317  17.855  0.00  0.00               
ATOM      4  H3  CYX     1      -8.114   0.199  19.347  0.00  0.00               
ATOM      5  CA  CYX     1      -6.664  -1.072  19.032  0.00  0.00               
ATOM      6  HA  CYX     1      -6.590  -1.163  20.116  0.00  0.00               
ATOM      7  CB  CYX     1      -6.391  -2.423  18.362  0.00  0.00               
ATOM      8  HB2 CYX     1      -5.978  -2.219  17.374  0.00  0.00               
ATOM      9  HB3 CYX     1      -5.630  -2.981  18.906  0.00  0.00               
ATOM     10  SG  CYX     1      -7.822  -3.536  18.244  0.00  0.00               
ATOM     11  C   CYX     1      -5.847   0.102  18.582  0.00  0.00               
ATOM     12  O   CYX     1      -6.089   0.702  17.589  0.00  0.00               
ATOM     13  N   TYR     2      -4.727   0.303  19.251  0.00  0.00               
ATOM     14  H   TYR     2      -4.527  -0.249  20.073  0.00  0.00               
ATOM     15  CA  TYR     2      -3.596   1.258  18.874  0.00  0.00               
ATOM     16  HA  TYR     2      -3.979   2.048  18.229  0.00  0.00               
ATOM     17  CB  TYR     2      -2.840   1.768  20.179  0.00  0.00               
ATOM     18  HB2 TYR     2      -3.635   1.980  20.893  0.00  0.00               
ATOM     19  HB3 TYR     2      -2.283   0.959  20.653  0.00  0.00               
ATOM     20  CG  TYR     2      -1.991   3.002  19.882  0.00  0.00               
ATOM     21  CD1 TYR     2      -2.566   4.200  19.817  0.00  0.00               
ATOM     22  HD1 TYR     2      -3.607   4.396  20.027  0.00  0.00               
ATOM     23  CE1 TYR     2      -1.844   5.339  19.430  0.00  0.00               
ATOM     24  HE1 TYR     2      -2.365   6.284  19.393  0.00  0.00               
ATOM     25  CZ  TYR     2      -0.433   5.269  19.139  0.00  0.00               
ATOM     26  OH  TYR     2       0.172   6.336  18.547  0.00  0.00               
ATOM     27  HH  TYR     2       1.110   6.152  18.457  0.00  0.00               
ATOM     28  CE2 TYR     2       0.150   4.020  19.288  0.00  0.00               
ATOM     29  HE2 TYR     2       1.158   3.903  18.919  0.00  0.00               
ATOM     30  CD2 TYR     2      -0.598   2.903  19.593  0.00  0.00               
ATOM     31  HD2 TYR     2      -0.224   1.910  19.388  0.00  0.00               
ATOM     32  C   TYR     2      -2.589   0.573  17.918  0.00  0.00               
ATOM     33  O   TYR     2      -1.701   1.139  17.288  0.00  0.00               
ATOM     34  N   ILE     3      -2.656  -0.779  17.820  0.00  0.00               
ATOM     35  H   ILE     3      -3.395  -1.220  18.349  0.00  0.00               
ATOM     36  CA  ILE     3      -1.919  -1.710  16.994  0.00  0.00               
ATOM     37  HA  ILE     3      -1.009  -1.176  16.719  0.00  0.00               
ATOM     38  CB  ILE     3      -1.553  -3.002  17.710  0.00  0.00               
ATOM     39  HB  ILE     3      -1.294  -3.663  16.882  0.00  0.00               
ATOM     40  CG2 ILE     3      -0.243  -2.764  18.474  0.00  0.00               
ATOM     41 HG21 ILE     3      -0.422  -1.884  19.093  0.00  0.00               
ATOM     42 HG22 ILE     3       0.069  -3.632  19.056  0.00  0.00               
ATOM     43 HG23 ILE     3       0.556  -2.595  17.752  0.00  0.00               
ATOM     44  CG1 ILE     3      -2.684  -3.716  18.545  0.00  0.00               
ATOM     45 HG12 ILE     3      -3.608  -3.723  17.966  0.00  0.00               
ATOM     46 HG13 ILE     3      -2.759  -3.101  19.442  0.00  0.00               
ATOM     47  CD1 ILE     3      -2.304  -5.178  18.870  0.00  0.00               

ATOM     48 HD11 ILE     3      -1.501  -5.232  19.605  0.00  0.00               
ATOM     49 HD12 ILE     3      -3.195  -5.748  19.133  0.00  0.00               
ATOM     50 HD13 ILE     3      -2.002  -5.640  17.931  0.00  0.00               
ATOM     51  C   ILE     3      -2.794  -1.943  15.731  0.00  0.00               
ATOM     52  O   ILE     3      -3.989  -2.034  15.842  0.00  0.00               
ATOM     53  N   GLN     4      -2.045  -2.087  14.591  0.00  0.00               
ATOM     54  H   GLN     4      -1.044  -1.965  14.639  0.00  0.00               
ATOM     55  CA  GLN     4      -2.489  -2.816  13.437  0.00  0.00               
ATOM     56  HA  GLN     4      -3.523  -2.512  13.274  0.00  0.00               
ATOM     57  CB  GLN     4      -1.739  -2.336  12.204  0.00  0.00               
ATOM     58  HB2 GLN     4      -2.362  -2.566  11.339  0.00  0.00               
ATOM     59  HB3 GLN     4      -1.583  -1.257  12.217  0.00  0.00               
ATOM     60  CG  GLN     4      -0.420  -3.168  12.039  0.00  0.00               
ATOM     61  HG2 GLN     4       0.149  -3.020  12.956  0.00  0.00               
ATOM     62  HG3 GLN     4      -0.683  -4.226  12.024  0.00  0.00               
ATOM     63  CD  GLN     4       0.351  -2.716  10.777  0.00  0.00               
ATOM     64  OE1 GLN     4      -0.132  -2.062   9.834  0.00  0.00               
ATOM     65  NE2 GLN     4       1.585  -3.146  10.724  0.00  0.00               
ATOM     66 HE21 GLN     4       2.093  -2.852   9.901  0.00  0.00               
ATOM     67 HE22 GLN     4       2.058  -3.687  11.434  0.00  0.00               
ATOM     68  C   GLN     4      -2.569  -4.343  13.583  0.00  0.00               
ATOM     69  O   GLN     4      -1.811  -4.896  14.391  0.00  0.00               
ATOM     70  N   ASN     5      -3.416  -5.068  12.829  0.00  0.00               
ATOM     71  H   ASN     5      -3.846  -4.534  12.088  0.00  0.00               
ATOM     72  CA  ASN     5      -3.560  -6.487  12.873  0.00  0.00               
ATOM     73  HA  ASN     5      -4.448  -6.703  12.279  0.00  0.00               
ATOM     74  CB  ASN     5      -2.420  -7.208  11.991  0.00  0.00               
ATOM     75  HB2 ASN     5      -2.129  -6.552  11.171  0.00  0.00               
ATOM     76  HB3 ASN     5      -1.556  -7.259  12.653  0.00  0.00               
ATOM     77  CG  ASN     5      -2.813  -8.603  11.562  0.00  0.00               
ATOM     78  OD1 ASN     5      -3.928  -9.096  11.696  0.00  0.00               
ATOM     79  ND2 ASN     5      -1.881  -9.278  11.060  0.00  0.00               
ATOM     80 HD21 ASN     5      -2.110 -10.222  10.784  0.00  0.00               
ATOM     81 HD22 ASN     5      -0.956  -8.886  10.958  0.00  0.00               
ATOM     82  C   ASN     5      -3.902  -7.033  14.241  0.00  0.00               
ATOM     83  O   ASN     5      -3.335  -7.948  14.875  0.00  0.00               
ATOM     84  N   CYX     6      -4.899  -6.373  14.781  0.00  0.00               
ATOM     85  H   CYX     6      -5.310  -5.617  14.252  0.00  0.00               
ATOM     86  CA  CYX     6      -5.491  -6.660  16.071  0.00  0.00               
ATOM     87  HA  CYX     6      -4.685  -6.622  16.803  0.00  0.00               
ATOM     88  CB  CYX     6      -6.392  -5.477  16.416  0.00  0.00               
ATOM     89  HB2 CYX     6      -5.785  -4.582  16.274  0.00  0.00               
ATOM     90  HB3 CYX     6      -7.299  -5.404  15.816  0.00  0.00               
ATOM     91  SG  CYX     6      -6.943  -5.419  18.171  0.00  0.00               
ATOM     92  C   CYX     6      -6.299  -7.941  16.209  0.00  0.00               
ATOM     93  O   CYX     6      -6.956  -8.319  15.244  0.00  0.00               
ATOM     94  N   PRO     7      -6.087  -8.748  17.297  0.00  0.00               

ATOM     95  CD  PRO     7      -5.239  -8.662  18.511  0.00  0.00               
ATOM     96  HD2 PRO     7      -5.470  -7.765  19.086  0.00  0.00               
ATOM     97  HD3 PRO     7      -4.202  -8.551  18.195  0.00  0.00               
ATOM     98  CG  PRO     7      -5.439  -9.843  19.386  0.00  0.00               
ATOM     99  HG2 PRO     7      -5.947  -9.531  20.298  0.00  0.00               
ATOM    100  HG3 PRO     7      -4.472 -10.202  19.737  0.00  0.00               
ATOM    101  CB  PRO     7      -6.352 -10.761  18.648  0.00  0.00               
ATOM    102  HB2 PRO     7      -7.215 -11.049  19.248  0.00  0.00               
ATOM    103  HB3 PRO     7      -5.837 -11.628  18.234  0.00  0.00               
ATOM    104  CA  PRO     7      -6.872  -9.949  17.450  0.00  0.00               
ATOM    105  HA  PRO     7      -6.613 -10.406  16.495  0.00  0.00               
ATOM    106  C   PRO     7      -8.282  -9.536  17.554  0.00  0.00               
ATOM    107  O   PRO     7      -8.543  -8.532  18.206  0.00  0.00               
ATOM    108  N   LEU     8      -9.197 -10.325  16.984  0.00  0.00               
ATOM    109  H   LEU     8      -8.843 -10.987  16.309  0.00  0.00               
ATOM    110  CA  LEU     8     -10.627 -10.150  17.134  0.00  0.00               
ATOM    111  HA  LEU     8     -10.923  -9.133  17.389  0.00  0.00               
ATOM    112  CB  LEU     8     -11.359 -10.448  15.759  0.00  0.00               
ATOM    113  HB2 LEU     8     -12.437 -10.438  15.921  0.00  0.00               
ATOM    114  HB3 LEU     8     -11.091 -11.408  15.317  0.00  0.00               
ATOM    115  CG  LEU     8     -10.995  -9.359  14.678  0.00  0.00               
ATOM    116  HG  LEU     8      -9.930  -9.389  14.450  0.00  0.00               
ATOM    117  CD1 LEU     8     -11.850  -9.552  13.409  0.00  0.00               
ATOM    118 HD11 LEU     8     -11.384  -9.073  12.548  0.00  0.00               
ATOM    119 HD12 LEU     8     -11.814 -10.605  13.130  0.00  0.00               
ATOM    120 HD13 LEU     8     -12.924  -9.439  13.558  0.00  0.00               
ATOM    121  CD2 LEU     8     -11.381  -8.008  15.145  0.00  0.00               
ATOM    122 HD21 LEU     8     -11.460  -7.368  14.266  0.00  0.00               
ATOM    123 HD22 LEU     8     -12.320  -8.009  15.700  0.00  0.00               
ATOM    124 HD23 LEU     8     -10.639  -7.580  15.820  0.00  0.00               
ATOM    125  C   LEU     8     -11.170 -11.090  18.238  0.00  0.00               
ATOM    126  O   LEU     8     -10.729 -12.264  18.280  0.00  0.00               
ATOM    127  N   GLY     9     -12.147 -10.612  18.992  0.00  0.00               
ATOM    128  H   GLY     9     -12.493  -9.677  18.832  0.00  0.00               
ATOM    129  CA  GLY     9     -12.883 -11.417  19.926  0.00  0.00               
ATOM    130  HA2 GLY     9     -12.173 -12.124  20.354  0.00  0.00               
ATOM    131  HA3 GLY     9     -13.141 -10.846  20.818  0.00  0.00               
ATOM    132  C   GLY     9     -13.981 -12.235  19.305  0.00  0.00               
ATOM    133  O   GLY     9     -14.224 -12.269  18.100  0.00  0.00               
ATOM    134  N   NHE    10     -14.695 -12.969  20.161  0.00  0.00               
ATOM    135  HN1 NHE    10     -14.504 -12.831  21.144  0.00  0.00               
ATOM    136  HN2 NHE    10     -15.494 -13.458  19.782  0.00  0.00               
TER     137      NHE    10 
ATOM    138  Cl- Cl-    11     -14.487   0.304  -4.128  0.00  0.00               
TER     139      Cl-    11  
END 

OT, open (OPEN) 
OT_MD-II_15us_T16_23  
ATOM      1  N   CYX     1      -6.682  15.205 -17.325  0.00  0.00               
ATOM      2  H1  CYX     1      -6.473  15.211 -18.313  0.00  0.00               
ATOM      3  H2  CYX     1      -6.240  14.362 -16.984  0.00  0.00               
ATOM      4  H3  CYX     1      -6.250  16.006 -16.887  0.00  0.00               
ATOM      5  CA  CYX     1      -8.127  15.182 -16.973  0.00  0.00               
ATOM      6  HA  CYX     1      -8.773  15.319 -17.840  0.00  0.00               
ATOM      7  CB  CYX     1      -8.370  13.927 -16.157  0.00  0.00               
ATOM      8  HB2 CYX     1      -7.576  13.804 -15.420  0.00  0.00               
ATOM      9  HB3 CYX     1      -9.293  13.962 -15.578  0.00  0.00               
ATOM     10  SG  CYX     1      -8.413  12.426 -17.164  0.00  0.00               
ATOM     11  C   CYX     1      -8.367  16.295 -15.962  0.00  0.00               
ATOM     12  O   CYX     1      -7.669  16.353 -15.013  0.00  0.00               
ATOM     13  N   TYR     2      -9.596  16.851 -16.065  0.00  0.00               
ATOM     14  H   TYR     2     -10.150  16.601 -16.872  0.00  0.00               
ATOM     15  CA  TYR     2     -10.198  17.697 -15.001  0.00  0.00               
ATOM     16  HA  TYR     2      -9.491  17.905 -14.198  0.00  0.00               
ATOM     17  CB  TYR     2     -10.327  19.079 -15.587  0.00  0.00               

ATOM     48 HD11 ILE     3     -16.011  18.605 -15.021  0.00  0.00               
ATOM     49 HD12 ILE     3     -16.709  18.100 -13.517  0.00  0.00               
ATOM     50 HD13 ILE     3     -15.631  19.530 -13.539  0.00  0.00               
ATOM     51  C   ILE     3     -12.764  14.992 -12.616  0.00  0.00               
ATOM     52  O   ILE     3     -13.810  14.355 -12.345  0.00  0.00               
ATOM     53  N   GLN     4     -11.695  14.359 -13.069  0.00  0.00               
ATOM     54  H   GLN     4     -10.861  14.923 -13.152  0.00  0.00               
ATOM     55  CA  GLN     4     -11.515  12.907 -13.064  0.00  0.00               
ATOM     56  HA  GLN     4     -12.315  12.418 -12.508  0.00  0.00               
ATOM     57  CB  GLN     4     -11.661  12.381 -14.521  0.00  0.00               
ATOM     58  HB2 GLN     4     -11.013  12.947 -15.191  0.00  0.00               
ATOM     59  HB3 GLN     4     -11.422  11.322 -14.614  0.00  0.00               
ATOM     60  CG  GLN     4     -13.124  12.566 -15.021  0.00  0.00               
ATOM     61  HG2 GLN     4     -13.872  12.156 -14.342  0.00  0.00               
ATOM     62  HG3 GLN     4     -13.342  13.634 -15.057  0.00  0.00               
ATOM     63  CD  GLN     4     -13.296  12.096 -16.431  0.00  0.00               
ATOM     64  OE1 GLN     4     -13.358  12.867 -17.402  0.00  0.00               

ATOM     96  HD2 PRO     7      -5.697   7.899 -16.509  0.00  0.00               
ATOM     95  CD  PRO     7      -5.359   7.267 -15.688  0.00  0.00              
ATOM     97  HD3 PRO     7      -6.228   6.763 -15.264  0.00  0.00               
ATOM     98  CG  PRO     7      -4.279   6.313 -16.280  0.00  0.00               
ATOM     99  HG2 PRO     7      -3.869   6.728 -17.200  0.00  0.00               
ATOM    100  HG3 PRO     7      -4.707   5.347 -16.545  0.00  0.00               
ATOM    101  CB  PRO     7      -3.204   6.220 -15.224  0.00  0.00               
ATOM    102  HB2 PRO     7      -2.180   6.227 -15.597  0.00  0.00               
ATOM    103  HB3 PRO     7      -3.254   5.279 -14.677  0.00  0.00               
ATOM    104  CA  PRO     7      -3.352   7.420 -14.305  0.00  0.00               
ATOM    105  HA  PRO     7      -3.322   7.075 -13.272  0.00  0.00               
ATOM    106  C   PRO     7      -2.198   8.387 -14.507  0.00  0.00               
ATOM    107  O   PRO     7      -2.220   9.133 -15.467  0.00  0.00               
ATOM    108  N   LEU     8      -1.164   8.411 -13.649  0.00  0.00               
ATOM    109  H   LEU     8      -1.244   7.678 -12.959  0.00  0.00               
ATOM    110  CA  LEU     8       0.133   9.056 -13.703  0.00  0.00               
ATOM    111  HA  LEU     8      -0.085  10.045 -14.105  0.00  0.00               
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ATOM     18  HB2 TYR     2      -9.396  19.473 -15.994  0.00  0.00               
ATOM     19  HB3 TYR     2     -10.900  18.902 -16.497  0.00  0.00               
ATOM     20  CG  TYR     2     -11.039  20.108 -14.639  0.00  0.00               
ATOM     21  CD1 TYR     2     -12.327  20.559 -14.858  0.00  0.00               
ATOM     22  HD1 TYR     2     -12.909  20.130 -15.660  0.00  0.00               
ATOM     23  CE1 TYR     2     -12.958  21.452 -13.965  0.00  0.00               
ATOM     24  HE1 TYR     2     -13.953  21.834 -14.138  0.00  0.00               
ATOM     25  CZ  TYR     2     -12.125  22.034 -12.983  0.00  0.00               
ATOM     26  OH  TYR     2     -12.491  23.161 -12.359  0.00  0.00               
ATOM     27  HH  TYR     2     -13.333  23.524 -12.642  0.00  0.00               
ATOM     28  CE2 TYR     2     -10.857  21.597 -12.732  0.00  0.00               
ATOM     29  HE2 TYR     2     -10.257  22.119 -12.001  0.00  0.00               
ATOM     30  CD2 TYR     2     -10.305  20.650 -13.620  0.00  0.00               
ATOM     31  HD2 TYR     2      -9.294  20.319 -13.438  0.00  0.00               
ATOM     32  C   TYR     2     -11.449  17.014 -14.449  0.00  0.00               
ATOM     33  O   TYR     2     -12.196  16.304 -15.131  0.00  0.00               
ATOM     34  N   ILE     3     -11.622  17.201 -13.101  0.00  0.00               
ATOM     35  H   ILE     3     -11.008  17.877 -12.670  0.00  0.00               
ATOM     36  CA  ILE     3     -12.740  16.533 -12.356  0.00  0.00               
ATOM     37  HA  ILE     3     -12.470  16.612 -11.302  0.00  0.00               
ATOM     38  CB  ILE     3     -14.048  17.311 -12.391  0.00  0.00               
ATOM     39  HB  ILE     3     -14.878  16.747 -11.965  0.00  0.00               
ATOM     40  CG2 ILE     3     -13.846  18.521 -11.542  0.00  0.00               
ATOM     41 HG21 ILE     3     -14.866  18.874 -11.391  0.00  0.00               
ATOM     42 HG22 ILE     3     -13.408  18.225 -10.588  0.00  0.00               
ATOM     43 HG23 ILE     3     -13.269  19.304 -12.035  0.00  0.00               
ATOM     44  CG1 ILE     3     -14.563  17.636 -13.830  0.00  0.00               
ATOM     45 HG12 ILE     3     -13.830  18.259 -14.342  0.00  0.00               
ATOM     46 HG13 ILE     3     -14.790  16.751 -14.425  0.00  0.00               
ATOM     47  CD1 ILE     3     -15.810  18.537 -13.952  0.00  0.00               

ATOM     65  NE2 GLN     4     -13.346  10.797 -16.625  0.00  0.00               
ATOM     66 HE21 GLN     4     -13.408  10.192 -15.819  0.00  0.00               
ATOM     67 HE22 GLN     4     -13.461  10.458 -17.570  0.00  0.00               
ATOM     68  C   GLN     4     -10.127  12.501 -12.533  0.00  0.00               
ATOM     69  O   GLN     4      -9.125  13.056 -12.933  0.00  0.00               
ATOM     70  N   ASN     5     -10.159  11.403 -11.730  0.00  0.00               
ATOM     71  H   ASN     5     -11.061  11.063 -11.429  0.00  0.00               
ATOM     72  CA  ASN     5      -8.985  10.638 -11.357  0.00  0.00               
ATOM     73  HA  ASN     5      -8.167  11.324 -11.136  0.00  0.00               
ATOM     74  CB  ASN     5      -9.263   9.896 -10.112  0.00  0.00               
ATOM     75  HB2 ASN     5     -10.025  10.379  -9.501  0.00  0.00               
ATOM     76  HB3 ASN     5      -9.749   8.967 -10.413  0.00  0.00               
ATOM     77  CG  ASN     5      -8.074   9.601  -9.311  0.00  0.00               
ATOM     78  OD1 ASN     5      -7.001   9.811  -9.700  0.00  0.00               
ATOM     79  ND2 ASN     5      -8.182   8.953  -8.224  0.00  0.00               
ATOM     80 HD21 ASN     5      -7.364   8.674  -7.702  0.00  0.00               
ATOM     81 HD22 ASN     5      -9.053   8.741  -7.759  0.00  0.00               
ATOM     82  C   ASN     5      -8.442   9.830 -12.496  0.00  0.00               
ATOM     83  O   ASN     5      -9.176   8.975 -12.984  0.00  0.00               
ATOM     84  N   CYX     6      -7.234  10.040 -12.964  0.00  0.00               
ATOM     85  H   CYX     6      -6.614  10.669 -12.474  0.00  0.00               
ATOM     86  CA  CYX     6      -6.674   9.476 -14.207  0.00  0.00               
ATOM     87  HA  CYX     6      -7.223   8.612 -14.582  0.00  0.00               
ATOM     88  CB  CYX     6      -6.893  10.496 -15.290  0.00  0.00               
ATOM     89  HB2 CYX     6      -6.241  11.354 -15.129  0.00  0.00               
ATOM     90  HB3 CYX     6      -6.419  10.107 -16.191  0.00  0.00               
ATOM     91  SG  CYX     6      -8.610  10.995 -15.755  0.00  0.00               
ATOM     92  C   CYX     6      -5.225   9.004 -13.965  0.00  0.00               
ATOM     93  O   CYX     6      -4.603   9.659 -13.170  0.00  0.00               
ATOM     94  N   PRO     7      -4.719   7.955 -14.598  0.00  0.00               

ATOM    112  CB  LEU     8       0.818   9.134 -12.341  0.00  0.00               
ATOM    113  HB2 LEU     8       0.328   9.885 -11.722  0.00  0.00               
ATOM    114  HB3 LEU     8       0.633   8.141 -11.930  0.00  0.00               
ATOM    115  CG  LEU     8       2.314   9.352 -12.250  0.00  0.00               
ATOM    116  HG  LEU     8       2.779   8.546 -12.818  0.00  0.00               
ATOM    117  CD1 LEU     8       2.659  10.796 -12.627  0.00  0.00               
ATOM    118 HD11 LEU     8       3.696  11.026 -12.378  0.00  0.00               
ATOM    119 HD12 LEU     8       2.502  10.886 -13.702  0.00  0.00               
ATOM    120 HD13 LEU     8       2.151  11.504 -11.972  0.00  0.00               
ATOM    121  CD2 LEU     8       2.807   9.279 -10.847  0.00  0.00               
ATOM    122 HD21 LEU     8       3.895   9.222 -10.860  0.00  0.00               
ATOM    123 HD22 LEU     8       2.319  10.079 -10.291  0.00  0.00               
ATOM    124 HD23 LEU     8       2.522   8.400 -10.269  0.00  0.00               
ATOM    125  C   LEU     8       1.077   8.301 -14.690  0.00  0.00               
ATOM    126  O   LEU     8       1.345   7.109 -14.533  0.00  0.00               
ATOM    127  N   GLY     9       1.689   9.022 -15.646  0.00  0.00               
ATOM    128  H   GLY     9       1.462   9.999 -15.772  0.00  0.00               
ATOM    129  CA  GLY     9       2.665   8.442 -16.513  0.00  0.00               
ATOM    130  HA2 GLY     9       2.355   7.405 -16.634  0.00  0.00               
ATOM    131  HA3 GLY     9       2.786   8.884 -17.503  0.00  0.00               
ATOM    132  C   GLY     9       4.127   8.459 -15.984  0.00  0.00               
ATOM    133  O   GLY     9       4.447   9.198 -15.048  0.00  0.00               
ATOM    134  N   NHE    10       5.010   7.794 -16.760  0.00  0.00               
ATOM    135  HN1 NHE    10       4.672   7.179 -17.486  0.00  0.00               
ATOM    136  HN2 NHE    10       5.989   7.891 -16.532  0.00  0.00               
TER     137      NHE    10 
ATOM    138  Cl- Cl-    11       4.874 -10.098 -16.650  0.00  0.00               
TER     139      Cl-    11  
END 

OT, open23pbr (OPEN)  
OT_MD-I_15us_T16_17 
ATOM      1  N   CYX     1       0.266 -11.768   8.765  0.00  0.00               
ATOM      2  H1  CYX     1       1.030 -12.072   8.178  0.00  0.00               
ATOM      3  H2  CYX     1      -0.207 -10.909   8.526  0.00  0.00               
ATOM      4  H3  CYX     1      -0.563 -12.345   8.760  0.00  0.00               
ATOM      5  CA  CYX     1       0.835 -11.710  10.109  0.00  0.00               
ATOM      6  HA  CYX     1       0.016 -11.619  10.823  0.00  0.00               
ATOM      7  CB  CYX     1       1.573 -13.050  10.494  0.00  0.00               
ATOM      8  HB2 CYX     1       2.502 -13.145   9.933  0.00  0.00               
ATOM      9  HB3 CYX     1       1.914 -13.067  11.529  0.00  0.00               
ATOM     10  SG  CYX     1       0.662 -14.628  10.426  0.00  0.00               
ATOM     11  C   CYX     1       1.790 -10.558  10.235  0.00  0.00               
ATOM     12  O   CYX     1       2.943 -10.688   9.906  0.00  0.00               
ATOM     13  N   TYR     2       1.236  -9.445  10.755  0.00  0.00               
ATOM     14  H   TYR     2       0.303  -9.457  11.142  0.00  0.00               
ATOM     15  CA  TYR     2       1.926  -8.193  10.702  0.00  0.00               
ATOM     16  HA  TYR     2       2.529  -8.259   9.797  0.00  0.00               
ATOM     17  CB  TYR     2       0.911  -7.073  10.321  0.00  0.00               
ATOM     18  HB2 TYR     2       0.769  -7.006   9.243  0.00  0.00               
ATOM     19  HB3 TYR     2      -0.110  -7.379  10.548  0.00  0.00               
ATOM     20  CG  TYR     2       1.124  -5.650  10.900  0.00  0.00               
ATOM     21  CD1 TYR     2       2.268  -4.923  10.334  0.00  0.00               
ATOM     22  HD1 TYR     2       2.779  -5.379   9.498  0.00  0.00               
ATOM     23  CE1 TYR     2       2.603  -3.652  10.885  0.00  0.00               
ATOM     24  HE1 TYR     2       3.414  -3.049  10.504  0.00  0.00               
ATOM     25  CZ  TYR     2       1.941  -3.232  12.066  0.00  0.00               
ATOM     26  OH  TYR     2       2.236  -2.048  12.572  0.00  0.00               
ATOM     27  HH  TYR     2       3.019  -1.632  12.205  0.00  0.00               
ATOM     28  CE2 TYR     2       0.878  -3.985  12.628  0.00  0.00               
ATOM     29  HE2 TYR     2       0.377  -3.651  13.524  0.00  0.00               
ATOM     30  CD2 TYR     2       0.430  -5.185  12.023  0.00  0.00               
ATOM     31  HD2 TYR     2      -0.414  -5.738  12.408  0.00  0.00               
ATOM     32  C   TYR     2       2.813  -7.901  11.941  0.00  0.00               
ATOM     33  O   TYR     2       3.794  -7.234  11.761  0.00  0.00               
ATOM     34  N   ILE     3       2.394  -8.380  13.117  0.00  0.00               
ATOM     35  H   ILE     3       1.486  -8.820  13.055  0.00  0.00               
ATOM     36  CA  ILE     3       3.033  -8.333  14.438  0.00  0.00               
ATOM     37  HA  ILE     3       3.788  -7.550  14.503  0.00  0.00               
ATOM     38  CB  ILE     3       1.881  -8.024  15.457  0.00  0.00               
ATOM     39  HB  ILE     3       2.375  -7.850  16.412  0.00  0.00               
ATOM     40  CG2 ILE     3       1.067  -6.689  15.151  0.00  0.00               
ATOM     41 HG21 ILE     3       0.444  -6.771  14.261  0.00  0.00               
ATOM     42 HG22 ILE     3       0.264  -6.611  15.884  0.00  0.00               
ATOM     43 HG23 ILE     3       1.753  -5.867  15.356  0.00  0.00               
ATOM     44  CG1 ILE     3       0.946  -9.242  15.615  0.00  0.00               
ATOM     45 HG12 ILE     3       0.393  -9.446  14.697  0.00  0.00               
ATOM     46 HG13 ILE     3       1.410 -10.199  15.853  0.00  0.00               
ATOM     47  CD1 ILE     3      -0.245  -9.082  16.605  0.00  0.00               

ATOM     48 HD11 ILE     3       0.192  -9.083  17.604  0.00  0.00               
ATOM     49 HD12 ILE     3      -0.860  -8.205  16.404  0.00  0.00               
ATOM     50 HD13 ILE     3      -1.020  -9.836  16.472  0.00  0.00               
ATOM     51  C   ILE     3       3.773  -9.660  14.770  0.00  0.00               
ATOM     52  O   ILE     3       4.657  -9.760  15.644  0.00  0.00               
ATOM     53  N   GLN     4       3.542 -10.743  13.969  0.00  0.00               
ATOM     54  H   GLN     4       2.837 -10.781  13.247  0.00  0.00               
ATOM     55  CA  GLN     4       4.187 -12.030  14.211  0.00  0.00               
ATOM     56  HA  GLN     4       5.011 -11.877  14.908  0.00  0.00               
ATOM     57  CB  GLN     4       3.043 -12.719  15.033  0.00  0.00               
ATOM     58  HB2 GLN     4       3.527 -13.545  15.553  0.00  0.00               
ATOM     59  HB3 GLN     4       2.673 -12.033  15.795  0.00  0.00               
ATOM     60  CG  GLN     4       1.876 -13.329  14.220  0.00  0.00               
ATOM     61  HG2 GLN     4       2.212 -13.864  13.332  0.00  0.00               
ATOM     62  HG3 GLN     4       1.495 -14.157  14.817  0.00  0.00               
ATOM     63  CD  GLN     4       0.726 -12.355  13.852  0.00  0.00               
ATOM     64  OE1 GLN     4       0.903 -11.350  13.102  0.00  0.00               
ATOM     65  NE2 GLN     4      -0.459 -12.598  14.347  0.00  0.00               
ATOM     66 HE21 GLN     4      -1.137 -11.896  14.087  0.00  0.00               
ATOM     67 HE22 GLN     4      -0.750 -13.409  14.874  0.00  0.00               
ATOM     68  C   GLN     4       4.779 -12.763  12.979  0.00  0.00               
ATOM     69  O   GLN     4       4.379 -12.550  11.830  0.00  0.00               
ATOM     70  N   ASN     5       5.798 -13.637  13.175  0.00  0.00               
ATOM     71  H   ASN     5       6.205 -13.771  14.090  0.00  0.00               
ATOM     72  CA  ASN     5       6.449 -14.383  12.077  0.00  0.00               
ATOM     73  HA  ASN     5       6.534 -13.641  11.283  0.00  0.00               
ATOM     74  CB  ASN     5       7.832 -14.710  12.529  0.00  0.00               
ATOM     75  HB2 ASN     5       8.365 -13.806  12.826  0.00  0.00               
ATOM     76  HB3 ASN     5       7.789 -15.328  13.425  0.00  0.00               
ATOM     77  CG  ASN     5       8.691 -15.381  11.435  0.00  0.00               
ATOM     78  OD1 ASN     5       8.285 -15.612  10.285  0.00  0.00               
ATOM     79  ND2 ASN     5       9.890 -15.685  11.756  0.00  0.00               
ATOM     80 HD21 ASN     5      10.539 -16.090  11.097  0.00  0.00               
ATOM     81 HD22 ASN     5      10.173 -15.592  12.721  0.00  0.00               
ATOM     82  C   ASN     5       5.622 -15.531  11.553  0.00  0.00               
ATOM     83  O   ASN     5       5.421 -16.525  12.334  0.00  0.00               
ATOM     84  N   CYX     6       5.261 -15.467  10.308  0.00  0.00               
ATOM     85  H   CYX     6       5.409 -14.625   9.770  0.00  0.00               
ATOM     86  CA  CYX     6       4.493 -16.548   9.668  0.00  0.00               
ATOM     87  HA  CYX     6       4.341 -17.436  10.282  0.00  0.00               
ATOM     88  CB  CYX     6       3.014 -16.146   9.508  0.00  0.00               
ATOM     89  HB2 CYX     6       2.957 -15.208   8.955  0.00  0.00               
ATOM     90  HB3 CYX     6       2.520 -16.990   9.027  0.00  0.00               
ATOM     91  SG  CYX     6       2.112 -16.029  10.981  0.00  0.00               
ATOM     92  C   CYX     6       5.142 -17.021   8.314  0.00  0.00               
ATOM     93  O   CYX     6       5.478 -16.119   7.561  0.00  0.00               
ATOM     94  N   PRO     7       5.203 -18.363   7.966  0.00  0.00               

ATOM     95  CD  PRO     7       4.825 -19.497   8.782  0.00  0.00               
ATOM     96  HD2 PRO     7       3.739 -19.435   8.840  0.00  0.00               
ATOM     97  HD3 PRO     7       5.157 -19.318   9.805  0.00  0.00               
ATOM     98  CG  PRO     7       5.511 -20.739   8.176  0.00  0.00               
ATOM     99  HG2 PRO     7       4.884 -21.624   8.277  0.00  0.00               
ATOM    100  HG3 PRO     7       6.430 -20.973   8.714  0.00  0.00               
ATOM    101  CB  PRO     7       5.681 -20.391   6.719  0.00  0.00               
ATOM    102  HB2 PRO     7       4.901 -20.861   6.119  0.00  0.00               
ATOM    103  HB3 PRO     7       6.641 -20.791   6.393  0.00  0.00               
ATOM    104  CA  PRO     7       5.645 -18.898   6.670  0.00  0.00               
ATOM    105  HA  PRO     7       6.672 -18.563   6.519  0.00  0.00               
ATOM    106  C   PRO     7       4.745 -18.341   5.554  0.00  0.00               
ATOM    107  O   PRO     7       3.642 -18.030   5.849  0.00  0.00               
ATOM    108  N   LEU     8       5.220 -18.299   4.362  0.00  0.00               
ATOM    109  H   LEU     8       6.209 -18.467   4.246  0.00  0.00               
ATOM    110  CA  LEU     8       4.492 -17.852   3.170  0.00  0.00               
ATOM    111  HA  LEU     8       3.998 -16.918   3.438  0.00  0.00               
ATOM    112  CB  LEU     8       5.446 -17.525   2.027  0.00  0.00               
ATOM    113  HB2 LEU     8       6.146 -18.356   1.943  0.00  0.00               
ATOM    114  HB3 LEU     8       4.921 -17.595   1.074  0.00  0.00               
ATOM    115  CG  LEU     8       6.301 -16.213   2.048  0.00  0.00               
ATOM    116  HG  LEU     8       6.882 -16.150   2.968  0.00  0.00               
ATOM    117  CD1 LEU     8       7.223 -16.120   0.798  0.00  0.00               
ATOM    118 HD11 LEU     8       6.594 -16.101  -0.092  0.00  0.00               
ATOM    119 HD12 LEU     8       7.797 -15.198   0.889  0.00  0.00               
ATOM    120 HD13 LEU     8       7.917 -16.961   0.789  0.00  0.00               
ATOM    121  CD2 LEU     8       5.397 -14.949   2.110  0.00  0.00               
ATOM    122 HD21 LEU     8       6.052 -14.107   1.885  0.00  0.00               
ATOM    123 HD22 LEU     8       4.632 -15.089   1.347  0.00  0.00               
ATOM    124 HD23 LEU     8       4.905 -14.877   3.080  0.00  0.00               
ATOM    125  C   LEU     8       3.415 -18.916   2.781  0.00  0.00               
ATOM    126  O   LEU     8       3.751 -20.068   2.520  0.00  0.00               
ATOM    127  N   GLY     9       2.133 -18.452   2.558  0.00  0.00               
ATOM    128  H   GLY     9       1.994 -17.454   2.634  0.00  0.00               
ATOM    129  CA  GLY     9       1.125 -19.317   1.895  0.00  0.00               
ATOM    130  HA2 GLY     9       1.282 -20.378   2.090  0.00  0.00               
ATOM    131  HA3 GLY     9       0.129 -19.156   2.306  0.00  0.00               
ATOM    132  C   GLY     9       1.262 -19.235   0.387  0.00  0.00               
ATOM    133  O   GLY     9       2.173 -18.585  -0.182  0.00  0.00               
ATOM    134  N   NHE    10       0.420 -20.050  -0.252  0.00  0.00               
ATOM    135  HN1 NHE    10      -0.056 -20.801   0.228  0.00  0.00               
ATOM    136  HN2 NHE    10       0.686 -20.161  -1.220  0.00  0.00               
TER     137      NHE    10 
ATOM    138  Cl- Cl-    11       0.014  14.126  -6.961  0.00  0.00               
TER     139      Cl-    11  
END 

OT, open233-4pbr* (OPEN)  
OT_MD-III_10us_T16_3 
ATOM      1  N   CYX     1      13.757  -0.647 -12.196  0.00  0.00               
ATOM      2  H1  CYX     1      14.738  -0.885 -12.163  0.00  0.00               
ATOM      3  H2  CYX     1      13.680   0.352 -12.318  0.00  0.00               
ATOM      4  H3  CYX     1      13.256  -1.126 -12.931  0.00  0.00               
ATOM      5  CA  CYX     1      13.205  -0.860 -10.844  0.00  0.00               
ATOM      6  HA  CYX     1      13.704  -0.064 -10.291  0.00  0.00               
ATOM      7  CB  CYX     1      11.669  -0.738 -10.961  0.00  0.00               
ATOM      8  HB2 CYX     1      11.281  -1.320 -11.798  0.00  0.00               
ATOM      9  HB3 CYX     1      11.127  -1.118 -10.095  0.00  0.00               

ATOM     48 HD11 ILE     3      12.761  -2.034  -2.252  0.00  0.00               
ATOM     49 HD12 ILE     3      12.256  -0.369  -2.678  0.00  0.00               
ATOM     50 HD13 ILE     3      11.071  -1.646  -2.555  0.00  0.00               
ATOM     51  C   ILE     3      10.399  -2.422  -6.743  0.00  0.00               
ATOM     52  O   ILE     3      10.639  -1.297  -7.224  0.00  0.00               
ATOM     53  N   GLN     4       9.194  -2.872  -6.445  0.00  0.00               
ATOM     54  H   GLN     4       9.156  -3.840  -6.160  0.00  0.00               
ATOM     55  CA  GLN     4       7.896  -2.315  -6.865  0.00  0.00               
ATOM     56  HA  GLN     4       7.205  -2.963  -6.326  0.00  0.00               

ATOM     95  CD  PRO     7       6.505   1.368 -15.184  0.00  0.00               
ATOM     96  HD2 PRO     7       7.490   1.818 -15.061  0.00  0.00               
ATOM     97  HD3 PRO     7       5.900   1.678 -14.332  0.00  0.00               
ATOM     98  CG  PRO     7       5.867   1.842 -16.488  0.00  0.00               
ATOM     99  HG2 PRO     7       6.636   2.231 -17.156  0.00  0.00               
ATOM    100  HG3 PRO     7       5.257   2.732 -16.330  0.00  0.00               
ATOM    101  CB  PRO     7       5.213   0.714 -17.173  0.00  0.00               
ATOM    102  HB2 PRO     7       5.436   0.730 -18.240  0.00  0.00               
ATOM    103  HB3 PRO     7       4.128   0.770 -17.082  0.00  0.00               
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ATOM     10  SG  CYX     1      11.026   0.804 -11.485  0.00  0.00               
ATOM     11  C   CYX     1      13.592  -2.220 -10.423  0.00  0.00               
ATOM     12  O   CYX     1      13.221  -3.129 -11.044  0.00  0.00               
ATOM     13  N   TYR     2      14.202  -2.420  -9.205  0.00  0.00               
ATOM     14  H   TYR     2      14.419  -1.650  -8.589  0.00  0.00               
ATOM     15  CA  TYR     2      14.638  -3.746  -8.722  0.00  0.00               
ATOM     16  HA  TYR     2      14.540  -4.486  -9.515  0.00  0.00               
ATOM     17  CB  TYR     2      16.101  -3.827  -8.331  0.00  0.00               
ATOM     18  HB2 TYR     2      16.389  -4.822  -7.991  0.00  0.00               
ATOM     19  HB3 TYR     2      16.661  -3.486  -9.202  0.00  0.00               
ATOM     20  CG  TYR     2      16.430  -2.850  -7.148  0.00  0.00               
ATOM     21  CD1 TYR     2      16.337  -3.336  -5.839  0.00  0.00               
ATOM     22  HD1 TYR     2      15.964  -4.331  -5.646  0.00  0.00               
ATOM     23  CE1 TYR     2      16.428  -2.456  -4.739  0.00  0.00               
ATOM     24  HE1 TYR     2      16.206  -2.801  -3.740  0.00  0.00               
ATOM     25  CZ  TYR     2      16.744  -1.087  -4.946  0.00  0.00               
ATOM     26  OH  TYR     2      16.856  -0.266  -3.825  0.00  0.00               
ATOM     27  HH  TYR     2      16.628  -0.760  -3.033  0.00  0.00               
ATOM     28  CE2 TYR     2      16.988  -0.601  -6.287  0.00  0.00               
ATOM     29  HE2 TYR     2      17.230   0.432  -6.490  0.00  0.00               
ATOM     30  CD2 TYR     2      16.701  -1.479  -7.378  0.00  0.00               
ATOM     31  HD2 TYR     2      16.607  -1.044  -8.362  0.00  0.00               
ATOM     32  C   TYR     2      13.631  -4.158  -7.616  0.00  0.00               
ATOM     33  O   TYR     2      13.619  -5.274  -7.149  0.00  0.00               
ATOM     34  N   ILE     3      12.728  -3.288  -7.134  0.00  0.00               
ATOM     35  H   ILE     3      12.701  -2.375  -7.565  0.00  0.00               
ATOM     36  CA  ILE     3      11.521  -3.401  -6.297  0.00  0.00               
ATOM     37  HA  ILE     3      11.124  -4.405  -6.445  0.00  0.00               
ATOM     38  CB  ILE     3      11.835  -3.240  -4.775  0.00  0.00               
ATOM     39  HB  ILE     3      10.943  -3.436  -4.179  0.00  0.00               
ATOM     40  CG2 ILE     3      13.004  -4.023  -4.297  0.00  0.00               
ATOM     41 HG21 ILE     3      13.944  -3.762  -4.784  0.00  0.00               
ATOM     42 HG22 ILE     3      13.018  -4.127  -3.212  0.00  0.00               
ATOM     43 HG23 ILE     3      12.805  -5.044  -4.623  0.00  0.00               
ATOM     44  CG1 ILE     3      12.095  -1.760  -4.366  0.00  0.00               
ATOM     45 HG12 ILE     3      11.395  -1.094  -4.870  0.00  0.00               
ATOM     46 HG13 ILE     3      13.049  -1.513  -4.834  0.00  0.00               
ATOM     47  CD1 ILE     3      12.093  -1.430  -2.866  0.00  0.00               

ATOM     57  CB  GLN     4       7.782  -0.859  -6.273  0.00  0.00               
ATOM     58  HB 2 GLN     4       8.430  -0.149  -6.787  0.00  0.00               
ATOM     59  HB3 GLN     4       6.790  -0.467  -6.498  0.00  0.00               
ATOM     60  CG  GLN     4       8.055  -0.772  -4.739  0.00  0.00               
ATOM     61  HG2 GLN     4       7.662  -1.616  -4.171  0.00  0.00               
ATOM     62  HG3 GLN     4       9.108  -0.837  -4.468  0.00  0.00               
ATOM     63  CD  GLN     4       7.522   0.488  -4.102  0.00  0.00               
ATOM     64  OE1 GLN     4       7.069   1.373  -4.791  0.00  0.00               
ATOM     65  NE2 GLN     4       7.680   0.776  -2.819  0.00  0.00               
ATOM     66 HE21 GLN     4       7.145   1.571  -2.499  0.00  0.00               
ATOM     67 HE22 GLN     4       8.356   0.304  -2.236  0.00  0.00               
ATOM     68  C   GLN     4       7.539  -2.410  -8.378  0.00  0.00               
ATOM     69  O   GLN     4       8.370  -2.457  -9.222  0.00  0.00               
ATOM     70  N   ASN     5       6.228  -2.396  -8.624  0.00  0.00               
ATOM     71  H   ASN     5       5.555  -2.470  -7.874  0.00  0.00               
ATOM     72  CA  ASN     5       5.737  -2.543  -9.981  0.00  0.00               
ATOM     73  HA  ASN     5       6.225  -3.387 -10.469  0.00  0.00               
ATOM     74  CB  ASN     5       4.260  -2.882  -9.933  0.00  0.00               
ATOM     75  HB2 ASN     5       4.018  -3.779  -9.362  0.00  0.00               
ATOM     76  HB3 ASN     5       3.647  -2.133  -9.431  0.00  0.00               
ATOM     77  CG  ASN     5       3.627  -3.208 -11.277  0.00  0.00               
ATOM     78  OD1 ASN     5       4.231  -3.964 -12.086  0.00  0.00               
ATOM     79  ND2 ASN     5       2.468  -2.772 -11.650  0.00  0.00               
ATOM     80 HD21 ASN     5       1.964  -3.120 -12.454  0.00  0.00               
ATOM     81 HD22 ASN     5       1.925  -2.242 -10.984  0.00  0.00               
ATOM     82  C   ASN     5       6.041  -1.281 -10.817  0.00  0.00               
ATOM     83  O   ASN     5       5.427  -0.203 -10.587  0.00  0.00               
ATOM     84  N   CYX     6       6.725  -1.456 -11.929  0.00  0.00               
ATOM     85  H   CYX     6       7.055  -2.399 -12.073  0.00  0.00               
ATOM     86  CA  CYX     6       7.047  -0.453 -12.895  0.00  0.00               
ATOM     87  HA  CYX     6       6.521   0.482 -12.703  0.00  0.00               
ATOM     88  CB  CYX     6       8.531  -0.212 -12.836  0.00  0.00               
ATOM     89  HB2 CYX     6       9.101  -1.124 -13.013  0.00  0.00               
ATOM     90  HB3 CYX     6       8.857   0.547 -13.547  0.00  0.00               
ATOM     91  SG  CYX     6       9.034   0.431 -11.216  0.00  0.00               
ATOM     92  C   CYX     6       6.749  -1.001 -14.354  0.00  0.00               
ATOM     93  O   CYX     6       6.807  -2.158 -14.634  0.00  0.00               
ATOM     94  N   PRO     7       6.397  -0.088 -15.279  0.00  0.00               

ATOM    104  CA  PRO     7       5.804  -0.523 -16.567  0.00  0.00               
ATOM    105  HA  PRO     7       4.939  -1.171 -16.426  0.00  0.00               
ATOM    106  C   PRO     7       6.802  -1.164 -17.552  0.00  0.00               
ATOM    107  O   PRO     7       8.049  -1.012 -17.413  0.00  0.00               
ATOM    108  N   LEU     8       6.318  -1.866 -18.584  0.00  0.00               
ATOM    109  H   LEU     8       5.321  -2.016 -18.636  0.00  0.00               
ATOM    110  CA  LEU     8       6.997  -2.164 -19.867  0.00  0.00               
ATOM    111  HA  LEU     8       8.071  -2.099 -19.692  0.00  0.00               
ATOM    112  CB  LEU     8       6.630  -3.568 -20.292  0.00  0.00               
ATOM    113  HB2 LEU     8       5.573  -3.471 -20.538  0.00  0.00               
ATOM    114  HB3 LEU     8       6.696  -4.277 -19.467  0.00  0.00               
ATOM    115  CG  LEU     8       7.340  -4.112 -21.523  0.00  0.00               
ATOM    116  HG  LEU     8       7.342  -3.350 -22.301  0.00  0.00               
ATOM    117  CD1 LEU     8       8.791  -4.531 -21.331  0.00  0.00               
ATOM    118 HD11 LEU     8       9.437  -3.653 -21.338  0.00  0.00               
ATOM    119 HD12 LEU     8       8.960  -5.061 -20.394  0.00  0.00               
ATOM    120 HD13 LEU     8       8.994  -5.200 -22.166  0.00  0.00               
ATOM    121  CD2 LEU     8       6.490  -5.371 -21.977  0.00  0.00               
ATOM    122 HD21 LEU     8       5.475  -4.981 -22.064  0.00  0.00               
ATOM    123 HD22 LEU     8       6.877  -5.941 -22.821  0.00  0.00               
ATOM    124 HD23 LEU     8       6.469  -6.165 -21.231  0.00  0.00               
ATOM    125  C   LEU     8       6.673  -1.132 -20.976  0.00  0.00               
ATOM    126  O   LEU     8       5.548  -1.239 -21.524  0.00  0.00               
ATOM    127  N   GLY     9       7.628  -0.247 -21.252  0.00  0.00               
ATOM    128  H   GLY     9       8.532  -0.538 -20.906  0.00  0.00               
ATOM    129  CA  GLY     9       7.523   0.835 -22.116  0.00  0.00               
ATOM    130  HA2 GLY     9       8.428   0.971 -22.708  0.00  0.00               
ATOM    131  HA3 GLY     9       6.659   0.735 -22.773  0.00  0.00               
ATOM    132  C   GLY     9       7.281   2.135 -21.465  0.00  0.00               
ATOM    133  O   GLY     9       6.911   2.202 -20.217  0.00  0.00               
ATOM    134  N   NHE    10       7.402   3.246 -22.190  0.00  0.00               
ATOM    135  HN1 NHE    10       7.742   3.253 -23.141  0.00  0.00               
ATOM    136  HN2 NHE    10       7.223   4.112 -21.701  0.00  0.00               
TER     137      NHE    10 
ATOM    138  Cl- Cl-    11      13.962   2.310   8.046  0.00  0.00               
TER     139      Cl-    11  
END 

OT, intermediate saddle* (OPEN/FOLDED)  
OT_MD-II_15us_T16_9 
ATOM      1  N   CYX     1       5.069 -17.547 -11.905  0.00  0.00               
ATOM      2  H1  CYX     1       4.967 -17.074 -11.018  0.00  0.00               
ATOM      3  H2  CYX     1       4.905 -18.542 -11.846  0.00  0.00               
ATOM      4  H3  CYX     1       4.479 -17.033 -12.543  0.00  0.00               
ATOM      5  CA  CYX     1       6.428 -17.425 -12.449  0.00  0.00               
ATOM      6  HA  CYX     1       6.526 -17.834 -13.454  0.00  0.00               
ATOM      7  CB  CYX     1       6.800 -15.994 -12.805  0.00  0.00               
ATOM      8  HB2 CYX     1       7.532 -16.076 -13.609  0.00  0.00               
ATOM      9  HB3 CYX     1       6.000 -15.480 -13.337  0.00  0.00               
ATOM     10  SG  CYX     1       7.298 -14.859 -11.422  0.00  0.00               
ATOM     11  C   CYX     1       7.374 -18.174 -11.616  0.00  0.00               
ATOM     12  O   CYX     1       7.042 -18.546 -10.495  0.00  0.00               
ATOM     13  N   TYR     2       8.621 -18.431 -12.062  0.00  0.00               
ATOM     14  H   TYR     2       8.845 -18.166 -13.011  0.00  0.00               
ATOM     15  CA  TYR     2       9.619 -19.068 -11.115  0.00  0.00               
ATOM     16  HA  TYR     2       9.250 -19.925 -10.551  0.00  0.00               
ATOM     17  CB  TYR     2      10.740 -19.565 -12.029  0.00  0.00               
ATOM     18  HB2 TYR     2      10.374 -20.229 -12.813  0.00  0.00               
ATOM     19  HB3 TYR     2      11.297 -18.757 -12.503  0.00  0.00               
ATOM     20  CG  TYR     2      11.810 -20.341 -11.261  0.00  0.00               
ATOM     21  CD1 TYR     2      13.143 -19.821 -11.106  0.00  0.00               
ATOM     22  HD1 TYR     2      13.328 -18.931 -11.689  0.00  0.00               
ATOM     23  CE1 TYR     2      14.044 -20.428 -10.231  0.00  0.00               
ATOM     24  HE1 TYR     2      15.024 -20.017 -10.042  0.00  0.00               
ATOM     25  CZ  TYR     2      13.708 -21.623  -9.607  0.00  0.00               
ATOM     26  OH  TYR     2      14.627 -22.056  -8.651  0.00  0.00               
ATOM     27  HH  TYR     2      14.273 -22.825  -8.197  0.00  0.00               
ATOM     28  CE2 TYR     2      12.522 -22.206  -9.889  0.00  0.00               
ATOM     29  HE2 TYR     2      12.176 -23.023  -9.273  0.00  0.00               
ATOM     30  CD2 TYR     2      11.519 -21.607 -10.645  0.00  0.00               
ATOM     31  HD2 TYR     2      10.532 -22.026 -10.776  0.00  0.00               
ATOM     32  C   TYR     2      10.195 -18.150 -10.047  0.00  0.00               
ATOM     33  O   TYR     2      10.058 -16.937 -10.089  0.00  0.00               
ATOM     34  N   ILE     3      10.597 -18.690  -8.938  0.00  0.00               
ATOM     35  H   ILE     3      10.649 -19.694  -8.844  0.00  0.00               
ATOM     36  CA  ILE     3      10.891 -18.042  -7.695  0.00  0.00               
ATOM     37  HA  ILE     3      10.037 -17.394  -7.495  0.00  0.00               
ATOM     38  CB  ILE     3      10.883 -19.141  -6.522  0.00  0.00               
ATOM     39  HB  ILE     3      11.087 -18.605  -5.595  0.00  0.00               
ATOM     40  CG2 ILE     3       9.475 -19.723  -6.348  0.00  0.00               
ATOM     41 HG21 ILE     3       9.190 -20.265  -7.249  0.00  0.00               
ATOM     42 HG22 ILE     3       9.442 -20.441  -5.529  0.00  0.00               
ATOM     43 HG23 ILE     3       8.736 -18.931  -6.227  0.00  0.00               
ATOM     44  CG1 ILE     3      11.862 -20.315  -6.669  0.00  0.00               
ATOM     45 HG12 ILE     3      11.519 -20.894  -7.526  0.00  0.00               
ATOM     46 HG13 ILE     3      12.842 -19.920  -6.936  0.00  0.00               
ATOM     47  CD1 ILE     3      12.012 -21.312  -5.540  0.00  0.00               

ATOM     48 HD11 ILE     3      12.686 -22.139  -5.761  0.00  0.00               
ATOM     49 HD12 ILE     3      12.479 -20.733  -4.743  0.00  0.00               
ATOM     50 HD13 ILE     3      11.027 -21.636  -5.202  0.00  0.00               
ATOM     51  C   ILE     3      12.208 -17.214  -7.705  0.00  0.00               
ATOM     52  O   ILE     3      12.417 -16.344  -6.846  0.00  0.00               
ATOM     53  N   GLN     4      12.963 -17.309  -8.796  0.00  0.00               
ATOM     54  H   GLN     4      12.609 -17.958  -9.485  0.00  0.00               
ATOM     55  CA  GLN     4      14.116 -16.429  -9.082  0.00  0.00               
ATOM     56  HA  GLN     4      14.002 -15.561  -8.432  0.00  0.00               
ATOM     57  CB  GLN     4      15.508 -17.159  -8.858  0.00  0.00               
ATOM     58  HB2 GLN     4      15.643 -17.919  -9.628  0.00  0.00               
ATOM     59  HB3 GLN     4      16.368 -16.495  -8.946  0.00  0.00               
ATOM     60  CG  GLN     4      15.612 -17.916  -7.549  0.00  0.00               
ATOM     61  HG2 GLN     4      14.754 -18.563  -7.368  0.00  0.00               
ATOM     62  HG3 GLN     4      16.547 -18.474  -7.605  0.00  0.00               
ATOM     63  CD  GLN     4      15.669 -17.021  -6.304  0.00  0.00               
ATOM     64  OE1 GLN     4      15.523 -15.797  -6.404  0.00  0.00               
ATOM     65  NE2 GLN     4      16.210 -17.506  -5.262  0.00  0.00               
ATOM     66 HE21 GLN     4      16.309 -18.495  -5.083  0.00  0.00               
ATOM     67 HE22 GLN     4      16.328 -16.852  -4.502  0.00  0.00               
ATOM     68  C   GLN     4      14.172 -15.829 -10.487  0.00  0.00               
ATOM     69  O   GLN     4      13.634 -16.499 -11.404  0.00  0.00               
ATOM     70  N   ASN     5      14.793 -14.667 -10.692  0.00  0.00               
ATOM     71  H   ASN     5      15.112 -14.163  -9.877  0.00  0.00               
ATOM     72  CA  ASN     5      14.964 -13.937 -12.005  0.00  0.00               
ATOM     73  HA  ASN     5      15.238 -12.936 -11.671  0.00  0.00               
ATOM     74  CB  ASN     5      16.168 -14.567 -12.787  0.00  0.00               
ATOM     75  HB2 ASN     5      16.951 -14.779 -12.059  0.00  0.00               
ATOM     76  HB3 ASN     5      15.874 -15.518 -13.232  0.00  0.00               
ATOM     77  CG  ASN     5      16.818 -13.505 -13.742  0.00  0.00               
ATOM     78  OD1 ASN     5      17.317 -12.523 -13.252  0.00  0.00               
ATOM     79  ND2 ASN     5      16.767 -13.617 -15.021  0.00  0.00               
ATOM     80 HD21 ASN     5      17.070 -12.846 -15.599  0.00  0.00               
ATOM     81 HD22 ASN     5      16.237 -14.375 -15.427  0.00  0.00               
ATOM     82  C   ASN     5      13.634 -13.729 -12.852  0.00  0.00               
ATOM     83  O   ASN     5      13.785 -13.595 -14.086  0.00  0.00               
ATOM     84  N   CYX     6      12.454 -13.570 -12.244  0.00  0.00               
ATOM     85  H   CYX     6      12.397 -13.860 -11.279  0.00  0.00               
ATOM     86  CA  CYX     6      11.148 -13.177 -12.791  0.00  0.00               
ATOM     87  HA  CYX     6      11.185 -13.318 -13.871  0.00  0.00               
ATOM     88  CB  CYX     6      10.087 -14.141 -12.280  0.00  0.00               
ATOM     89  HB2 CYX     6      10.178 -15.062 -12.856  0.00  0.00               
ATOM     90  HB3 CYX     6      10.298 -14.492 -11.270  0.00  0.00               
ATOM     91  SG  CYX     6       8.414 -13.524 -12.319  0.00  0.00               
ATOM     92  C   CYX     6      10.803 -11.737 -12.428  0.00  0.00               
ATOM     93  O   CYX     6      11.155 -11.346 -11.333  0.00  0.00               
ATOM     94  N   PRO     7      10.156 -10.887 -13.288  0.00  0.00               

ATOM     95  CD  PRO     7       9.897 -11.294 -14.664  0.00  0.00               
ATOM     96  HD2 PRO     7       8.923 -11.775 -14.759  0.00  0.00               
ATOM     97  HD3 PRO     7      10.732 -11.832 -15.114  0.00  0.00               
ATOM     98  CG  PRO     7       9.856 -10.008 -15.459  0.00  0.00               
ATOM     99  HG2 PRO     7       9.129 -10.072 -16.268  0.00  0.00               
ATOM    100  HG3 PRO     7      10.804  -9.787 -15.949  0.00  0.00               
ATOM    101  CB  PRO     7       9.508  -8.931 -14.398  0.00  0.00               
ATOM    102  HB2 PRO     7       8.427  -8.884 -14.268  0.00  0.00               
ATOM    103  HB3 PRO     7       9.809  -7.939 -14.736  0.00  0.00               
ATOM    104  CA  PRO     7      10.131  -9.438 -13.124  0.00  0.00               
ATOM    105  HA  PRO     7      11.135  -9.032 -13.001  0.00  0.00               
ATOM    106  C   PRO     7       9.283  -9.123 -11.898  0.00  0.00               
ATOM    107  O   PRO     7       8.299  -9.745 -11.527  0.00  0.00               
ATOM    108  N   LEU     8       9.724  -8.040 -11.188  0.00  0.00               
ATOM    109  H   LEU     8      10.584  -7.568 -11.430  0.00  0.00               
ATOM    110  CA  LEU     8       9.120  -7.713  -9.869  0.00  0.00               
ATOM    111  HA  LEU     8       8.512  -8.542  -9.506  0.00  0.00               
ATOM    112  CB  LEU     8      10.233  -7.466  -8.827  0.00  0.00               
ATOM    113  HB2 LEU     8      10.925  -6.677  -9.119  0.00  0.00               
ATOM    114  HB3 LEU     8       9.652  -7.105  -7.978  0.00  0.00               
ATOM    115  CG  LEU     8      11.024  -8.782  -8.480  0.00  0.00               
ATOM    116  HG  LEU     8      11.780  -9.044  -9.220  0.00  0.00               
ATOM    117  CD1 LEU     8      11.680  -8.649  -7.069  0.00  0.00               
ATOM    118 HD11 LEU     8      10.865  -8.319  -6.425  0.00  0.00               
ATOM    119 HD12 LEU     8      12.236  -9.540  -6.778  0.00  0.00               
ATOM    120 HD13 LEU     8      12.428  -7.856  -7.056  0.00  0.00               
ATOM    121  CD2 LEU     8      10.092  -9.998  -8.316  0.00  0.00               
ATOM    122 HD21 LEU     8      10.638 -10.753  -7.750  0.00  0.00               
ATOM    123 HD22 LEU     8       9.271  -9.709  -7.660  0.00  0.00               
ATOM    124 HD23 LEU     8       9.819 -10.386  -9.297  0.00  0.00               
ATOM    125  C   LEU     8       8.202  -6.431  -9.977  0.00  0.00               
ATOM    126  O   LEU     8       8.540  -5.591 -10.778  0.00  0.00               
ATOM    127  N   GLY     9       7.104  -6.463  -9.316  0.00  0.00               
ATOM    128  H   GLY     9       6.882  -7.358  -8.904  0.00  0.00               
ATOM    129  CA  GLY     9       6.007  -5.590  -9.596  0.00  0.00               
ATOM    130  HA2 GLY     9       5.408  -5.429  -8.700  0.00  0.00               
ATOM    131  HA3 GLY     9       6.292  -4.599  -9.948  0.00  0.00               
ATOM    132  C   GLY     9       5.009  -6.070 -10.639  0.00  0.00               
ATOM    133  O   GLY     9       4.517  -7.192 -10.657  0.00  0.00               
ATOM    134  N   NHE    10       4.617  -5.238 -11.624  0.00  0.00               
ATOM    135  HN1 NHE    10       5.022  -4.313 -11.618  0.00  0.00               
ATOM    136  HN2 NHE    10       4.060  -5.530 -12.415  0.00  0.00               
TER     137      NHE    10 
ATOM    138  Cl- Cl-    11      -9.180  -2.592   6.191  0.00  0.00               
TER     139      Cl-    11  
END 

dOT, twisted saddle (FOLDED) 
dOT_MD_3us_T16_4 
ATOM      1  H1  CYE     1      -9.094   0.925  15.600  0.00  0.00               ATOM     46 HD12 ILE     3     -12.981   7.149   7.916  0.00  0.00               ATOM     91  N   PRO     7     -13.680  -4.064  14.444  0.00  0.00               
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ATOM      2  CA  CYE     1      -9.506   0.444  14.713  0.00  0.00               
ATOM      3  HA  CYE     1      -8.849  -0.394  14.481  0.00  0.00               
ATOM      4  CB  CYE     1     -10.803  -0.250  15.162  0.00  0.00               
ATOM      5  HB2 CYE     1     -11.081  -0.865  14.306  0.00  0.00               
ATOM      6  HB3 CYE     1     -10.588  -0.814  16.070  0.00  0.00               
ATOM      7  SG  CYE     1     -12.205   0.826  15.299  0.00  0.00               
ATOM      8  C   CYE     1      -9.698   1.450  13.591  0.00  0.00               
ATOM      9  O   CYE     1      -9.936   2.668  13.849  0.00  0.00               
ATOM     10  N   TYR     2      -9.544   1.021  12.367  0.00  0.00               
ATOM     11  H   TYR     2      -9.369   0.038  12.215  0.00  0.00               
ATOM     12  CA  TYR     2      -9.762   1.885  11.241  0.00  0.00               
ATOM     13  HA  TYR     2      -9.486   2.845  11.677  0.00  0.00               
ATOM     14  CB  TYR     2      -8.725   1.554  10.181  0.00  0.00               
ATOM     15  HB2 TYR     2      -7.713   1.517  10.585  0.00  0.00               
ATOM     16  HB3 TYR     2      -8.992   0.687   9.578  0.00  0.00               
ATOM     17  CG  TYR     2      -8.551   2.766   9.266  0.00  0.00               
ATOM     18  CD1 TYR     2      -8.162   4.017   9.818  0.00  0.00               
ATOM     19  HD1 TYR     2      -7.966   4.090  10.877  0.00  0.00               
ATOM     20  CE1 TYR     2      -8.072   5.172   8.984  0.00  0.00               
ATOM     21  HE1 TYR     2      -7.811   6.124   9.423  0.00  0.00               
ATOM     22  CZ  TYR     2      -8.300   5.009   7.635  0.00  0.00               
ATOM     23  OH  TYR     2      -8.351   6.092   6.869  0.00  0.00               
ATOM     24  HH  TYR     2      -8.448   6.857   7.441  0.00  0.00               
ATOM     25  CE2 TYR     2      -8.628   3.740   7.130  0.00  0.00               
ATOM     26  HE2 TYR     2      -8.872   3.615   6.086  0.00  0.00               
ATOM     27  CD2 TYR     2      -8.725   2.611   7.946  0.00  0.00               
ATOM     28  HD2 TYR     2      -8.937   1.637   7.529  0.00  0.00               
ATOM     29  C   TYR     2     -11.278   1.833  10.867  0.00  0.00               
ATOM     30  O   TYR     2     -12.056   0.924  11.143  0.00  0.00               
ATOM     31  N   ILE     3     -11.670   2.903  10.114  0.00  0.00               
ATOM     32  H   ILE     3     -10.968   3.563   9.811  0.00  0.00               
ATOM     33  CA  ILE     3     -12.973   2.954   9.429  0.00  0.00               
ATOM     34  HA  ILE     3     -13.697   2.700  10.203  0.00  0.00               
ATOM     35  CB  ILE     3     -13.421   4.352   8.853  0.00  0.00               
ATOM     36  HB  ILE     3     -14.076   4.187   7.997  0.00  0.00               
ATOM     37  CG2 ILE     3     -14.202   5.141   9.993  0.00  0.00               
ATOM     38 HG21 ILE     3     -14.576   6.032   9.489  0.00  0.00               
ATOM     39 HG22 ILE     3     -15.072   4.539  10.257  0.00  0.00               
ATOM     40 HG23 ILE     3     -13.470   5.361  10.769  0.00  0.00               
ATOM     41  CG1 ILE     3     -12.215   5.127   8.309  0.00  0.00               
ATOM     42 HG12 ILE     3     -11.460   5.347   9.064  0.00  0.00               
ATOM     43 HG13 ILE     3     -11.631   4.450   7.686  0.00  0.00               
ATOM     44  CD1 ILE     3     -12.572   6.311   7.350  0.00  0.00               
 ATOM     45 HD11 ILE     3     -13.386   6.051   6.674  0.00  0.00               

ATOM     47 HD13 ILE     3     -11.747   6.581   6.691  0.00  0.00               
ATOM     48  C   ILE     3     -13.113   1.902   8.413  0.00  0.00               
ATOM     49  O   ILE     3     -12.148   1.502   7.765  0.00  0.00               
ATOM     50  N   GLN     4     -14.348   1.335   8.219  0.00  0.00               
ATOM     51  H   GLN     4     -15.178   1.737   8.629  0.00  0.00               
ATOM     52  CA  GLN     4     -14.708   0.180   7.327  0.00  0.00               
ATOM     53  HA  GLN     4     -15.718  -0.074   7.650  0.00  0.00               
ATOM     54  CB  GLN     4     -14.715   0.540   5.801  0.00  0.00               
ATOM     55  HB2 GLN     4     -13.771   0.712   5.285  0.00  0.00               
ATOM     56  HB3 GLN     4     -15.180  -0.319   5.317  0.00  0.00               
AT OM     57  CG  GLN     4     -15.650   1.736   5.458  0.00  0.00               
ATOM     58  HG2 GLN     4     -16.582   1.694   6.022  0.00  0.00               
ATOM     59  HG3 GLN     4     -15.174   2.661   5.783  0.00  0.00               
ATOM     60  CD  GLN     4     -15.884   2.020   3.991  0.00  0.00               
ATOM     61  OE1 GLN     4     -15.047   2.440   3.232  0.00  0.00               
ATOM     62  NE2 GLN     4     -17.030   1.539   3.572  0.00  0.00               
ATOM     63 HE21 GLN     4     -17.237   1.331   2.606  0.00  0.00               
ATOM     64 HE22 GLN     4     -17.679   1.135   4.232  0.00  0.00               
ATOM     65  C   GLN     4     -13.971  -1.089   7.638  0.00  0.00               
ATOM     66  O   GLN     4     -14.123  -2.079   6.956  0.00  0.00               
ATOM     67  N   ASN     5     -13.208  -1.149   8.732  0.00  0.00               
ATOM     68  H   ASN     5     -13.080  -0.380   9.374  0.00  0.00               
ATOM     69  CA  ASN     5     -12.273  -2.249   9.198  0.00  0.00              ATOM     
70  HA  ASN     5     -12.541  -3.126   8.609  0.00  0.00               
ATOM     71  CB  ASN     5     -10.856  -1.752   9.037  0.00  0.00               
ATOM     72  HB2 ASN     5     -10.821  -1.017   8.233  0.00  0.00               
ATOM     73  HB3 ASN     5     -10.556  -1.175   9.912  0.00  0.00               
ATOM     74  CG  ASN     5      -9.840  -2.830   8.740  0.00  0.00               
ATOM     75  OD1 ASN     5      -9.599  -3.096   7.544  0.00  0.00               
ATOM     76  ND2 ASN     5      -9.177  -3.448   9.693  0.00  0.00               
ATOM     77 HD21 ASN     5      -8.392  -4.061   9.521  0.00  0.00               
ATOM     78 HD22 ASN     5      -9.390  -3.281  10.666  0.00  0.00               
ATOM     79  C   ASN     5     -12.501  -2.655  10.675  0.00  0.00               
ATOM     80  O   ASN     5     -11.780  -3.577  11.115  0.00  0.00               
ATOM     81  N   CYX     6     -13.298  -1.921  11.481  0.00  0.00               
ATOM     82  H   CYX     6     -13.831  -1.141  11.124  0.00  0.00               
ATOM     83  CA  CYX     6     -13.237  -2.068  12.949  0.00  0.00               
ATOM     84  HA  CYX     6     -12.191  -2.091  13.255  0.00  0.00               
ATOM     85  CB  CYX     6     -13.937  -0.792  13.488  0.00  0.00               
ATOM     86  HB2 CYX     6     -13.544   0.070  12.949  0.00  0.00               
ATOM     87  HB3 CYX     6     -14.995  -0.928  13.264  0.00  0.00               
ATOM     88  SG  CYX     6     -13.865  -0.409  15.237  0.00  0.00               
ATOM     89  C   CYX     6     -14.115  -3.282  13.429  0.00  0.00               
ATOM     90  O   CYX     6     -15.293  -3.375  13.040  0.00  0.00               

ATOM     92  CD  PRO     7     -12.348  -3.936  14.987  0.00  0.00               
ATOM     93  HD2 PRO     7     -12.290  -3.206  15.794  0.00  0.00               
ATOM     94  HD3 PRO     7     -11.600  -3.628  14.257  0.00  0.00               
ATOM     95  CG  PRO     7     -11.921  -5.305  15.500  0.00  0.00               
ATOM     96  HG2 PRO     7     -11.596  -5.255  16.539  0.00  0.00               
ATOM     97  HG3 PRO     7     -11.278  -5.826  14.790  0.00  0.00               
ATOM     98  CB  PRO     7     -13.242  -6.143  15.483  0.00  0.00               
ATOM     99  HB2 PRO     7     -13.463  -6.584  16.455  0.00  0.00               
ATOM    100  HB3 PRO     7     -13.082  -6.919  14.735  0.00  0.00               
ATOM    101  CA  PRO     7     -14.388  -5.158  15.045  0.00  0.00               
ATOM    102  HA  PRO     7     -14.985  -5.577  14.234  0.00  0.00               
ATOM    103  C   PRO     7     -15.247  -4.763  16.163  0.00  0.00               
ATOM    104  O   PRO     7     -14.780  -4.064  17.082  0.00  0.00               
ATOM    105  N   LEU     8     -16.416  -5.243  16.333  0.00  0.00               
ATOM    106  H   LEU     8     -16.648  -6.010  15.719  0.00  0.00               
ATOM    107  CA  LEU     8     -17.444  -4.802  17.381  0.00  0.00               
ATOM    108  HA  LEU     8     -17.323  -3.732  17.552  0.00  0.00               
ATOM    109  CB  LEU     8     -18.844  -5.007  16.663  0.00  0.00               
ATOM    110  HB2 LEU     8     -19.487  -4.334  17.231  0.00  0.00               
ATOM    111  HB3 LEU     8     -18.800  -4.617  15.646  0.00  0.00               
ATOM    112  CG  LEU     8     -19.521  -6.462  16.685  0.00  0.00               
ATOM    113  HG  LEU     8     -19.478  -6.802  17.719  0.00  0.00               
ATOM    114  CD1 LEU     8     -20.921  -6.521  16.066  0.00  0.00               
ATOM    115 HD11 LEU     8     -21.028  -5.916  15.166  0.00  0.00               
ATOM    116 HD12 LEU     8     -21.165  -7.574  15.927  0.00  0.00               
ATOM    117 HD13 LEU     8     -21.695  -6.071  16.687  0.00  0.00               
ATOM    118  CD2 LEU     8     -18.841  -7.494  15.769  0.00  0.00               
ATOM    119 HD21 LEU     8     -18.637  -7.066  14.788  0.00  0.00               
ATOM    120 HD22 LEU     8     -17.869  -7.685  16.223  0.00  0.00               
ATOM    121 HD23 LEU     8     -19.360  -8.452  15.751  0.00  0.00               
ATOM    122  C   LEU     8     -17.249  -5.527  18.731  0.00  0.00               
ATOM    123  O   LEU     8     -16.998  -6.772  18.788  0.00  0.00               
ATOM    124  N   GLY     9     -17.551  -4.892  19.813  0.00  0.00               
ATOM    125  H   GLY     9     -17.858  -3.932  19.746  0.00  0.00               
ATOM    126  CA  GLY     9     -17.508  -5.476  21.195  0.00  0.00               
ATOM    127  HA2 GLY     9     -16.703  -6.212  21.191  0.00  0.00               
ATOM    128  HA3 GLY     9     -17.215  -4.628  21.814  0.00  0.00               
ATOM    129  C   GLY     9     -18.847  -6.149  21.644  0.00  0.00               
ATOM    130  O   GLY     9     -19.816  -6.043  20.870  0.00  0.00               
ATOM    131  N   NHE    10     -18.907  -6.755  22.850  0.00  0.00               
ATOM    132  HN1 NHE    10     -18.137  -6.594  23.483  0.00  0.00               
ATOM    133  HN2 NHE    10     -19.770  -7.149  23.198  0.00  0.00               
TER     134      NHE    10  
END 

dOT, twisted saddlehelix (FOLDED)  
dOT_MD_3us_T16_7 
ATOM      1  H1  CYE     1       8.954   1.944   7.785  0.00  0.00               
ATOM      2  CA  CYE     1       8.356   2.609   7.162  0.00  0.00               
ATOM      3  HA  CYE     1       8.888   2.725   6.217  0.00  0.00               
ATOM      4  CB  CYE     1       7.098   1.826   6.740  0.00  0.00               
ATOM      5  HB2 CYE     1       6.469   2.558   6.234  0.00  0.00               
ATOM      6  HB3 CYE     1       7.288   1.030   6.021  0.00  0.00               
ATOM      7  SG  CYE     1       6.196   1.209   8.236  0.00  0.00               
ATOM      8  C   CYE     1       8.055   3.969   7.851  0.00  0.00               
ATOM      9  O   CYE     1       8.015   4.034   9.072  0.00  0.00               
ATOM     10  N   TYR     2       7.764   4.981   7.027  0.00  0.00               
ATOM     11  H   TYR     2       7.684   4.833   6.031  0.00  0.00               
ATOM     12  CA  TYR     2       7.551   6.360   7.647  0.00  0.00               
ATOM     13  HA  TYR     2       8.477   6.690   8.118  0.00  0.00               
ATOM     14  CB  TYR     2       7.140   7.369   6.542  0.00  0.00               
ATOM     15  HB2 TYR     2       7.701   7.256   5.614  0.00  0.00               
ATOM     16  HB3 TYR     2       6.119   7.107   6.265  0.00  0.00               
ATOM     17  CG  TYR     2       7.036   8.803   7.074  0.00  0.00               
ATOM     18  CD1 TYR     2       8.124   9.619   7.202  0.00  0.00               
ATOM     19  HD1 TYR     2       9.078   9.128   7.080  0.00  0.00               
ATOM     20  CE1 TYR     2       8.057  10.951   7.704  0.00  0.00               
ATOM     21  HE1 TYR     2       8.909  11.594   7.872  0.00  0.00               
ATOM     22  CZ  TYR     2       6.799  11.441   8.070  0.00  0.00               
ATOM     23  OH  TYR     2       6.795  12.661   8.681  0.00  0.00               
ATOM     24  HH  TYR     2       5.891  12.963   8.795  0.00  0.00               
ATOM     25  CE2 TYR     2       5.691  10.692   7.969  0.00  0.00               
ATOM     26  HE2 TYR     2       4.726  11.052   8.295  0.00  0.00               
ATOM     27  CD2 TYR     2       5.785   9.380   7.400  0.00  0.00               
ATOM     28  HD2 TYR     2       4.926   8.726   7.404  0.00  0.00               
ATOM     29  C   TYR     2       6.586   6.428   8.813  0.00  0.00               
ATOM     30  O   TYR     2       5.497   5.831   8.639  0.00  0.00               
ATOM     31  N   ILE     3       6.965   6.935   9.972  0.00  0.00               
ATOM     32  H   ILE     3       7.877   7.370   9.978  0.00  0.00               
ATOM     33  CA  ILE     3       6.171   6.905  11.225  0.00  0.00               
ATOM     34  HA  ILE     3       6.935   7.067  11.986  0.00  0.00               
ATOM     35  CB  ILE     3       5.269   8.122  11.459  0.00  0.00               
ATOM     36  HB  ILE     3       4.695   8.046  12.383  0.00  0.00               
ATOM     37  CG2 ILE     3       6.167   9.336  11.609  0.00  0.00               
ATOM     38 HG21 ILE     3       6.741   9.386  12.534  0.00  0.00               
ATOM     39 HG22 ILE     3       6.887   9.304  10.791  0.00  0.00               
ATOM     40 HG23 ILE     3       5.612  10.273  11.567  0.00  0.00               
ATOM     41  CG1 ILE     3       4.141   8.159  10.459  0.00  0.00               
ATOM     42 HG12 ILE     3       4.492   8.433   9.464  0.00  0.00               
ATOM     43 HG13 ILE     3       3.719   7.168  10.293  0.00  0.00               
ATOM     44  CD1 ILE     3       3.027   9.168  10.836  0.00  0.00               
ATOM     45 HD11 ILE     3       2.476   9.374   9.919  0.00  0.00               

ATOM     46 HD12 ILE     3       2.415   8.703  11.609  0.00  0.00               
ATOM     47 HD13 ILE     3       3.441  10.073  11.279  0.00  0.00               
ATOM     48  C   ILE     3       5.657   5.539  11.595  0.00  0.00               
ATOM     49  O   ILE     3       4.642   5.451  12.288  0.00  0.00               
ATOM     50  N   GLN     4       6.424   4.492  11.259  0.00  0.00               
ATOM     51  H   GLN     4       7.218   4.608  10.645  0.00  0.00               
ATOM     52  CA  GLN     4       6.018   3.113  11.486  0.00  0.00               
ATOM     53  HA  GLN     4       6.656   2.497  10.853  0.00  0.00               
ATOM     54  CB  GLN     4       6.190   2.736  12.973  0.00  0.00               
ATOM     55  HB2 GLN     4       5.441   3.257  13.569  0.00  0.00               
ATOM     56  HB3 GLN     4       6.095   1.664  13.147  0.00  0.00               
ATOM     57  CG  GLN     4       7.494   3.229  13.672  0.00  0.00               
ATOM     58  HG2 GLN     4       7.339   4.307  13.710  0.00  0.00               
ATOM     59  HG3 GLN     4       7.492   2.853  14.695  0.00  0.00               
ATOM     60  CD  GLN     4       8.658   2.741  12.867  0.00  0.00               
ATOM     61  OE1 GLN     4       9.309   3.543  12.294  0.00  0.00               
ATOM     62  NE2 GLN     4       8.732   1.450  12.664  0.00  0.00               
ATOM     63 HE21 GLN     4       9.465   1.130  12.047  0.00  0.00               
ATOM     64 HE22 GLN     4       8.299   0.873  13.370  0.00  0.00               
ATOM     65  C   GLN     4       4.605   2.743  11.017  0.00  0.00               
ATOM     66  O   GLN     4       4.108   1.672  11.424  0.00  0.00               
ATOM     67  N   ASN     5       3.959   3.570  10.177  0.00  0.00               
ATOM     68  H   ASN     5       4.520   4.370   9.920  0.00  0.00               
ATOM     69  CA  ASN     5       2.514   3.512  10.025  0.00  0.00               
ATOM     70  HA  ASN     5       2.131   3.142  10.976  0.00  0.00               
ATOM     71  CB  ASN     5       1.883   4.866   9.648  0.00  0.00               
ATOM     72  HB2 ASN     5       0.797   4.951   9.668  0.00  0.00               
ATOM     73  HB3 ASN     5       2.233   5.527  10.440  0.00  0.00               
ATOM     74  CG  ASN     5       2.296   5.454   8.287  0.00  0.00               
ATOM     75  OD1 ASN     5       2.911   4.775   7.495  0.00  0.00               
ATOM     76  ND2 ASN     5       2.018   6.734   8.153  0.00  0.00               
ATOM     77 HD21 ASN     5       2.347   7.145   7.291  0.00  0.00               
ATOM     78 HD22 ASN     5       1.442   7.301   8.758  0.00  0.00               
ATOM     79  C   ASN     5       2.027   2.366   9.083  0.00  0.00               
ATOM     80  O   ASN     5       0.859   2.408   8.575  0.00  0.00               
ATOM     81  N   CYX     6       2.822   1.443   8.703  0.00  0.00               
ATOM     82  H   CYX     6       3.761   1.333   9.057  0.00  0.00               
ATOM     83  CA  CYX     6       2.439   0.382   7.703  0.00  0.00               
ATOM     84  HA  CYX     6       1.567   0.746   7.159  0.00  0.00               
ATOM     85  CB  CYX     6       3.663   0.233   6.808  0.00  0.00               
ATOM     86  HB2 CYX     6       3.438  -0.475   6.010  0.00  0.00               
ATOM     87  HB3 CYX     6       3.774   1.232   6.386  0.00  0.00               
ATOM     88  SG  CYX     6       5.170  -0.387   7.632  0.00  0.00               
ATOM     89  C   CYX     6       2.071  -0.907   8.484  0.00  0.00               
ATOM     90  O   CYX     6       2.311  -1.066   9.735  0.00  0.00               

ATOM     91  N   PRO     7       1.443  -1.924   7.855  0.00  0.00               
ATOM     92  CD  PRO     7       1.012  -1.926   6.483  0.00  0.00               
ATOM     93  HD2 PRO     7       1.724  -1.514   5.767  0.00  0.00               
ATOM     94  HD3 PRO     7       0.161  -1.246   6.432  0.00  0.00               
ATOM     95  CG  PRO     7       0.787  -3.398   6.148  0.00  0.00               
ATOM     96  HG2 PRO     7       1.699  -3.777   5.688  0.00  0.00               
ATOM     97  HG3 PRO     7      -0.106  -3.479   5.528  0.00  0.00               
ATOM     98  CB  PRO     7       0.508  -4.104   7.449  0.00  0.00               
ATOM     99  HB2 PRO     7       0.813  -5.146   7.347  0.00  0.00               
ATOM    100  HB3 PRO     7      -0.562  -3.982   7.620  0.00  0.00               
ATOM    101  CA  PRO     7       1.331  -3.288   8.438  0.00  0.00               
ATOM    102  HA  PRO     7       0.763  -3.284   9.368  0.00  0.00               
ATOM    103  C   PRO     7       2.723  -3.942   8.652  0.00  0.00               
ATOM    104  O   PRO     7       3.577  -3.825   7.699  0.00  0.00               
ATOM    105  N   LEU     8       2.930  -4.588   9.773  0.00  0.00               
ATOM    106  H   LEU     8       2.123  -4.776  10.351  0.00  0.00               
ATOM    107  CA  LEU     8       4.219  -5.161  10.264  0.00  0.00               
ATOM    108  HA  LEU     8       4.024  -5.585  11.249  0.00  0.00               
ATOM    109  CB  LEU     8       4.686  -6.404   9.466  0.00  0.00               
ATOM    110  HB2 LEU     8       4.886  -6.217   8.411  0.00  0.00               
ATOM    111  HB3 LEU     8       5.684  -6.598   9.861  0.00  0.00               
ATOM    112  CG  LEU     8       3.968  -7.771   9.789  0.00  0.00               
ATOM    113  HG  LEU     8       3.871  -7.967  10.857  0.00  0.00               
ATOM    114  CD1 LEU     8       2.482  -7.827   9.185  0.00  0.00               
ATOM    115 HD11 LEU     8       1.865  -6.944   9.351  0.00  0.00               
ATOM    116 HD12 LEU     8       2.516  -7.764   8.098  0.00  0.00               
ATOM    117 HD13 LEU     8       2.033  -8.786   9.444  0.00  0.00               
ATOM    118  CD2 LEU     8       4.843  -8.903   9.218  0.00  0.00               
ATOM    119 HD21 LEU     8       5.018  -8.705   8.161  0.00  0.00               
ATOM    120 HD22 LEU     8       5.768  -8.965   9.790  0.00  0.00               
ATOM    121 HD23 LEU     8       4.484  -9.931   9.268  0.00  0.00               
ATOM    122  C   LEU     8       5.371  -4.211  10.611  0.00  0.00               
ATOM    123  O   LEU     8       6.535  -4.585  10.898  0.00  0.00               
ATOM    124  N   GLY     9       5.110  -2.873  10.591  0.00  0.00               
ATOM    125  H   GLY     9       4.143  -2.581  10.578  0.00  0.00               
ATOM    126  CA  GLY     9       6.157  -1.824  10.913  0.00  0.00               
ATOM    127  HA2 GLY     9       5.654  -0.882  11.130  0.00  0.00               
ATOM    128  HA3 GLY     9       6.701  -2.062  11.827  0.00  0.00               
ATOM    129  C   GLY     9       7.275  -1.696   9.813  0.00  0.00               
ATOM    130  O   GLY     9       8.229  -0.926  10.065  0.00  0.00               
ATOM    131  N   NHE    10       7.316  -2.448   8.733  0.00  0.00               
ATOM    132  HN1 NHE    10       6.506  -2.961   8.415  0.00  0.00               
ATOM    133  HN2 NHE    10       8.145  -2.336   8.167  0.00  0.00               
TER     134      NHE    10  
END 
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A102 

dOT, scoop-like open23variant* (OPEN/FOLDED)  
OT_MD_3us_T16_2 
ATOM      1  H1  CYE     1      10.236  -7.670  -2.618  0.00  0.00               
ATOM      2  CA  CYE     1      10.603  -8.695  -2.658  0.00  0.00               
ATOM      3  HA  CYE     1      11.153  -8.858  -3.586  0.00  0.00               
ATOM      4  CB  CYE     1      11.753  -8.903  -1.707  0.00  0.00               
ATOM      5  HB2 CYE     1      11.495  -8.632  -0.683  0.00  0.00               
ATOM      6  HB3 CYE     1      12.140  -9.921  -1.685  0.00  0.00               
ATOM      7  SG  CYE     1      13.247  -7.900  -2.137  0.00  0.00               
ATOM      8  C   CYE     1       9.534  -9.716  -2.358  0.00  0.00               
ATOM      9  O   CYE     1       9.492 -10.361  -1.313  0.00  0.00               
ATOM     10  N   TYR     2       8.466  -9.875  -3.213  0.00  0.00               
ATOM     11  H   TYR     2       8.600  -9.376  -4.081  0.00  0.00               
ATOM     12  CA  TYR     2       7.537 -11.011  -3.105  0.00  0.00               
ATOM     13  HA  TYR     2       7.911 -11.886  -2.574  0.00  0.00               
ATOM     14  CB  TYR     2       6.172 -10.572  -2.347  0.00  0.00               
ATOM     15  HB2 TYR     2       5.621 -11.365  -1.840  0.00  0.00               
ATOM     16  HB3 TYR     2       6.429  -9.859  -1.564  0.00  0.00               
ATOM     17  CG  TYR     2       5.136  -9.848  -3.161  0.00  0.00               
ATOM     18  CD1 TYR     2       4.002 -10.467  -3.813  0.00  0.00               
ATOM     19  HD1 TYR     2       3.797 -11.499  -3.567  0.00  0.00               
ATOM     20  CE1 TYR     2       3.159  -9.662  -4.566  0.00  0.00               
ATOM     21  HE1 TYR     2       2.225 -10.003  -4.990  0.00  0.00               
ATOM     22  CZ  TYR     2       3.375  -8.257  -4.704  0.00  0.00               
ATOM     23  OH  TYR     2       2.544  -7.495  -5.448  0.00  0.00               
ATOM     24  HH  TYR     2       1.782  -7.972  -5.783  0.00  0.00               
ATOM     25  CE2 TYR     2       4.469  -7.673  -4.125  0.00  0.00               
ATOM     26  HE2 TYR     2       4.603  -6.606  -4.215  0.00  0.00               
ATOM     27  CD2 TYR     2       5.430  -8.496  -3.438  0.00  0.00               
ATOM     28  HD2 TYR     2       6.310  -8.005  -3.051  0.00  0.00               
ATOM     29  C   TYR     2       7.095 -11.604  -4.499  0.00  0.00               
ATOM     30  O   TYR     2       6.299 -12.602  -4.557  0.00  0.00               
ATOM     31  N   ILE     3       7.618 -11.013  -5.576  0.00  0.00               
ATOM     32  H   ILE     3       8.344 -10.332  -5.403  0.00  0.00               
ATOM     33  CA  ILE     3       7.067 -11.307  -6.897  0.00  0.00               
ATOM     34  HA  ILE     3       6.639 -12.306  -6.809  0.00  0.00               
ATOM     35  CB  ILE     3       5.861 -10.461  -7.278  0.00  0.00               
ATOM     36  HB  ILE     3       5.225 -10.525  -6.394  0.00  0.00               
ATOM     37  CG2 ILE     3       6.135  -8.948  -7.348  0.00  0.00               
ATOM     38 HG21 ILE     3       5.183  -8.579  -7.730  0.00  0.00               
ATOM     39 HG22 ILE     3       6.349  -8.396  -6.433  0.00  0.00               
ATOM     40 HG23 ILE     3       6.863  -8.796  -8.145  0.00  0.00               
ATOM     41  CG1 ILE     3       4.950 -10.964  -8.432  0.00  0.00               
ATOM     42 HG12 ILE     3       4.044 -10.359  -8.470  0.00  0.00               
ATOM     43 HG13 ILE     3       5.481 -10.807  -9.370  0.00  0.00               
ATOM     44  CD1 ILE     3       4.502 -12.393  -8.276  0.00  0.00               
ATOM     45 HD11 ILE     3       3.784 -12.625  -9.063  0.00  0.00               

ATOM     46 HD12 ILE     3       5.308 -13.116  -8.395  0.00  0.00               
ATOM     47 HD13 ILE     3       3.997 -12.556  -7.323  0.00  0.00               
ATOM     48  C   ILE     3       8.076 -11.414  -8.048  0.00  0.00               
ATOM     49  O   ILE     3       7.931 -10.956  -9.220  0.00  0.00               
ATOM     50  N   GLN     4       9.263 -11.910  -7.699  0.00  0.00               
ATOM     51  H   GLN     4       9.288 -12.175  -6.724  0.00  0.00               
ATOM     52  CA  GLN     4      10.486 -12.035  -8.559  0.00  0.00               
ATOM     53  HA  GLN     4      11.138 -12.607  -7.899  0.00  0.00               
ATOM     54  CB  GLN     4      10.235 -12.946  -9.789  0.00  0.00               
ATOM     55  HB2 GLN     4       9.457 -12.467 -10.383  0.00  0.00               
ATOM     56  HB3 GLN     4      11.125 -13.109 -10.397  0.00  0.00               
ATOM     57  CG  GLN     4       9.734 -14.411  -9.430  0.00  0.00               
ATOM     58  HG2 GLN     4      10.547 -14.934  -8.925  0.00  0.00               
ATOM     59  HG3 GLN     4       8.800 -14.300  -8.880  0.00  0.00               
ATOM     60  CD  GLN     4       9.359 -15.179 -10.705  0.00  0.00               
ATOM     61  OE1 GLN     4       8.228 -15.409 -11.101  0.00  0.00               
ATOM     62  NE2 GLN     4      10.269 -15.781 -11.436  0.00  0.00               
ATOM     63 HE21 GLN     4       9.872 -16.289 -12.214  0.00  0.00               
ATOM     64 HE22 GLN     4      11.160 -15.912 -10.978  0.00  0.00               
ATOM     65  C   GLN     4      11.124 -10.627  -8.869  0.00  0.00               
ATOM     66  O   GLN     4      11.801 -10.396  -9.891  0.00  0.00               
ATOM     67  N   ASN     5      11.061  -9.674  -7.941  0.00  0.00               
ATOM     68  H   ASN     5      10.594 -10.005  -7.109  0.00  0.00               
ATOM     69  CA  ASN     5      11.349  -8.226  -8.131  0.00  0.00               
ATOM     70  HA  ASN     5      11.689  -7.962  -9.132  0.00  0.00               
ATOM     71  CB  ASN     5      10.013  -7.420  -7.840  0.00  0.00               
ATOM     72  HB2 ASN     5      10.191  -6.353  -7.974  0.00  0.00               
ATOM     73  HB3 ASN     5       9.262  -7.608  -8.608  0.00  0.00               
ATOM     74  CG  ASN     5       9.408  -7.567  -6.464  0.00  0.00               
ATOM     75  OD1 ASN     5       9.346  -8.695  -5.967  0.00  0.00               
ATOM     76  ND2 ASN     5       8.975  -6.536  -5.866  0.00  0.00               
ATOM     77 HD21 ASN     5       8.865  -6.638  -4.867  0.00  0.00               
ATOM     78 HD22 ASN     5       8.972  -5.613  -6.277  0.00  0.00               
ATOM     79  C   ASN     5      12.512  -7.736  -7.203  0.00  0.00               
ATOM     80  O   ASN     5      12.761  -6.530  -7.147  0.00  0.00               
ATOM     81  N   CYX     6      13.201  -8.603  -6.561  0.00  0.00               
ATOM     82  H   CYX     6      13.032  -9.585  -6.724  0.00  0.00               
ATOM     83  CA  CYX     6      14.123  -8.315  -5.517  0.00  0.00               
ATOM     84  HA  CYX     6      13.768  -7.462  -4.939  0.00  0.00               
ATOM     85  CB  CYX     6      14.101  -9.498  -4.497  0.00  0.00               
ATOM     86  HB2 CYX     6      13.069  -9.827  -4.379  0.00  0.00               
ATOM     87  HB3 CYX     6      14.792 -10.179  -4.994  0.00  0.00               
ATOM     88  SG  CYX     6      14.636  -9.175  -2.808  0.00  0.00               
ATOM     89  C   CYX     6      15.615  -8.088  -6.023  0.00  0.00               
ATOM     90  O   CYX     6      16.066  -8.887  -6.838  0.00  0.00               

ATOM     91  N   PRO     7      16.423  -7.064  -5.732  0.00  0.00               
ATOM     92  CD  PRO     7      15.966  -6.065  -4.873  0.00  0.00               
ATOM     93  HD2 PRO     7      15.934  -6.320  -3.813  0.00  0.00               
ATOM     94  HD3 PRO     7      15.003  -5.656  -5.178  0.00  0.00               
ATOM     95  CG  PRO     7      16.958  -4.879  -5.038  0.00  0.00               
ATOM     96  HG2 PRO     7      17.216  -4.445  -4.072  0.00  0.00               
ATOM     97  HG3 PRO     7      16.502  -4.049  -5.578  0.00  0.00               
ATOM     98  CB  PRO     7      18.169  -5.410  -5.796  0.00  0.00               
ATOM     99  HB2 PRO     7      19.052  -5.460  -5.160  0.00  0.00               
ATOM    100  HB3 PRO     7      18.331  -4.841  -6.712  0.00  0.00               
ATOM    101  CA  PRO     7      17.792  -6.847  -6.192  0.00  0.00               
ATOM    102  HA  PRO     7      17.794  -6.904  -7.280  0.00  0.00               
ATOM    103  C   PRO     7      18.763  -7.826  -5.450  0.00  0.00               
ATOM    104  O   PRO     7      18.314  -8.597  -4.558  0.00  0.00               
ATOM    105  N   LEU     8      20.035  -7.891  -5.883  0.00  0.00               
ATOM    106  H   LEU     8      20.254  -7.246  -6.629  0.00  0.00               
ATOM    107  CA  LEU     8      21.089  -8.596  -5.174  0.00  0.00               
ATOM    108  HA  LEU     8      20.803  -9.578  -4.799  0.00  0.00               
ATOM    109  CB  LEU     8      22.281  -8.687  -6.121  0.00  0.00               
ATOM    110  HB2 LEU     8      22.475  -7.690  -6.514  0.00  0.00               
ATOM    111  HB3 LEU     8      23.168  -8.960  -5.549  0.00  0.00               
ATOM    112  CG  LEU     8      22.093  -9.636  -7.334  0.00  0.00               
ATOM    113  HG  LEU     8      21.785 -10.615  -6.967  0.00  0.00               
ATOM    114  CD1 LEU     8      21.270  -9.067  -8.429  0.00  0.00               
ATOM    115 HD11 LEU     8      21.496  -8.015  -8.604  0.00  0.00               
ATOM    116 HD12 LEU     8      21.383  -9.737  -9.282  0.00  0.00               
ATOM    117 HD13 LEU     8      20.206  -9.189  -8.229  0.00  0.00               
ATOM    118  CD2 LEU     8      23.458  -9.691  -7.970  0.00  0.00               
ATOM    119 HD21 LEU     8      23.600  -8.694  -8.387  0.00  0.00               
ATOM    120 HD22 LEU     8      24.205 -10.000  -7.238  0.00  0.00               
ATOM    121 HD23 LEU     8      23.428 -10.427  -8.774  0.00  0.00               
ATOM    122  C   LEU     8      21.382  -7.841  -3.960  0.00  0.00               
ATOM    123  O   LEU     8      21.219  -6.611  -3.883  0.00  0.00               
ATOM    124  N   GLY     9      21.855  -8.631  -2.954  0.00  0.00               
ATOM    125  H   GLY     9      21.910  -9.626  -3.119  0.00  0.00               
ATOM    126  CA  GLY     9      22.382  -8.208  -1.675  0.00  0.00               
ATOM    127  HA2 GLY     9      22.783  -9.047  -1.106  0.00  0.00               
ATOM    128  HA3 GLY     9      23.220  -7.555  -1.916  0.00  0.00               
ATOM    129  C   GLY     9      21.296  -7.445  -0.881  0.00  0.00               
ATOM    130  O   GLY     9      20.148  -7.329  -1.324  0.00  0.00               
ATOM    131  N   NHE    10      21.562  -6.802   0.215  0.00  0.00               
ATOM    132  HN1 NHE    10      22.470  -6.840   0.656  0.00  0.00               
ATOM    133  HN2 NHE    10      20.754  -6.368   0.637  0.00  0.00               
TER     134      NHE    10  
END 

CT, saddle (FOLDED)  
CT_MD-II_5us_T16_02 
ATOM      1  HA2 MET     1       6.430  -4.319 -21.835  0.00  0.00               
ATOM      2  CA  MET     1       6.055  -4.730 -20.898  0.00  0.00               
ATOM      3  HA1 MET     1       6.367  -5.762 -20.738  0.00  0.00               
ATOM      4  CB  MET     1       6.695  -3.827 -19.879  0.00  0.00               
ATOM      5  HB2 MET     1       7.656  -3.594 -20.336  0.00  0.00               
ATOM      6  HB3 MET     1       6.115  -2.906 -19.820  0.00  0.00               
ATOM      7  CG  MET     1       6.778  -4.484 -18.504  0.00  0.00               
ATOM      8  HG2 MET     1       7.006  -5.529 -18.712  0.00  0.00               
ATOM      9  HG3 MET     1       7.590  -3.982 -17.978  0.00  0.00               
ATOM     10  C   MET     1       4.527  -4.398 -20.954  0.00  0.00               
ATOM     11  O   MET     1       4.116  -3.500 -21.668  0.00  0.00               
ATOM     12  N   TYR     2       3.710  -5.183 -20.216  0.00  0.00               
ATOM     13  H   TYR     2       4.211  -5.776 -19.571  0.00  0.00               
ATOM     14  CA  TYR     2       2.296  -5.013 -20.112  0.00  0.00               
ATOM     15  HA  TYR     2       2.122  -4.076 -20.640  0.00  0.00               
ATOM     16  CB  TYR     2       1.399  -6.146 -20.685  0.00  0.00               
ATOM     17  HB2 TYR     2       0.368  -5.924 -20.409  0.00  0.00               
ATOM     18  HB3 TYR     2       1.402  -6.166 -21.775  0.00  0.00               
ATOM     19  CG  TYR     2       1.536  -7.543 -20.103  0.00  0.00               
ATOM     20  CD1 TYR     2       2.778  -8.251 -20.120  0.00  0.00               
ATOM     21  HD1 TYR     2       3.719  -7.825 -20.436  0.00  0.00               
ATOM     22  CE1 TYR     2       2.892  -9.570 -19.712  0.00  0.00               
ATOM     23  HE1 TYR     2       3.864 -10.020 -19.572  0.00  0.00               
ATOM     24  CZ  TYR     2       1.748 -10.228 -19.196  0.00  0.00               
ATOM     25  OS  TYR     2       1.939 -11.531 -18.706  0.00  0.00               
ATOM     26  CH  TYR     2       0.897 -12.117 -17.868  0.00  0.00               
ATOM     27  CE2 TYR     2       0.488  -9.541 -19.035  0.00  0.00               
ATOM     28  HE2 TYR     2      -0.402  -9.992 -18.622  0.00  0.00               
ATOM     29  CD2 TYR     2       0.409  -8.184 -19.474  0.00  0.00               
ATOM     30  HD2 TYR     2      -0.591  -7.775 -19.480  0.00  0.00               
ATOM     31  C   TYR     2       1.915  -4.689 -18.647  0.00  0.00               
ATOM     32  O   TYR     2       2.186  -5.419 -17.696  0.00  0.00               
ATOM     33  HH1 TYR     2      -0.029 -12.099 -18.442  0.00  0.00               
ATOM     34  HH2 TYR     2       0.842 -11.555 -16.936  0.00  0.00               
ATOM     35  HH3 TYR     2       1.119 -13.158 -17.630  0.00  0.00               
ATOM     36  N   ILE     3       0.972  -3.779 -18.469  0.00  0.00               
ATOM     37  H   ILE     3       0.648  -3.289 -19.291  0.00  0.00               
ATOM     38  CA  ILE     3       0.470  -3.146 -17.197  0.00  0.00               
ATOM     39  HA  ILE     3       1.425  -2.899 -16.735  0.00  0.00               
ATOM     40  CB  ILE     3      -0.301  -1.918 -17.634  0.00  0.00               
ATOM     41  HB  ILE     3       0.065  -1.507 -18.575  0.00  0.00               
ATOM     42  CG2 ILE     3      -1.804  -2.274 -17.925  0.00  0.00               

ATOM     48 HG13 ILE     3       0.816  -0.648 -16.261  0.00  0.00               
ATOM     49  CD1 ILE     3      -0.827   0.581 -16.856  0.00  0.00               
ATOM     50 HD11 ILE     3      -1.914   0.536 -16.928  0.00  0.00               
ATOM     51 HD12 ILE     3      -0.556   1.302 -16.085  0.00  0.00               
ATOM     52 HD13 ILE     3      -0.550   1.002 -17.823  0.00  0.00               
ATOM     53  C   ILE     3      -0.264  -4.092 -16.235  0.00  0.00               
ATOM     54  O   ILE     3      -0.187  -3.813 -15.041  0.00  0.00               
ATOM     55  N   GLN     4      -0.756  -5.283 -16.652  0.00  0.00               
ATOM     56  H   GLN     4      -0.886  -5.445 -17.641  0.00  0.00               
ATOM     57  CA  GLN     4      -1.339  -6.274 -15.736  0.00  0.00               
ATOM     58  HA  GLN     4      -1.952  -5.733 -15.016  0.00  0.00               
ATOM     59  CB  GLN     4      -2.167  -7.330 -16.525  0.00  0.00               
ATOM     60  HB2 GLN     4      -1.492  -7.696 -17.298  0.00  0.00               
ATOM     61  HB3 GLN     4      -2.260  -8.171 -15.837  0.00  0.00               
ATOM     62  CG  GLN     4      -3.460  -6.720 -17.022  0.00  0.00               
ATOM     63  HG2 GLN     4      -4.162  -7.553 -17.063  0.00  0.00               
ATOM     64  HG3 GLN     4      -3.785  -5.935 -16.339  0.00  0.00               
ATOM     65  CD  GLN     4      -3.412  -6.101 -18.404  0.00  0.00               
ATOM     66  OE1 GLN     4      -2.357  -5.636 -18.855  0.00  0.00               
ATOM     67  NE2 GLN     4      -4.442  -6.365 -19.194  0.00  0.00               
ATOM     68 HE21 GLN     4      -4.321  -6.147 -20.173  0.00  0.00               
ATOM     69 HE22 GLN     4      -5.308  -6.757 -18.853  0.00  0.00               
ATOM     70  C   GLN     4      -0.234  -7.071 -14.966  0.00  0.00               
ATOM     71  O   GLN     4      -0.520  -7.717 -13.964  0.00  0.00               
ATOM     72  N   ASN     5       1.006  -7.090 -15.535  0.00  0.00               
ATOM     73  H   ASN     5       1.161  -6.547 -16.373  0.00  0.00               
ATOM     74  CA  ASN     5       2.104  -7.903 -15.020  0.00  0.00               
ATOM     75  HA  ASN     5       1.759  -8.441 -14.137  0.00  0.00               
ATOM     76  CB  ASN     5       2.320  -9.036 -16.029  0.00  0.00               
ATOM     77  HB2 ASN     5       1.429  -9.554 -16.382  0.00  0.00               
ATOM     78  HB3 ASN     5       2.820  -8.647 -16.916  0.00  0.00               
ATOM     79  CG  ASN     5       3.173 -10.101 -15.448  0.00  0.00               
ATOM     80  OD1 ASN     5       4.367 -10.243 -15.806  0.00  0.00               
ATOM     81  ND2 ASN     5       2.588 -10.930 -14.601  0.00  0.00               
ATOM     82 HD21 ASN     5       3.207 -11.621 -14.202  0.00  0.00               
ATOM     83 HD22 ASN     5       1.599 -10.878 -14.399  0.00  0.00               
ATOM     84  C   ASN     5       3.299  -7.057 -14.540  0.00  0.00               
ATOM     85  O   ASN     5       3.718  -7.300 -13.403  0.00  0.00               
ATOM     86  N   CYX     6       3.739  -6.069 -15.287  0.00  0.00               
ATOM     87  H   CYX     6       3.144  -5.667 -15.996  0.00  0.00               
ATOM     88  CA  CYX     6       4.852  -5.203 -14.822  0.00  0.00               
ATOM     89  HA  CYX     6       5.275  -5.529 -13.872  0.00  0.00               

ATOM     95  O   CYX     6       3.343  -3.357 -15.250  0.00  0.00               
ATOM     96  N   PRO     7       5.032  -2.864 -13.882  0.00  0.00               
ATOM     97  CD  PRO     7       6.040  -3.071 -12.904  0.00  0.00               
ATOM     98  HD2 PRO     7       6.888  -3.541 -13.403  0.00  0.00               
ATOM     99  HD3 PRO     7       5.767  -3.669 -12.035  0.00  0.00               
ATOM    100  CG  PRO     7       6.455  -1.658 -12.397  0.00  0.00               
ATOM    101  HG2 PRO     7       7.388  -1.289 -12.824  0.00  0.00               
ATOM    102  HG3 PRO     7       6.513  -1.796 -11.317  0.00  0.00               
ATOM    103  CB  PRO     7       5.281  -0.754 -12.607  0.00  0.00               
ATOM    104  HB2 PRO     7       5.619   0.257 -12.833  0.00  0.00               
ATOM    105  HB3 PRO     7       4.618  -0.688 -11.744  0.00  0.00               
ATOM    106  CA  PRO     7       4.585  -1.391 -13.843  0.00  0.00               
ATOM    107  HA  PRO     7       3.500  -1.336 -13.752  0.00  0.00               
ATOM    108  C   PRO     7       5.059  -0.753 -15.177  0.00  0.00               
ATOM    109  O   PRO     7       6.192  -0.813 -15.564  0.00  0.00               
ATOM    110  N   LEU     8       4.140  -0.130 -15.885  0.00  0.00               
ATOM    111  H   LEU     8       3.160  -0.199 -15.648  0.00  0.00               
ATOM    112  CA  LEU     8       4.416   0.496 -17.219  0.00  0.00               
ATOM    113  HA  LEU     8       5.162  -0.162 -17.664  0.00  0.00               
ATOM    114  CB  LEU     8       3.101   0.508 -18.087  0.00  0.00               
ATOM    115  HB2 LEU     8       2.515  -0.396 -17.918  0.00  0.00               
ATOM    116  HB3 LEU     8       2.430   1.272 -17.697  0.00  0.00               
ATOM    117  CG  LEU     8       3.357   0.627 -19.578  0.00  0.00               
ATOM    118  HG  LEU     8       3.796   1.612 -19.740  0.00  0.00               
ATOM    119  CD1 LEU     8       3.988  -0.640 -20.182  0.00  0.00               
ATOM    120 HD11 LEU     8       5.041  -0.576 -19.905  0.00  0.00               
ATOM    121 HD12 LEU     8       3.564  -1.573 -19.811  0.00  0.00               
ATOM    122 HD13 LEU     8       3.855  -0.584 -21.263  0.00  0.00               
ATOM    123  CD2 LEU     8       2.026   0.794 -20.303  0.00  0.00               
ATOM    124 HD21 LEU     8       1.381   1.507 -19.789  0.00  0.00               
ATOM    125 HD22 LEU     8       2.156   1.229 -21.294  0.00  0.00               
ATOM    126 HD23 LEU     8       1.394  -0.089 -20.397  0.00  0.00               
ATOM    127  C   LEU     8       5.037   1.836 -17.141  0.00  0.00               
ATOM    128  O   LEU     8       5.642   2.363 -18.088  0.00  0.00               
ATOM    129  N   GLY     9       5.227   2.455 -15.925  0.00  0.00               
ATOM    130  H   GLY     9       4.713   2.009 -15.178  0.00  0.00               
ATOM    131  CA  GLY     9       6.026   3.619 -15.711  0.00  0.00               
ATOM    132  HA2 GLY     9       6.016   3.756 -14.629  0.00  0.00               
ATOM    133  HA3 GLY     9       7.065   3.373 -15.932  0.00  0.00               
ATOM    134  C   GLY     9       5.576   4.904 -16.426  0.00  0.00               
ATOM    135  O   GLY     9       4.597   4.994 -17.210  0.00  0.00               
ATOM    136  N   NHE    10       6.114   6.051 -16.082  0.00  0.00               
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ATOM     43 HG21 ILE     3      -2.317  -1.484 -18.474  0.00  0.00               
ATOM     44 HG22 ILE     3      -1.894  -3.208 -18.480  0.00  0.00               
ATOM     45 HG23 ILE     3      -2.264  -2.426 -16.949  0.00  0.00               
ATOM     46  CG1 ILE     3      -0.215  -0.838 -16.557  0.00  0.00               
ATOM     47 HG12 ILE     3      -0.785  -1.161 -15.685  0.00  0.00               

ATOM     90  CB  CYX     6       5.890  -5.227 -15.895  0.00  0.00               
ATOM     91  HB2 CYX     6       6.811  -4.792 -15.508  0.00  0.00               
ATOM     92  HB3 CYX     6       5.985  -6.297 -16.081  0.00  0.00               
ATOM     93  SG  CYX     6       5.357  -4.362 -17.431  0.00  0.00               
ATOM     94  C   CYX     6       4.321  -3.730 -14.647  0.00  0.00               

ATOM    137  HN1 NHE    10       6.945   6.100 -15.511  0.00  0.00               
ATOM    138  HN2 NHE    10       5.612   6.881 -16.364  0.00  0.00               
TER     139      NHE    10  
END 

CT, clinched open45pbr (OPEN) 
CT_MD-I_5us_T16_8 
ATOM      1  HA2 MET     1       7.269   5.503   7.705  0.00  0.00               
ATOM      2  CA  MET     1       7.278   5.736   6.640  0.00  0.00               
ATOM      3  HA1 MET     1       6.267   5.486   6.318  0.00  0.00               
ATOM      4  CB  MET     1       7.321   7.254   6.391  0.00  0.00               
ATOM      5  HB2 MET     1       8.194   7.600   6.944  0.00  0.00               
ATOM      6  HB3 MET     1       7.463   7.415   5.322  0.00  0.00               
ATOM      7  CG  MET     1       6.061   7.944   6.801  0.00  0.00               
ATOM      8  HG2 MET     1       5.222   7.724   6.141  0.00  0.00               
ATOM      9  HG3 MET     1       5.791   7.694   7.828  0.00  0.00               
ATOM     10  C   MET     1       8.463   4.986   5.980  0.00  0.00               
ATOM     11  O   MET     1       9.603   4.956   6.522  0.00  0.00               
ATOM     12  N   TYR     2       8.259   4.471   4.774  0.00  0.00               
ATOM     13  H   TYR     2       7.466   4.924   4.342  0.00  0.00               
ATOM     14  CA  TYR     2       9.350   3.861   3.953  0.00  0.00               
ATOM     15  HA  TYR     2       9.942   3.263   4.645  0.00  0.00               
ATOM     16  CB  TYR     2       8.806   2.873   2.912  0.00  0.00               
ATOM     17  HB2 TYR     2       9.455   2.009   2.769  0.00  0.00               
ATOM     18  HB3 TYR     2       7.880   2.502   3.350  0.00  0.00               
ATOM     19  CG  TYR     2       8.479   3.416   1.573  0.00  0.00               
ATOM     20  CD1 TYR     2       7.310   4.100   1.388  0.00  0.00               
ATOM     21  HD1 TYR     2       6.564   4.241   2.156  0.00  0.00               
ATOM     22  CE1 TYR     2       6.983   4.712   0.224  0.00  0.00               
ATOM     23  HE1 TYR     2       6.062   5.267   0.120  0.00  0.00               
ATOM     24  CZ  TYR     2       7.857   4.682  -0.930  0.00  0.00               
ATOM     25  OS  TYR     2       7.500   5.249  -2.194  0.00  0.00               
ATOM     26  CH  TYR     2       6.136   5.842  -2.334  0.00  0.00               
ATOM     27  CE2 TYR     2       9.038   3.929  -0.807  0.00  0.00               
ATOM     28  HE2 TYR     2       9.671   3.796  -1.672  0.00  0.00               
ATOM     29  CD2 TYR     2       9.356   3.299   0.442  0.00  0.00               
ATOM     30  HD2 TYR     2      10.314   2.805   0.505  0.00  0.00               
ATOM     31  C   TYR     2      10.303   4.923   3.267  0.00  0.00               
ATOM     32  O   TYR     2      11.397   4.590   2.753  0.00  0.00               
ATOM     33  HH1 TYR     2       5.350   5.116  -2.127  0.00  0.00               
ATOM     34  HH2 TYR     2       6.116   6.136  -3.384  0.00  0.00               
ATOM     35  HH3 TYR     2       6.027   6.756  -1.750  0.00  0.00               
ATOM     36  N   ILE     3       9.941   6.219   3.258  0.00  0.00               
ATOM     37  H   ILE     3       9.183   6.443   3.887  0.00  0.00               
ATOM     38  CA  ILE     3      10.835   7.360   2.772  0.00  0.00               
ATOM     39  HA  ILE     3      11.773   6.904   2.456  0.00  0.00               
ATOM     40  CB  ILE     3      10.237   8.024   1.498  0.00  0.00               
ATOM     41  HB  ILE     3      10.792   8.945   1.319  0.00  0.00               
ATOM     42  CG2 ILE     3      10.453   7.245   0.170  0.00  0.00               
ATOM     43 HG21 ILE     3      11.470   6.857   0.114  0.00  0.00               
ATOM     44 HG22 ILE     3       9.885   6.315   0.194  0.00  0.00               
ATOM     45 HG23 ILE     3      10.112   7.806  -0.700  0.00  0.00               
ATOM     46  CG1 ILE     3       8.773   8.426   1.846  0.00  0.00               
ATOM     47 HG12 ILE     3       8.076   7.607   2.027  0.00  0.00               

ATOM     48 HG13 ILE     3       8.839   9.049   2.738  0.00  0.00               
ATOM     49  CD1 ILE     3       8.274   9.337   0.769  0.00  0.00               
ATOM     50 HD11 ILE     3       8.140   8.602  -0.025  0.00  0.00               
ATOM     51 HD12 ILE     3       7.318   9.801   1.011  0.00  0.00               
ATOM     52 HD13 ILE     3       9.063  10.066   0.588  0.00  0.00               
ATOM     53  C   ILE     3      11.219   8.385   3.823  0.00  0.00               
ATOM     54  O   ILE     3      10.575   8.395   4.889  0.00  0.00               
ATOM     55  N   GLN     4      12.289   9.161   3.578  0.00  0.00               
ATOM     56  H   GLN     4      12.707   9.039   2.666  0.00  0.00               
ATOM     57  CA  GLN     4      12.560  10.380   4.280  0.00  0.00               
ATOM     58  HA  GLN     4      12.343  10.158   5.325  0.00  0.00               
ATOM     59  CB  GLN     4      13.953  10.933   3.895  0.00  0.00               
ATOM     60  HB2 GLN     4      14.075  10.961   2.812  0.00  0.00               
ATOM     61  HB3 GLN     4      14.062  11.955   4.259  0.00  0.00               
ATOM     62  CG  GLN     4      15.067  10.036   4.502  0.00  0.00               
ATOM     63  HG2 GLN     4      14.874   9.946   5.571  0.00  0.00               
ATOM     64  HG3 GLN     4      15.116   9.060   4.018  0.00  0.00               
ATOM     65  CD  GLN     4      16.456  10.713   4.441  0.00  0.00               
ATOM     66  OE1 GLN     4      17.333  10.299   3.695  0.00  0.00               
ATOM     67  NE2 GLN     4      16.820  11.657   5.269  0.00  0.00               
ATOM     68 HE21 GLN     4      17.740  12.075   5.257  0.00  0.00               
ATOM     69 HE22 GLN     4      16.097  12.191   5.731  0.00  0.00               
ATOM     70  C   GLN     4      11.493  11.473   3.866  0.00  0.00               
ATOM     71  O   GLN     4      11.094  11.500   2.700  0.00  0.00               
ATOM     72  N   ASN     5      11.135  12.366   4.765  0.00  0.00               
ATOM     73  H   ASN     5      11.596  12.269   5.659  0.00  0.00               
ATOM     74  CA  ASN     5      10.114  13.381   4.561  0.00  0.00               
ATOM     75  HA  ASN     5      10.000  13.820   5.552  0.00  0.00               
ATOM     76  CB  ASN     5      10.669  14.440   3.618  0.00  0.00               
ATOM     77  HB2 ASN     5      11.732  14.643   3.753  0.00  0.00               
ATOM     78  HB3 ASN     5      10.629  14.077   2.591  0.00  0.00               
ATOM     79  CG  ASN     5      10.080  15.824   3.677  0.00  0.00               
ATOM     80  OD1 ASN     5       9.176  16.080   4.431  0.00  0.00               
ATOM     81  ND2 ASN     5      10.491  16.732   2.827  0.00  0.00               
ATOM     82 HD21 ASN     5      10.099  17.658   2.923  0.00  0.00               
ATOM     83 HD22 ASN     5      11.275  16.478   2.243  0.00  0.00               
ATOM     84  C   ASN     5       8.688  12.871   4.095  0.00  0.00               
ATOM     85  O   ASN     5       8.045  13.592   3.346  0.00  0.00               
ATOM     86  N   CYX     6       8.186  11.732   4.640  0.00  0.00               
ATOM     87  H   CYX     6       8.667  11.143   5.305  0.00  0.00               
ATOM     88  CA  CYX     6       6.862  11.326   4.314  0.00  0.00               
ATOM     89  HA  CYX     6       6.823  11.280   3.226  0.00  0.00               
ATOM     90  CB  CYX     6       6.602   9.923   4.867  0.00  0.00               
ATOM     91  HB2 CYX     6       5.699   9.742   4.284  0.00  0.00               
ATOM     92  HB3 CYX     6       7.326   9.173   4.549  0.00  0.00               
ATOM     93  SG  CYX     6       6.316   9.777   6.642  0.00  0.00               
ATOM     94  C   CYX     6       5.782  12.400   4.835  0.00  0.00               

ATOM     95  O   CYX     6       5.956  13.013   5.938  0.00  0.00               
ATOM     96  N   PRO     7       4.821  12.727   3.943  0.00  0.00               
ATOM     97  CD  PRO     7       4.626  12.305   2.551  0.00  0.00               
ATOM     98  HD2 PRO     7       4.959  11.269   2.499  0.00  0.00               
ATOM     99  HD3 PRO     7       5.017  12.956   1.770  0.00  0.00               
ATOM    100  CG  PRO     7       3.046  12.318   2.428  0.00  0.00               
ATOM    101  HG2 PRO     7       2.655  11.416   2.900  0.00  0.00               
ATOM    102  HG3 PRO     7       2.731  12.185   1.393  0.00  0.00               
ATOM    103  CB  PRO     7       2.738  13.594   3.142  0.00  0.00               
ATOM    104  HB2 PRO     7       1.683  13.583   3.416  0.00  0.00               
ATOM    105  HB3 PRO     7       3.058  14.489   2.608  0.00  0.00               
ATOM    106  CA  PRO     7       3.712  13.571   4.367  0.00  0.00               
ATOM    107  HA  PRO     7       4.078  14.569   4.605  0.00  0.00               
ATOM    108  C   PRO     7       2.908  13.126   5.585  0.00  0.00               
ATOM    109  O   PRO     7       2.963  11.879   5.949  0.00  0.00               
ATOM    110  N   LEU     8       2.218  14.062   6.323  0.00  0.00               
ATOM    111  H   LEU     8       1.986  14.910   5.826  0.00  0.00               
ATOM    112  CA  LEU     8       1.514  13.782   7.577  0.00  0.00               
ATOM    113  HA  LEU     8       1.831  12.818   7.974  0.00  0.00               
ATOM    114  CB  LEU     8       1.955  14.934   8.516  0.00  0.00               
ATOM    115  HB2 LEU     8       3.016  14.706   8.614  0.00  0.00               
ATOM    116  HB3 LEU     8       1.911  15.847   7.921  0.00  0.00               
ATOM    117  CG  LEU     8       1.318  15.246   9.896  0.00  0.00               
ATOM    118  HG  LEU     8       0.245  15.415   9.798  0.00  0.00               
ATOM    119  CD1 LEU     8       1.625  14.083  10.878  0.00  0.00               
ATOM    120 HD11 LEU     8       1.055  14.285  11.785  0.00  0.00               
ATOM    121 HD12 LEU     8       1.279  13.121  10.500  0.00  0.00               
ATOM    122 HD13 LEU     8       2.693  14.031  11.093  0.00  0.00               
ATOM    123  CD2 LEU     8       1.931  16.560  10.419  0.00  0.00               
ATOM    124 HD21 LEU     8       2.995  16.416  10.608  0.00  0.00               
ATOM    125 HD22 LEU     8       1.758  17.352   9.690  0.00  0.00               
ATOM    126 HD23 LEU     8       1.485  16.900  11.353  0.00  0.00               
ATOM    127  C   LEU     8       0.014  13.623   7.461  0.00  0.00               
ATOM    128  O   LEU     8      -0.699  14.351   6.729  0.00  0.00               
ATOM    129  N   GLY     9      -0.513  12.529   8.060  0.00  0.00               
ATOM    130  H   GLY     9       0.105  11.910   8.565  0.00  0.00               
ATOM    131  CA  GLY     9      -1.974  12.274   8.074  0.00  0.00               
ATOM    132  HA2 GLY     9      -2.488  12.514   7.143  0.00  0.00               
ATOM    133  HA3 GLY     9      -2.110  11.205   8.237  0.00  0.00               
ATOM    134  C   GLY     9      -2.758  13.071   9.130  0.00  0.00               
ATOM    135  O   GLY     9      -2.246  13.956   9.843  0.00  0.00               
ATOM    136  N   NHE    10      -4.010  12.754   9.194  0.00  0.00               
ATOM    137  HN1 NHE    10      -4.405  12.227   8.429  0.00  0.00               
ATOM    138  HN2 NHE    10      -4.607  13.312   9.788  0.00  0.00               
TER     139      NHE    10  
END 

CT, open (OPEN)  
CT_MD-II_5us_T16_9 
ATOM      1  HA2 MET     1     -16.950 -16.076   5.912  0.00  0.00               
ATOM      2  CA  MET     1     -16.029 -16.413   5.436  0.00  0.00               
ATOM      3  HA1 MET     1     -16.183 -17.450   5.138  0.00  0.00               
ATOM      4  CB  MET     1     -15.755 -15.615   4.113  0.00  0.00               
ATOM      5  HB2 MET     1     -14.749 -15.935   3.840  0.00  0.00               
ATOM      6  HB3 MET     1     -16.324 -16.032   3.282  0.00  0.00               
ATOM      7  CG  MET     1     -15.995 -14.127   4.287  0.00  0.00               
ATOM      8  HG2 MET     1     -17.014 -14.017   4.657  0.00  0.00               
ATOM      9  HG3 MET     1     -15.370 -13.843   5.134  0.00  0.00               
ATOM     10  C   MET     1     -14.955 -16.234   6.442  0.00  0.00               
ATOM     11  O   MET     1     -14.968 -15.282   7.266  0.00  0.00               
ATOM     12  N   TYR     2     -13.951 -17.128   6.388  0.00  0.00               
ATOM     13  H   TYR     2     -14.014 -17.914   5.757  0.00  0.00               
ATOM     14  CA  TYR     2     -12.998 -17.433   7.517  0.00  0.00               
ATOM     15  HA  TYR     2     -13.521 -17.122   8.422  0.00  0.00               
ATOM     16  CB  TYR     2     -12.710 -18.950   7.654  0.00  0.00               
ATOM     17  HB2 TYR     2     -13.682 -19.444   7.647  0.00  0.00               
ATOM     18  HB3 TYR     2     -12.206 -19.245   6.734  0.00  0.00               
ATOM     19  CG  TYR     2     -11.901 -19.379   8.889  0.00  0.00               
ATOM     20  CD1 TYR     2     -10.780 -20.168   8.727  0.00  0.00               
ATOM     21  HD1 TYR     2     -10.452 -20.500   7.753  0.00  0.00               
ATOM     22  CE1 TYR     2     -10.159 -20.774   9.850  0.00  0.00               
ATOM     23  HE1 TYR     2      -9.294 -21.399   9.683  0.00  0.00               
ATOM     24  CZ  TYR     2     -10.478 -20.412  11.201  0.00  0.00               
ATOM     25  OS  TYR     2      -9.600 -20.914  12.203  0.00  0.00               
ATOM     26  CH  TYR     2      -9.463 -20.122  13.413  0.00  0.00               
ATOM     27  CE2 TYR     2     -11.525 -19.459  11.372  0.00  0.00               
ATOM     28  HE2 TYR     2     -11.788 -19.198  12.386  0.00  0.00               
ATOM     29  CD2 TYR     2     -12.207 -18.943  10.248  0.00  0.00               
ATOM     30  HD2 TYR     2     -13.063 -18.293  10.356  0.00  0.00               
ATOM     31  C   TYR     2     -11.748 -16.568   7.470  0.00  0.00               
ATOM     32  O   TYR     2     -11.072 -16.729   6.440  0.00  0.00               
ATOM     33  HH1 TYR     2      -8.715 -20.452  14.135  0.00  0.00               
ATOM     34  HH2 TYR     2     -10.412 -20.101  13.948  0.00  0.00               

ATOM     48 HG13 ILE     3      -7.997 -16.499   7.724  0.00  0.00               
ATOM     49  CD1 ILE     3      -7.584 -17.820   9.392  0.00  0.00               
ATOM     50 HD11 ILE     3      -6.807 -17.232   9.880  0.00  0.00               
ATOM     51 HD12 ILE     3      -8.205 -18.336  10.124  0.00  0.00               
ATOM     52 HD13 ILE     3      -7.133 -18.523   8.692  0.00  0.00               
ATOM     53  C   ILE     3      -9.908 -14.065   7.398  0.00  0.00               
ATOM     54  O   ILE     3      -8.700 -13.822   7.094  0.00  0.00               
ATOM     55  N   GLN     4     -10.910 -13.607   6.663  0.00  0.00               
ATOM     56  H   GLN     4     -11.860 -13.832   6.922  0.00  0.00               
ATOM     57  CA  GLN     4     -10.714 -12.804   5.473  0.00  0.00               
ATOM     58  HA  GLN     4      -9.712 -12.376   5.459  0.00  0.00               
ATOM     59  CB  GLN     4     -10.789 -13.671   4.197  0.00  0.00               
ATOM     60  HB2 GLN     4     -10.634 -13.023   3.334  0.00  0.00               
ATOM     61  HB3 GLN     4     -10.019 -14.440   4.132  0.00  0.00               
ATOM     62  CG  GLN     4     -12.049 -14.571   4.122  0.00  0.00               
ATOM     63  HG2 GLN     4     -12.328 -14.947   5.107  0.00  0.00               
ATOM     64  HG3 GLN     4     -12.826 -13.999   3.616  0.00  0.00               
ATOM     65  CD  GLN     4     -11.852 -15.750   3.133  0.00  0.00               
ATOM     66  OE1 GLN     4     -12.236 -15.612   1.959  0.00  0.00               
ATOM     67  NE2 GLN     4     -11.311 -16.833   3.643  0.00  0.00               
ATOM     68 HE21 GLN     4     -11.132 -17.589   2.998  0.00  0.00               
ATOM     69 HE22 GLN     4     -11.295 -16.868   4.652  0.00  0.00               
ATOM     70  C   GLN     4     -11.745 -11.730   5.401  0.00  0.00               
ATOM     71  O   GLN     4     -12.854 -11.844   5.871  0.00  0.00               
ATOM     72  N   ASN     5     -11.431 -10.664   4.674  0.00  0.00               
ATOM     73  H   ASN     5     -10.540 -10.616   4.202  0.00  0.00               
ATOM     74  CA  ASN     5     -12.377  -9.552   4.452  0.00  0.00               
ATOM     75  HA  ASN     5     -12.788  -9.451   5.457  0.00  0.00               
ATOM     76  CB  ASN     5     -11.487  -8.325   4.039  0.00  0.00               
ATOM     77  HB2 ASN     5     -10.701  -8.137   4.772  0.00  0.00               
ATOM     78  HB3 ASN     5     -10.966  -8.595   3.120  0.00  0.00               
ATOM     79  CG  ASN     5     -12.249  -6.975   3.860  0.00  0.00               
ATOM     80  OD1 ASN     5     -13.415  -6.789   4.227  0.00  0.00               
ATOM     81  ND2 ASN     5     -11.612  -5.924   3.423  0.00  0.00               

ATOM     95  O   CYX     6     -17.093  -8.510   4.036  0.00  0.00               
ATOM     96  N   PRO     7     -17.759  -9.027   1.916  0.00  0.00               
ATOM     97  CD  PRO     7     -17.801 -10.000   0.853  0.00  0.00               
ATOM     98  HD2 PRO     7     -17.929 -11.022   1.210  0.00  0.00               
ATOM     99  HD3 PRO     7     -16.883  -9.968   0.266  0.00  0.00               
ATOM    100  CG  PRO     7     -18.996  -9.534   0.055  0.00  0.00               
ATOM    101  HG2 PRO     7     -19.881 -10.088   0.369  0.00  0.00               
ATOM    102  HG3 PRO     7     -18.859  -9.731  -1.008  0.00  0.00               
ATOM    103  CB  PRO     7     -19.184  -8.056   0.387  0.00  0.00               
ATOM    104  HB2 PRO     7     -20.220  -7.765   0.218  0.00  0.00               
ATOM    105  HB3 PRO     7     -18.466  -7.585  -0.285  0.00  0.00               
ATOM    106  CA  PRO     7     -18.585  -7.885   1.782  0.00  0.00               
ATOM    107  HA  PRO     7     -17.961  -6.997   1.892  0.00  0.00               
ATOM    108  C   PRO     7     -19.754  -7.872   2.775  0.00  0.00               
ATOM    109  O   PRO     7     -20.365  -8.943   3.008  0.00  0.00               
ATOM    110  N   LEU     8     -20.091  -6.692   3.391  0.00  0.00               
ATOM    111  H   LEU     8     -19.626  -5.869   3.034  0.00  0.00               
ATOM    112  CA  LEU     8     -21.114  -6.576   4.499  0.00  0.00               
ATOM    113  HA  LEU     8     -21.315  -7.554   4.937  0.00  0.00               
ATOM    114  CB  LEU     8     -20.506  -5.697   5.560  0.00  0.00               
ATOM    115  HB2 LEU     8     -20.160  -4.844   4.976  0.00  0.00               
ATOM    116  HB3 LEU     8     -21.272  -5.386   6.270  0.00  0.00               
ATOM    117  CG  LEU     8     -19.340  -6.300   6.361  0.00  0.00               
ATOM    118  HG  LEU     8     -18.563  -6.488   5.621  0.00  0.00               
ATOM    119  CD1 LEU     8     -18.876  -5.312   7.384  0.00  0.00               
ATOM    120 HD11 LEU     8     -18.447  -4.496   6.802  0.00  0.00               
ATOM    121 HD12 LEU     8     -19.730  -4.868   7.895  0.00  0.00               
ATOM    122 HD13 LEU     8     -18.115  -5.626   8.098  0.00  0.00               
ATOM    123  CD2 LEU     8     -19.684  -7.704   6.968  0.00  0.00               
ATOM    124 HD21 LEU     8     -20.664  -7.651   7.444  0.00  0.00               
ATOM    125 HD22 LEU     8     -19.697  -8.444   6.168  0.00  0.00               
ATOM    126 HD23 LEU     8     -18.837  -7.989   7.591  0.00  0.00               
ATOM    127  C   LEU     8     -22.498  -6.117   4.026  0.00  0.00               
ATOM    128  O   LEU     8     -22.697  -5.126   3.303  0.00  0.00               
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ATOM     35  HH3 TYR     2      -9.182 -19.086  13.223  0.00  0.00               
ATOM     36  N   ILE     3     -11.508 -15.776   8.559  0.00  0.00               
ATOM     37  H   ILE     3     -12.117 -15.866   9.359  0.00  0.00               
ATOM     38  CA  ILE     3     -10.261 -14.912   8.681  0.00  0.00               
ATOM     39  HA  ILE     3     -10.452 -14.063   9.337  0.00  0.00               
ATOM     40  CB  ILE     3      -9.163 -15.726   9.385  0.00  0.00               
ATOM     41  HB  ILE     3      -8.348 -15.003   9.424  0.00  0.00               
ATOM     42  CG2 ILE     3      -9.692 -15.996  10.870  0.00  0.00               
ATOM     43 HG21 ILE     3      -8.818 -16.171  11.497  0.00  0.00               
ATOM     44 HG22 ILE     3     -10.143 -15.061  11.201  0.00  0.00               
ATOM     45 HG23 ILE     3     -10.417 -16.810  10.861  0.00  0.00               
ATOM     46  CG1 ILE     3      -8.490 -16.826   8.640  0.00  0.00               
ATOM     47 HG12 ILE     3      -9.267 -17.439   8.183  0.00  0.00               

ATOM     82 HD21 ASN     5     -12.173  -5.096   3.282  0.00  0.00               
ATOM     83 HD22 ASN     5     -10.735  -6.045   2.937  0.00  0.00               
ATOM     84  C   ASN     5     -13.449  -9.851   3.341  0.00  0.00               
ATOM     85  O   ASN     5     -13.127 -10.154   2.200  0.00  0.00               
ATOM     86  N   CYX     6     -14.721  -9.897   3.753  0.00  0.00               
ATOM     87  H   CYX     6     -14.876  -9.902   4.751  0.00  0.00               
ATOM     88  CA  CYX     6     -15.855 -10.228   2.960  0.00  0.00               
ATOM     89  HA  CYX     6     -15.555 -10.330   1.917  0.00  0.00               
ATOM     90  CB  CYX     6     -16.368 -11.541   3.446  0.00  0.00               
ATOM     91  HB2 CYX     6     -16.309 -11.653   4.529  0.00  0.00               
ATOM     92  HB3 CYX     6     -17.429 -11.657   3.224  0.00  0.00               
ATOM     93  SG  CYX     6     -15.624 -13.129   2.888  0.00  0.00               
ATOM     94  C   CYX     6     -16.996  -9.217   3.025  0.00  0.00               

ATOM    129  N   GLY     9     -23.487  -6.789   4.506  0.00  0.00               
ATOM    130  H   GLY     9     -23.360  -7.669   4.985  0.00  0.00               
ATOM    131  CA  GLY     9     -24.867  -6.497   4.184  0.00  0.00               
ATOM    132  HA2 GLY     9     -25.075  -6.499   3.114  0.00  0.00               
ATOM    133  HA3 GLY     9     -25.504  -7.298   4.559  0.00  0.00               
ATOM    134  C   GLY     9     -25.429  -5.172   4.844  0.00  0.00               
ATOM    135  O   GLY     9     -24.862  -4.820   5.886  0.00  0.00               
ATOM    136  N   NHE    10     -26.434  -4.556   4.279  0.00  0.00               
ATOM    137  HN1 NHE    10     -26.820  -4.830   3.387  0.00  0.00               
ATOM    138  HN2 NHE    10     -26.791  -3.737   4.750  0.00  0.00               
TER     139      NHE    10  
END 

CT, open23pbr (OPEN)  
CT_MD-I_5us_T16_2 
ATOM      1  HA2 MET     1       5.993   6.076 -11.773  0.00  0.00               
ATOM      2  CA  MET     1       6.808   6.736 -11.476  0.00  0.00               
ATOM      3  HA1 MET     1       6.566   7.206 -10.523  0.00  0.00               
ATOM      4  CB  MET     1       8.124   5.953 -11.374  0.00  0.00               
ATOM      5  HB2 MET     1       8.164   5.339 -12.274  0.00  0.00               
ATOM      6  HB3 MET     1       9.015   6.580 -11.394  0.00  0.00               
ATOM      7  CG  MET     1       8.166   5.109 -10.153  0.00  0.00               
ATOM      8  HG2 MET     1       8.029   5.737  -9.272  0.00  0.00               
ATOM      9  HG3 MET     1       7.327   4.418 -10.232  0.00  0.00               
ATOM     10  C   MET     1       6.930   7.752 -12.558  0.00  0.00               
ATOM     11  O   MET     1       6.423   7.593 -13.740  0.00  0.00               
ATOM     12  N   TYR     2       7.523   8.923 -12.194  0.00  0.00               
ATOM     13  H   TYR     2       8.001   9.003 -11.308  0.00  0.00               
ATOM     14  CA  TYR     2       7.435  10.140 -12.993  0.00  0.00               
ATOM     15  HA  TYR     2       7.035   9.768 -13.936  0.00  0.00               
ATOM     16  CB  TYR     2       6.459  11.061 -12.385  0.00  0.00               
ATOM     17  HB2 TYR     2       5.711  11.401 -13.101  0.00  0.00               
ATOM     18  HB3 TYR     2       5.751  10.535 -11.743  0.00  0.00               
ATOM     19  CG  TYR     2       6.953  12.302 -11.688  0.00  0.00               
ATOM     20  CD1 TYR     2       7.206  13.385 -12.515  0.00  0.00               
ATOM     21  HD1 TYR     2       7.017  13.332 -13.577  0.00  0.00               
ATOM     22  CE1 TYR     2       7.580  14.609 -12.015  0.00  0.00               
ATOM     23  HE1 TYR     2       7.583  15.390 -12.760  0.00  0.00               
ATOM     24  CZ  TYR     2       7.935  14.752 -10.707  0.00  0.00               
ATOM     25  OS  TYR     2       8.354  15.980 -10.165  0.00  0.00               
ATOM     26  CH  TYR     2       8.453  17.087 -11.009  0.00  0.00               
ATOM     27  CE2 TYR     2       7.806  13.652  -9.884  0.00  0.00               
ATOM     28  HE2 TYR     2       8.236  13.681  -8.893  0.00  0.00               
ATOM     29  CD2 TYR     2       7.159  12.434 -10.336  0.00  0.00               
ATOM     30  HD2 TYR     2       6.972  11.616  -9.655  0.00  0.00               
ATOM     31  C   TYR     2       8.771  10.798 -13.370  0.00  0.00               
ATOM     32  O   TYR     2       8.898  11.306 -14.489  0.00  0.00               
ATOM     33  HH1 TYR     2       8.771  17.974 -10.461  0.00  0.00               
ATOM     34  HH2 TYR     2       7.509  17.315 -11.503  0.00  0.00               
ATOM     35  HH3 TYR     2       9.216  17.025 -11.785  0.00  0.00               
ATOM     36  N   ILE     3       9.728  10.858 -12.401  0.00  0.00               
ATOM     37  H   ILE     3       9.343  10.645 -11.492  0.00  0.00               
ATOM     38  CA  ILE     3      11.071  11.381 -12.522  0.00  0.00               
ATOM     39  HA  ILE     3      11.087  11.534 -13.601  0.00  0.00               
ATOM     40  CB  ILE     3      11.165  12.846 -11.959  0.00  0.00               
ATOM     41  HB  ILE     3      10.292  13.375 -12.340  0.00  0.00               
ATOM     42  CG2 ILE     3      11.231  12.861 -10.402  0.00  0.00               
ATOM     43 HG21 ILE     3      10.570  12.173  -9.876  0.00  0.00               
ATOM     44 HG22 ILE     3      12.226  12.530 -10.104  0.00  0.00               
ATOM     45 HG23 ILE     3      11.043  13.889 -10.091  0.00  0.00               
ATOM     46  CG1 ILE     3      12.413  13.642 -12.468  0.00  0.00               
ATOM     47 HG12 ILE     3      13.249  13.172 -11.951  0.00  0.00               

ATOM     48 HG13 ILE     3      12.529  13.316 -13.502  0.00  0.00               
ATOM     49  CD1 ILE     3      12.319  15.094 -12.095  0.00  0.00               
ATOM     50 HD11 ILE     3      12.423  15.310 -11.032  0.00  0.00               
ATOM     51 HD12 ILE     3      13.074  15.661 -12.640  0.00  0.00               
ATOM     52 HD13 ILE     3      11.302  15.392 -12.347  0.00  0.00               
ATOM     53  C   ILE     3      12.142  10.396 -12.117  0.00  0.00               
ATOM     54  O   ILE     3      13.314  10.781 -12.013  0.00  0.00               
ATOM     55  N   GLN     4      11.765   9.180 -11.661  0.00  0.00               
ATOM     56  H   GLN     4      10.766   9.043 -11.591  0.00  0.00               
ATOM     57  CA  GLN     4      12.572   8.214 -10.865  0.00  0.00               
ATOM     58  HA  GLN     4      13.592   8.591 -10.936  0.00  0.00               
ATOM     59  CB  GLN     4      12.243   8.242  -9.379  0.00  0.00               
ATOM     60  HB2 GLN     4      12.985   7.644  -8.850  0.00  0.00               
ATOM     61  HB3 GLN     4      12.247   9.254  -8.974  0.00  0.00               
ATOM     62  CG  GLN     4      10.928   7.693  -8.964  0.00  0.00               
ATOM     63  HG2 GLN     4      10.717   6.862  -9.638  0.00  0.00               
ATOM     64  HG3 GLN     4      10.951   7.247  -7.970  0.00  0.00               
ATOM     65  CD  GLN     4       9.747   8.673  -9.055  0.00  0.00               
ATOM     66  OE1 GLN     4       9.275   9.090 -10.056  0.00  0.00               
ATOM     67  NE2 GLN     4       9.285   9.354  -8.020  0.00  0.00               
ATOM     68 HE21 GLN     4       8.633  10.101  -8.212  0.00  0.00               
ATOM     69 HE22 GLN     4       9.736   9.163  -7.137  0.00  0.00               
ATOM     70  C   GLN     4      12.435   6.824 -11.471  0.00  0.00               
ATOM     71  O   GLN     4      11.567   6.530 -12.313  0.00  0.00               
ATOM     72  N   ASN     5      13.380   5.994 -11.111  0.00  0.00               
ATOM     73  H   ASN     5      14.115   6.405 -10.552  0.00  0.00               
ATOM     74  CA  ASN     5      13.501   4.653 -11.711  0.00  0.00               
ATOM     75  HA  ASN     5      13.244   4.850 -12.752  0.00  0.00               
ATOM     76  CB  ASN     5      14.939   4.132 -11.780  0.00  0.00               
ATOM     77  HB2 ASN     5      15.590   4.919 -12.160  0.00  0.00               
ATOM     78  HB3 ASN     5      15.256   3.953 -10.753  0.00  0.00               
ATOM     79  CG  ASN     5      14.989   2.826 -12.542  0.00  0.00               
ATOM     80  OD1 ASN     5      15.275   1.773 -11.962  0.00  0.00               
ATOM     81  ND2 ASN     5      14.674   2.748 -13.825  0.00  0.00               
ATOM     82 HD21 ASN     5      14.940   1.876 -14.259  0.00  0.00               
ATOM     83 HD22 ASN     5      14.580   3.559 -14.420  0.00  0.00               
ATOM     84  C   ASN     5      12.582   3.635 -11.089  0.00  0.00               
ATOM     85  O   ASN     5      12.845   3.290  -9.951  0.00  0.00               
ATOM     86  N   CYX     6      11.628   3.096 -11.846  0.00  0.00               
ATOM     87  H   CYX     6      11.481   3.454 -12.779  0.00  0.00               
ATOM     88  CA  CYX     6      10.632   2.121 -11.348  0.00  0.00               
ATOM     89  HA  CYX     6      11.080   1.661 -10.468  0.00  0.00               
ATOM     90  CB  CYX     6       9.371   2.889 -10.972  0.00  0.00               
ATOM     91  HB2 CYX     6       8.921   3.186 -11.919  0.00  0.00               
ATOM     92  HB3 CYX     6       8.776   2.146 -10.440  0.00  0.00               
ATOM     93  SG  CYX     6       9.781   4.279  -9.913  0.00  0.00               
ATOM     94  C   CYX     6      10.347   1.031 -12.490  0.00  0.00               

ATOM     95  O   CYX     6      10.557   1.353 -13.677  0.00  0.00               
ATOM     96  N   PRO     7       9.900  -0.201 -12.148  0.00  0.00               
ATOM     97  CD  PRO     7       9.456  -0.582 -10.796  0.00  0.00               
ATOM     98  HD2 PRO     7       8.728   0.086 -10.335  0.00  0.00               
ATOM     99  HD3 PRO     7      10.400  -0.446 -10.267  0.00  0.00               
ATOM    100  CG  PRO     7       9.038  -2.085 -10.758  0.00  0.00               
ATOM    101  HG2 PRO     7       8.041  -2.359 -10.414  0.00  0.00               
ATOM    102  HG3 PRO     7       9.697  -2.662 -10.110  0.00  0.00               
ATOM    103  CB  PRO     7       9.352  -2.523 -12.207  0.00  0.00               
ATOM    104  HB2 PRO     7       8.710  -3.338 -12.542  0.00  0.00               
ATOM    105  HB3 PRO     7      10.372  -2.902 -12.270  0.00  0.00               
ATOM    106  CA  PRO     7       9.510  -1.264 -13.062  0.00  0.00               
ATOM    107  HA  PRO     7      10.317  -1.471 -13.764  0.00  0.00               
ATOM    108  C   PRO     7       8.303  -0.934 -13.880  0.00  0.00               
ATOM    109  O   PRO     7       7.561  -0.026 -13.540  0.00  0.00               
ATOM    110  N   LEU     8       8.085  -1.644 -14.980  0.00  0.00               
ATOM    111  H   LEU     8       8.668  -2.451 -15.149  0.00  0.00               
ATOM    112  CA  LEU     8       6.904  -1.474 -15.865  0.00  0.00               
ATOM    113  HA  LEU     8       6.380  -0.566 -15.567  0.00  0.00               
ATOM    114  CB  LEU     8       7.318  -1.203 -17.285  0.00  0.00               
ATOM    115  HB2 LEU     8       7.882  -2.079 -17.604  0.00  0.00               
ATOM    116  HB3 LEU     8       6.464  -1.025 -17.938  0.00  0.00               
ATOM    117  CG  LEU     8       8.274   0.041 -17.459  0.00  0.00               
ATOM    118  HG  LEU     8       9.030   0.033 -16.674  0.00  0.00               
ATOM    119  CD1 LEU     8       8.854  -0.151 -18.830  0.00  0.00               
ATOM    120 HD11 LEU     8       8.071  -0.318 -19.570  0.00  0.00               
ATOM    121 HD12 LEU     8       9.344   0.750 -19.197  0.00  0.00               
ATOM    122 HD13 LEU     8       9.518  -1.015 -18.787  0.00  0.00               
ATOM    123  CD2 LEU     8       7.500   1.350 -17.416  0.00  0.00               
ATOM    124 HD21 LEU     8       8.118   2.247 -17.457  0.00  0.00               
ATOM    125 HD22 LEU     8       6.879   1.427 -18.309  0.00  0.00               
ATOM    126 HD23 LEU     8       6.810   1.397 -16.574  0.00  0.00               
ATOM    127  C   LEU     8       5.955  -2.627 -15.716  0.00  0.00               
ATOM    128  O   LEU     8       6.303  -3.833 -15.593  0.00  0.00               
ATOM    129  N   GLY     9       4.668  -2.263 -15.715  0.00  0.00               
ATOM    130  H   GLY     9       4.427  -1.288 -15.610  0.00  0.00               
ATOM    131  CA  GLY     9       3.558  -3.222 -15.574  0.00  0.00               
ATOM    132  HA2 GLY     9       3.831  -3.926 -14.788  0.00  0.00               
ATOM    133  HA3 GLY     9       2.632  -2.828 -15.154  0.00  0.00               
ATOM    134  C   GLY     9       3.292  -4.045 -16.824  0.00  0.00               
ATOM    135  O   GLY     9       3.721  -3.702 -17.935  0.00  0.00               
ATOM    136  N   NHE    10       2.475  -5.093 -16.676  0.00  0.00               
ATOM    137  HN1 NHE    10       2.033  -5.320 -15.796  0.00  0.00               
ATOM    138  HN2 NHE    10       2.206  -5.615 -17.498  0.00  0.00               
TER     139      NHE    10  
END 

CT, intermediate saddle* (OPEN/FOLDED)  
CT_MD-I_5us_T16_11 
ATOM      1  HA2 MET     1     -16.462   2.328 -18.391  0.00  0.00               
ATOM      2  CA  MET     1     -16.389   2.788 -17.406  0.00  0.00               
ATOM      3  HA1 MET     1     -15.521   3.446 -17.458  0.00  0.00               
ATOM      4  CB  MET     1     -17.592   3.673 -17.230  0.00  0.00               
ATOM      5  HB2 MET     1     -17.589   4.480 -17.962  0.00  0.00               
ATOM      6  HB3 MET     1     -18.536   3.172 -17.444  0.00  0.00               
ATOM      7  CG  MET     1     -17.671   4.219 -15.875  0.00  0.00               
ATOM      8  HG2 MET     1     -18.601   4.771 -15.743  0.00  0.00               
ATOM      9  HG3 MET     1     -17.648   3.342 -15.228  0.00  0.00               
ATOM     10  C   MET     1     -16.179   1.651 -16.440  0.00  0.00               
ATOM     11  O   MET     1     -16.983   0.737 -16.355  0.00  0.00               
ATOM     12  N   TYR     2     -15.059   1.719 -15.707  0.00  0.00               
ATOM     13  H   TYR     2     -14.454   2.525 -15.780  0.00  0.00               
ATOM     14  CA  TYR     2     -14.684   0.701 -14.749  0.00  0.00               
ATOM     15  HA  TYR     2     -14.858  -0.237 -15.276  0.00  0.00               
ATOM     16  CB  TYR     2     -13.183   0.892 -14.414  0.00  0.00               
ATOM     17  HB2 TYR     2     -12.589   0.819 -15.325  0.00  0.00               
ATOM     18  HB3 TYR     2     -13.065   1.893 -13.998  0.00  0.00               
ATOM     19  CG  TYR     2     -12.633  -0.187 -13.506  0.00  0.00               
ATOM     20  CD1 TYR     2     -12.695  -1.558 -13.790  0.00  0.00               
ATOM     21  HD1 TYR     2     -13.049  -1.885 -14.756  0.00  0.00               
ATOM     22  CE1 TYR     2     -12.168  -2.500 -12.906  0.00  0.00               
ATOM     23  HE1 TYR     2     -12.195  -3.548 -13.166  0.00  0.00               
ATOM     24  CZ  TYR     2     -11.550  -2.107 -11.671  0.00  0.00               
ATOM     25  OS  TYR     2     -11.010  -3.063 -10.753  0.00  0.00               
ATOM     26  CH  TYR     2     -11.363  -4.423 -10.850  0.00  0.00               

ATOM     48 HG13 ILE     3     -14.694  -2.400 -10.479  0.00  0.00               
ATOM     49  CD1 ILE     3     -15.779  -4.019  -9.837  0.00  0.00               
ATOM     50 HD11 ILE     3     -14.845  -4.540  -9.628  0.00  0.00               
ATOM     51 HD12 ILE     3     -16.054  -3.563  -8.886  0.00  0.00               
ATOM     52 HD13 ILE     3     -16.562  -4.692 -10.189  0.00  0.00               
ATOM     53  C   ILE     3     -15.757  -0.036 -10.228  0.00  0.00               
ATOM     54  O   ILE     3     -16.286  -0.271  -9.116  0.00  0.00               
ATOM     55  N   GLN     4     -14.736   0.796 -10.308  0.00  0.00               
ATOM     56  H   GLN     4     -14.183   0.735 -11.151  0.00  0.00               
ATOM     57  CA  GLN     4     -14.366   1.739  -9.294  0.00  0.00               
ATOM     58  HA  GLN     4     -15.148   1.827  -8.540  0.00  0.00               
ATOM     59  CB  GLN     4     -13.150   1.096  -8.560  0.00  0.00               
ATOM     60  HB2 GLN     4     -13.344   0.024  -8.615  0.00  0.00               
ATOM     61  HB3 GLN     4     -12.214   1.321  -9.072  0.00  0.00               
ATOM     62  CG  GLN     4     -13.222   1.646  -7.130  0.00  0.00               
ATOM     63  HG2 GLN     4     -13.189   2.733  -7.197  0.00  0.00               
ATOM     64  HG3 GLN     4     -14.106   1.273  -6.613  0.00  0.00               
ATOM     65  CD  GLN     4     -12.023   1.168  -6.344  0.00  0.00               
ATOM     66  OE1 GLN     4     -11.066   0.791  -6.916  0.00  0.00               
ATOM     67  NE2 GLN     4     -12.056   1.203  -5.027  0.00  0.00               
ATOM     68 H E21 GLN     4     -11.224   1.019  -4.486  0.00  0.00               
ATOM     69 HE22 GLN     4     -12.853   1.659  -4.606  0.00  0.00               
ATOM     70  C   GLN     4     -14.026   3.097  -9.851  0.00  0.00               
ATOM     71  O   GLN     4     -13.334   3.311 -10.864  0.00  0.00               
ATOM     72  N   ASN     5     -14.512   4.169  -9.165  0.00  0.00               
ATOM     73  H   ASN     5     -15.031   3.986  -8.318  0.00  0.00               

ATOM     95  O   CYX     6     -16.632   7.799 -12.220  0.00  0.00               
ATOM     96  N   PRO     7     -15.174   8.409 -13.837  0.00  0.00               
ATOM     97  CD  PRO     7     -14.108   8.152 -14.806  0.00  0.00               
ATOM     98  HD2 PRO     7     -14.642   7.656 -15.617  0.00  0.00               
ATOM     99  HD3 PRO     7     -13.280   7.524 -14.479  0.00  0.00               
ATOM    100  CG  PRO     7     -13.587   9.535 -15.333  0.00  0.00               
ATOM    101  HG2 PRO     7     -13.209   9.489 -16.354  0.00  0.00               
ATOM    102  HG3 PRO     7     -12.821  10.017 -14.724  0.00  0.00               
ATOM    103  CB  PRO     7     -14.851  10.398 -15.244  0.00  0.00               
ATOM    104  HB2 PRO     7     -15.306  10.400 -16.234  0.00  0.00               
ATOM    105  HB3 PRO     7     -14.584  11.440 -15.067  0.00  0.00               
ATOM    106  CA  PRO     7     -15.728   9.748 -14.050  0.00  0.00               
ATOM    107  HA  PRO     7     -15.723  10.358 -13.146  0.00  0.00               
ATOM    108  C   PRO     7     -17.201   9.739 -14.442  0.00  0.00               
ATOM    109  O   PRO     7     -17.649   8.875 -15.247  0.00  0.00               
ATOM    110  N   LEU     8     -17.998  10.644 -13.838  0.00  0.00               
ATOM    111  H   LEU     8     -17.519  11.430 -13.423  0.00  0.00               
ATOM    112  CA  LEU     8     -19.395  10.765 -14.203  0.00  0.00               
ATOM    113  HA  LEU     8     -19.755   9.902 -14.764  0.00  0.00               
ATOM    114  CB  LEU     8     -20.144  10.735 -12.886  0.00  0.00               
ATOM    115  HB2 LEU     8     -19.872   9.806 -12.385  0.00  0.00               
ATOM    116  HB3 LEU     8     -19.852  11.575 -12.255  0.00  0.00               
ATOM    117  CG  LEU     8     -21.713  10.752 -12.884  0.00  0.00               
ATOM    118  HG  LEU     8     -21.979  11.794 -13.060  0.00  0.00               
ATOM    119  CD1 LEU     8     -22.307   9.807 -14.009  0.00  0.00               
ATOM    120 HD11 LEU     8     -22.335  10.417 -14.913  0.00  0.00               
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ATOM     27  CE2 TYR     2     -11.471  -0.715 -11.438  0.00  0.00               
ATOM     28  HE2 TYR     2     -11.071  -0.401 -10.485  0.00  0.00               
ATOM     29  CD2 TYR     2     -11.996   0.268 -12.288  0.00  0.00               
ATOM     30  HD2 TYR     2     -11.841   1.320 -12.102  0.00  0.00               
ATOM     31  C   TYR     2     -15.511   0.672 -13.453  0.00  0.00               
ATOM     32  O   TYR     2     -16.157   1.671 -13.139  0.00  0.00               
ATOM     33  HH1 TYR     2     -10.868  -4.727 -11.772  0.00  0.00               
ATOM     34  HH2 TYR     2     -12.439  -4.599 -10.853  0.00  0.00               
ATOM     35  HH3 TYR     2     -10.927  -5.057 -10.078  0.00  0.00               
ATOM     36  N   ILE     3     -15.529  -0.463 -12.700  0.00  0.00               
ATOM     37  H   ILE     3     -14.874  -1.193 -12.941  0.00  0.00               
ATOM     38  CA  ILE     3     -16.374  -0.691 -11.513  0.00  0.00               
ATOM     39  HA  ILE     3     -17.313  -0.169 -11.697  0.00  0.00               
ATOM     40  CB  ILE     3     -16.748  -2.119 -11.274  0.00  0.00               
ATOM     41  HB  ILE     3     -17.470  -2.311 -10.480  0.00  0.00               
ATOM     42  CG2 ILE     3     -17.524  -2.718 -12.453  0.00  0.00               
ATOM     43 HG21 ILE     3     -18.066  -3.566 -12.036  0.00  0.00               
ATOM     44 HG22 ILE     3     -18.276  -2.030 -12.839  0.00  0.00               
ATOM     45 HG23 ILE     3     -16.814  -3.057 -13.207  0.00  0.00              
ATOM     46  CG1 ILE     3     -15.511  -2.974 -10.917  0.00  0.00               
ATOM     47 HG12 ILE     3     -15.154  -3.542 -11.776  0.00  0.00               

ATOM     74  CA  ASN     5     -14.067   5.586  -9.334  0.00  0.00               
ATOM     75  HA  ASN     5     -14.767   6.162  -8.729  0.00  0.00               
ATOM     76  CB  ASN     5     -12.645   5.736  -8.680  0.00  0.00               
ATOM     77  HB2 ASN     5     -12.707   5.256  -7.704  0.00  0.00               
ATOM     78  HB3 ASN     5     -11.859   5.193  -9.205  0.00  0.00               
ATOM     79  CG  ASN     5     -12.110   7.082  -8.546  0.00  0.00               
ATOM     80  OD1 ASN     5     -11.204   7.517  -9.229  0.00  0.00               
ATOM     81  ND2 ASN     5     -12.670   7.901  -7.711  0.00  0.00               
ATOM     82 HD21 ASN     5     -12.537   8.898  -7.799  0.00  0.00               
ATOM     83 HD22 ASN     5     -13.220   7.459  -6.988  0.00  0.00               
ATOM     84  C   ASN     5     -14.075   6.159 -10.781  0.00  0.00               
ATOM     85  O   ASN     5     -13.349   7.057 -11.186  0.00  0.00               
ATOM     86  N   CYX     6     -15.002   5.603 -11.581  0.00  0.00               
ATOM     87  H   CYX     6     -15.432   4.728 -11.319  0.00  0.00               
ATOM     88  CA  CYX     6     -15.180   6.047 -12.963  0.00  0.00               
ATOM     89  HA  CYX     6     -14.216   6.053 -13.473  0.00  0.00               
ATOM     90  CB  CYX     6     -16.166   5.084 -13.686  0.00  0.00               
ATOM     91  HB2 CYX     6     -15.648   4.132 -13.566  0.00  0.00               
ATOM     92  HB3 CYX     6     -17.097   5.114 -13.121  0.00  0.00               
ATOM     93  SG  CYX     6     -16.396   5.345 -15.449  0.00  0.00               
ATOM     94  C   CYX     6     -15.677   7.486 -12.984  0.00  0.00               

ATOM    121 HD12 LEU     8     -21.615   8.998 -14.243  0.00  0.00               
ATOM    122 HD13 LEU     8     -23.323   9.454 -13.836  0.00  0.00               
ATOM    123  CD2 LEU     8     -22.229  10.316 -11.530  0.00  0.00               
ATOM    124 HD21 LEU     8     -21.858   9.356 -11.172  0.00  0.00               
ATOM    125 HD22 LEU     8     -21.908  11.008 -10.753  0.00  0.00               
ATOM    126 HD23 LEU     8     -23.319  10.348 -11.528  0.00  0.00               
ATOM    127  C   LEU     8     -19.574  12.113 -14.977  0.00  0.00               
ATOM    128  O   LEU     8     -19.216  13.094 -14.391  0.00  0.00               
ATOM    129  N   GLY     9     -20.135  12.144 -16.246  0.00  0.00               
ATOM    130  H   GLY     9     -20.469  11.239 -16.545  0.00  0.00               
ATOM    131  CA  GLY     9     -20.316  13.291 -17.106  0.00  0.00               
ATOM    132  HA2 GLY     9     -19.357  13.717 -17.401  0.00  0.00               
ATOM    133  HA3 GLY     9     -20.750  12.925 -18.036  0.00  0.00               
ATOM    134  C   GLY     9     -21.277  14.354 -16.541  0.00  0.00               
ATOM    135  O   GLY     9     -22.101  14.069 -15.711  0.00  0.00               
ATOM    136  N   NHE    10     -21.325  15.546 -17.131  0.00  0.00               
ATOM    137  HN1 NHE    10     -20.626  15.760 -17.828  0.00  0.00               
ATOM    138  HN2 NHE    10     -22.098  16.100 -16.790  0.00  0.00               
TER     139      NHE    10  
END 

CT, intermediate saddlevar* (OPEN/FOLDED)  
CT_MD-II_5us_T16_6 
ATOM      1  HA2 MET     1      -5.626  11.280   0.223  0.00  0.00               
ATOM      2  CA  MET     1      -6.342  11.037  -0.562  0.00  0.00               
ATOM      3  HA1 MET     1      -6.578  11.973  -1.066  0.00  0.00               
ATOM      4  CB  MET     1      -5.840  10.032  -1.552  0.00  0.00               
ATOM      5  HB2 MET     1      -6.732   9.636  -2.037  0.00  0.00               
ATOM      6  HB3 MET     1      -5.210  10.439  -2.343  0.00  0.00               
ATOM      7  CG  MET     1      -5.047   8.941  -0.913  0.00  0.00               
ATOM      8  HG2 MET     1      -4.044   9.247  -0.617  0.00  0.00               
ATOM      9  HG3 MET     1      -5.590   8.508  -0.072  0.00  0.00               
ATOM     10  C   MET     1      -7.540  10.452   0.155  0.00  0.00               
ATOM     11  O   MET     1      -7.410   9.904   1.288  0.00  0.00               
ATOM     12  N   TYR     2      -8.659  10.568  -0.480  0.00  0.00               
ATOM     13  H   TYR     2      -8.581  11.034  -1.373  0.00  0.00               
ATOM     14  CA  TYR     2      -9.971   9.995  -0.101  0.00  0.00               
ATOM     15  HA  TYR     2      -9.833   9.576   0.895  0.00  0.00               
ATOM     16  CB  TYR     2     -10.942  11.187  -0.071  0.00  0.00               
ATOM     17  HB2 TYR     2     -10.547  12.065   0.439  0.00  0.00               
ATOM     18  HB3 TYR     2     -11.008  11.532  -1.103  0.00  0.00               
ATOM     19  CG  TYR     2     -12.387  10.940   0.373  0.00  0.00               
ATOM     20  CD1 TYR     2     -13.437  10.811  -0.527  0.00  0.00               
ATOM     21  HD1 TYR     2     -13.216  10.900  -1.581  0.00  0.00               
ATOM     22  CE1 TYR     2     -14.714  10.491  -0.024  0.00  0.00               
ATOM     23  HE1 TYR     2     -15.506  10.383  -0.750  0.00  0.00               
ATOM     24  CZ  TYR     2     -14.894  10.174   1.310  0.00  0.00               
ATOM     25  OS  TYR     2     -15.988   9.545   1.834  0.00  0.00               
ATOM     26  CH  TYR     2     -16.865   8.917   0.864  0.00  0.00               
ATOM     27  CE2 TYR     2     -13.773  10.328   2.161  0.00  0.00               
ATOM     28  HE2 TYR     2     -13.908  10.055   3.198  0.00  0.00               
ATOM     29  CD2 TYR     2     -12.520  10.777   1.752  0.00  0.00               
ATOM     30  HD2 TYR     2     -11.656  10.843   2.397  0.00  0.00               
ATOM     31  C   TYR     2     -10.320   8.851  -1.068  0.00  0.00               
ATOM     32  O   TYR     2     -10.009   8.981  -2.261  0.00  0.00               
ATOM     33  HH1 TYR     2     -16.350   8.151   0.284  0.00  0.00               
ATOM     34  HH2 TYR     2     -17.308   9.748   0.315  0.00  0.00               
ATOM     35  HH3 TYR     2     -17.691   8.467   1.415  0.00  0.00               
ATOM     36  N   ILE     3     -11.029   7.805  -0.566  0.00  0.00               
ATOM     37  H   ILE     3     -11.290   7.833   0.409  0.00  0.00               
ATOM     38  CA  ILE     3     -11.498   6.643  -1.212  0.00  0.00               
ATOM     39  HA  ILE     3     -11.579   5.899  -0.418  0.00  0.00               
ATOM     40  CB  ILE     3     -12.890   6.810  -1.870  0.00  0.00               
ATOM     41  HB  ILE     3     -13.107   5.843  -2.324  0.00  0.00               
ATOM     42  CG2 ILE     3     -13.929   7.111  -0.770  0.00  0.00               
ATOM     43 HG21 ILE     3     -13.646   7.983  -0.179  0.00  0.00               
ATOM     44 HG22 ILE     3     -14.920   7.312  -1.177  0.00  0.00               
ATOM     45 HG23 ILE     3     -14.146   6.287  -0.090  0.00  0.00               
ATOM     46  CG1 ILE     3     -12.928   7.932  -2.936  0.00  0.00               
ATOM     47 HG12 ILE     3     -13.148   8.869  -2.426  0.00  0.00               

ATOM     48 HG13 ILE     3     -11.959   7.956  -3.436  0.00  0.00               
ATOM     49  CD1 ILE     3     -13.974   7.582  -4.047  0.00  0.00               
ATOM     50 HD11 ILE     3     -14.948   7.877  -3.658  0.00  0.00               
ATOM     51 HD12 ILE     3     -13.727   8.106  -4.970  0.00  0.00               
ATOM     52 HD13 ILE     3     -13.962   6.508  -4.236  0.00  0.00               
ATOM     53  C   ILE     3     -10.503   5.982  -2.178  0.00  0.00               
ATOM     54  O   ILE     3     -10.918   5.353  -3.144  0.00  0.00               
ATOM     55  N   GLN     4      -9.148   5.940  -1.903  0.00  0.00               
ATOM     56  H   GLN     4      -8.833   6.465  -1.100  0.00  0.00               
ATOM     57  CA  GLN     4      -8.125   5.517  -2.813  0.00  0.00               
ATOM     58  HA  GLN     4      -8.562   4.778  -3.484  0.00  0.00               
ATOM     59  CB  GLN     4      -7.572   6.579  -3.781  0.00  0.00               
ATOM     60  HB2 GLN     4      -7.468   7.545  -3.286  0.00  0.00               
ATOM     61  HB3 GLN     4      -6.591   6.227  -4.099  0.00  0.00               
ATOM     62  CG  GLN     4      -8.466   6.747  -5.038  0.00  0.00               
ATOM     63  HG2 GLN     4      -8.710   5.766  -5.445  0.00  0.00               
ATOM     64  HG3 GLN     4      -9.436   7.183  -4.800  0.00  0.00               
ATOM     65  CD  GLN     4      -7.803   7.643  -6.131  0.00  0.00               
ATOM     66  OE1 GLN     4      -7.029   8.577  -5.858  0.00  0.00               
ATOM     67  NE2 GLN     4      -8.024   7.456  -7.396  0.00  0.00               
ATOM     68 HE21 GLN     4      -7.609   8.079  -8.073  0.00  0.00               
ATOM     69 HE22 GLN     4      -8.722   6.773  -7.654  0.00  0.00               
ATOM     70  C   GLN     4      -7.069   4.595  -2.243  0.00  0.00               
ATOM     71  O   GLN     4      -6.064   4.419  -2.898  0.00  0.00               
ATOM     72  N   ASN     5      -7.321   4.032  -1.055  0.00  0.00               
ATOM     73  H   ASN     5      -8.201   4.304  -0.639  0.00  0.00               
ATOM     74  CA  ASN     5      -6.476   3.133  -0.335  0.00  0.00               
ATOM     75  HA  ASN     5      -6.866   2.984   0.672  0.00  0.00               
ATOM     76  CB  ASN     5      -6.539   1.800  -1.033  0.00  0.00               
ATOM     77  HB2 ASN     5      -7.586   1.557  -1.216  0.00  0.00               
ATOM     78  HB3 ASN     5      -6.106   1.892  -2.028  0.00  0.00               
ATOM     79  CG  ASN     5      -5.771   0.688  -0.266  0.00  0.00               
ATOM     80  OD1 ASN     5      -5.745   0.601   0.970  0.00  0.00               
ATOM     81  ND2 ASN     5      -5.251  -0.213  -1.001  0.00  0.00               
ATOM     82 HD21 ASN     5      -4.472  -0.739  -0.630  0.00  0.00               
ATOM     83 HD22 ASN     5      -5.516  -0.331  -1.969  0.00  0.00               
ATOM     84  C   ASN     5      -5.134   3.765  -0.153  0.00  0.00               
ATOM     85  O   ASN     5      -4.103   3.137  -0.266  0.00  0.00               
ATOM     86  N   CYX     6      -5.011   5.057   0.039  0.00  0.00               
ATOM     87  H   CYX     6      -5.946   5.438   0.029  0.00  0.00               
ATOM     88  CA  CYX     6      -3.777   5.888   0.223  0.00  0.00               
ATOM     89  HA  CYX     6      -2.991   5.159   0.422  0.00  0.00               
ATOM     90  CB  CYX     6      -3.455   6.620  -1.123  0.00  0.00               
ATOM     91  HB2 CYX     6      -2.681   7.372  -0.973  0.00  0.00               
ATOM     92  HB3 CYX     6      -3.088   5.860  -1.813  0.00  0.00               
ATOM     93  SG  CYX     6      -4.894   7.502  -1.917  0.00  0.00               
ATOM     94  C   CYX     6      -3.898   6.838   1.499  0.00  0.00               

ATOM     95  O   CYX     6      -4.980   7.370   1.844  0.00  0.00               
ATOM     96  N   PRO     7      -2.745   7.152   2.107  0.00  0.00               
ATOM     97  CD  PRO     7      -1.421   6.788   1.647  0.00  0.00               
ATOM     98  HD2 PRO     7      -1.376   6.802   0.558  0.00  0.00               
ATOM     99  HD3 PRO     7      -1.182   5.789   2.012  0.00  0.00               
ATOM    100  CG  PRO     7      -0.457   7.771   2.348  0.00  0.00               
ATOM    101  HG2 PRO     7      -0.176   8.623   1.728  0.00  0.00               
ATOM    102  HG3 PRO     7       0.409   7.156   2.592  0.00  0.00               
ATOM    103  CB  PRO     7      -1.130   8.240   3.626  0.00  0.00               
ATOM    104  HB2 PRO     7      -0.803   9.240   3.909  0.00  0.00               
ATOM    105  HB3 PRO     7      -0.923   7.429   4.324  0.00  0.00               
ATOM    106  CA  PRO     7      -2.633   8.189   3.165  0.00  0.00               
ATOM    107  HA  PRO     7      -3.189   7.858   4.041  0.00  0.00               
ATOM    108  C   PRO     7      -3.205   9.559   2.695  0.00  0.00               
ATOM    109  O   PRO     7      -2.946   9.954   1.547  0.00  0.00               
ATOM    110  N   LEU     8      -3.986  10.249   3.523  0.00  0.00               
ATOM    111  H   LEU     8      -4.224   9.837   4.414  0.00  0.00               
ATOM    112  CA  LEU     8      -4.372  11.584   3.390  0.00  0.00               
ATOM    113  HA  LEU     8      -4.469  11.902   2.352  0.00  0.00               
ATOM    114  CB  LEU     8      -5.717  11.719   4.139  0.00  0.00               
ATOM    115  HB2 LEU     8      -6.393  10.887   3.940  0.00  0.00               
ATOM    116  HB3 LEU     8      -5.566  11.587   5.210  0.00  0.00               
ATOM    117  CG  LEU     8      -6.362  13.120   3.888  0.00  0.00               
ATOM    118  HG  LEU     8      -5.619  13.896   4.071  0.00  0.00               
ATOM    119  CD1 LEU     8      -6.848  13.246   2.396  0.00  0.00               
ATOM    120 HD11 LEU     8      -6.002  13.112   1.722  0.00  0.00               
ATOM    121 HD12 LEU     8      -7.600  12.466   2.272  0.00  0.00               
ATOM    122 HD13 LEU     8      -7.232  14.234   2.143  0.00  0.00               
ATOM    123  CD2 LEU     8      -7.624  13.205   4.854  0.00  0.00               
ATOM    124 HD21 LEU     8      -7.534  12.943   5.908  0.00  0.00               
ATOM    125 HD22 LEU     8      -8.109  14.173   4.727  0.00  0.00               
ATOM    126 HD23 LEU     8      -8.192  12.372   4.440  0.00  0.00               
ATOM    127  C   LEU     8      -3.327  12.478   4.061  0.00  0.00               
ATOM    128  O   LEU     8      -3.100  12.314   5.293  0.00  0.00               
ATOM    129  N   GLY     9      -2.954  13.589   3.348  0.00  0.00               
ATOM    130  H   GLY     9      -3.112  13.636   2.351  0.00  0.00               
ATOM    131  CA  GLY     9      -2.137  14.665   3.913  0.00  0.00               
ATOM    132  HA2 GLY     9      -2.172  15.569   3.305  0.00  0.00               
ATOM    133  HA3 GLY     9      -2.523  14.854   4.915  0.00  0.00               
ATOM    134  C   GLY     9      -0.682  14.303   4.079  0.00  0.00               
ATOM    135  O   GLY     9      -0.129  13.348   3.585  0.00  0.00               
ATOM    136  N   NHE    10      -0.010  15.066   4.938  0.00  0.00               
ATOM    137  HN1 NHE    10      -0.393  15.954   5.229  0.00  0.00               
ATOM    138  HN2 NHE    10       0.832  14.635   5.291  0.00  0.00               
TER     139      NHE    10  
END 

CT, saddlevar* (= folded-II) (FOLDED)  
CT_MD-II_5us_T16_5 
ATOM      1  HA2 MET     1      11.568 -16.276  -9.059  0.00  0.00               
ATOM      2  CA  MET     1      11.548 -15.191  -9.163  0.00  0.00               
ATOM      3  HA1 MET     1      11.655 -14.825  -8.142  0.00  0.00               
ATOM      4  CB  MET     1      12.766 -14.735 -10.011  0.00  0.00               
ATOM      5  HB2 MET     1      13.663 -14.970  -9.437  0.00  0.00               
ATOM      6  HB3 MET     1      12.850 -15.296 -10.942  0.00  0.00               
ATOM      7  CG  MET     1      12.721 -13.253 -10.389  0.00  0.00               
ATOM      8  HG2 MET     1      13.437 -12.989 -11.167  0.00  0.00               
ATOM      9  HG3 MET     1      11.774 -13.033 -10.882  0.00  0.00               
ATOM     10  C   MET     1      10.266 -14.804  -9.788  0.00  0.00               
ATOM     11  O   MET     1       9.517 -14.088  -9.151  0.00  0.00               
ATOM     12  N   TYR     2       9.885 -15.580 -10.829  0.00  0.00               
ATOM     13  H   TYR     2      10.453 -16.260 -11.314  0.00  0.00               
ATOM     14  CA  TYR     2       8.610 -15.446 -11.474  0.00  0.00               
ATOM     15  HA  TYR     2       8.512 -14.400 -11.765  0.00  0.00               
ATOM     16  CB  TYR     2       8.713 -16.226 -12.843  0.00  0.00               
ATOM     17  HB2 TYR     2       9.600 -15.861 -13.361  0.00  0.00               
ATOM     18  HB3 TYR     2       8.860 -17.298 -12.709  0.00  0.00               

ATOM     48 HG13 ILE     3       4.257 -16.917  -9.589  0.00  0.00               
ATOM     49  CD1 ILE     3       3.179 -17.689 -11.275  0.00  0.00               
ATOM     50 HD11 ILE     3       3.297 -18.646 -10.766  0.00  0.00               
ATOM     51 HD12 ILE     3       2.211 -17.327 -10.927  0.00  0.00               
ATOM     52 HD13 ILE     3       3.214 -17.859 -12.351  0.00  0.00               
ATOM     53  C   ILE     3       5.145 -14.664  -8.448  0.00  0.00               
ATOM     54  O   ILE     3       4.143 -14.799  -7.823  0.00  0.00               
ATOM     55  N   GLN     4       6.323 -14.481  -7.911  0.00  0.00               
ATOM     56  H   GLN     4       7.099 -14.682  -8.526  0.00  0.00               
ATOM     57  CA  GLN     4       6.572 -14.370  -6.464  0.00  0.00               
ATOM     58  HA  GLN     4       5.618 -14.296  -5.942  0.00  0.00               
ATOM     59  CB  GLN     4       7.293 -15.626  -5.929  0.00  0.00               
ATOM     60  HB2 GLN     4       8.347 -15.540  -6.193  0.00  0.00               
ATOM     61  HB3 GLN     4       7.195 -15.591  -4.844  0.00  0.00               
ATOM     62  CG  GLN     4       6.698 -16.965  -6.436  0.00  0.00               
ATOM     63  HG2 GLN     4       5.626 -17.000  -6.243  0.00  0.00               
ATOM     64  HG3 GLN     4       6.891 -17.126  -7.497  0.00  0.00               
ATOM     65  CD  GLN     4       7.200 -18.185  -5.665  0.00  0.00               

ATOM     95  O   CYX     6       9.808 -11.516 -11.449  0.00  0.00               
ATOM     96  N   PRO     7      10.478  -9.414 -11.918  0.00  0.00               
ATOM     97  CD  PRO     7      10.712  -7.994 -11.642  0.00  0.00               
ATOM     98  HD2 PRO     7      11.790  -7.840 -11.604  0.00  0.00               
ATOM     99  HD3 PRO     7      10.289  -7.659 -10.695  0.00  0.00               
ATOM    100  CG  PRO     7      10.104  -7.219 -12.739  0.00  0.00               
ATOM    101  HG2 PRO     7      10.605  -6.297 -13.033  0.00  0.00               
ATOM    102  HG3 PRO     7       9.186  -6.790 -12.336  0.00  0.00               
ATOM    103  CB  PRO     7       9.890  -8.139 -13.888  0.00  0.00               
ATOM    104  HB2 PRO     7      10.405  -7.849 -14.804  0.00  0.00               
ATOM    105  HB3 PRO     7       8.827  -8.100 -14.130  0.00  0.00               
ATOM    106  CA  PRO     7      10.250  -9.571 -13.379  0.00  0.00               
ATOM    107  HA  PRO     7       9.502 -10.308 -13.674  0.00  0.00               
ATOM    108  C   PRO     7      11.562 -10.062 -14.084  0.00  0.00               
ATOM    109  O   PRO     7      12.629  -9.846 -13.502  0.00  0.00               
ATOM    110  N   LEU     8      11.362 -10.770 -15.190  0.00  0.00               
ATOM    111  H   LEU     8      10.390 -10.928 -15.412  0.00  0.00               
ATOM    112  CA  LEU     8      12.324 -11.496 -15.986  0.00  0.00               
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ATOM     19  CG  TYR     2       7.463 -16.175 -13.705  0.00  0.00               
ATOM     20  CD1 TYR     2       6.674 -17.316 -13.915  0.00  0.00               
ATOM     21  HD1 TYR     2       6.848 -18.163 -13.269  0.00  0.00               
ATOM     22  CE1 TYR     2       5.443 -17.290 -14.618  0.00  0.00               
ATOM     23  HE1 TYR     2       4.801 -18.159 -14.615  0.00  0.00               
ATOM     24  CZ  TYR     2       5.090 -16.123 -15.324  0.00  0.00               
ATOM     25  OS  TYR     2       3.819 -16.196 -15.987  0.00  0.00               
ATOM     26  CH  TYR     2       3.435 -15.041 -16.663  0.00  0.00               
ATOM     27  CE2 TYR     2       5.930 -14.994 -15.245  0.00  0.00               
ATOM     28  HE2 TYR     2       5.593 -14.047 -15.639  0.00  0.00               
ATOM     29  CD2 TYR     2       7.075 -15.024 -14.388  0.00  0.00               
ATOM     30  HD2 TYR     2       7.530 -14.073 -14.156  0.00  0.00               
ATOM     31  C   TYR     2       7.374 -15.653 -10.626  0.00  0.00               
ATOM     32  O   TYR     2       7.170 -16.649  -9.917  0.00  0.00               
ATOM     33  HH1 TYR     2       4.284 -14.736 -17.276  0.00  0.00               
ATOM     34  HH2 TYR     2       3.087 -14.343 -15.901  0.00  0.00               
ATOM     35  HH3 TYR     2       2.634 -15.217 -17.380  0.00  0.00               
ATOM     36  N   ILE     3       6.422 -14.633 -10.750  0.00  0.00               
ATOM     37  H   ILE     3       6.538 -13.786 -11.288  0.00  0.00               
ATOM     38  CA  ILE     3       5.139 -14.503 -10.016  0.00  0.00               
ATOM     39  HA  ILE     3       4.949 -13.438 -10.152  0.00  0.00               
ATOM     40  CB  ILE     3       4.007 -15.302 -10.655  0.00  0.00               
ATOM     41  HB  ILE     3       3.109 -14.989 -10.123  0.00  0.00               
ATOM     42  CG2 ILE     3       3.748 -14.742 -12.036  0.00  0.00               
ATOM     43 HG21 ILE     3       4.418 -15.212 -12.756  0.00  0.00               
ATOM     44 HG22 ILE     3       2.703 -15.009 -12.189  0.00  0.00               
ATOM     45 HG23 ILE     3       3.927 -13.685 -12.233  0.00  0.00               
ATOM     46  CG1 ILE     3       4.231 -16.764 -10.668  0.00  0.00               
ATOM     47 HG12 ILE     3       5.170 -16.928 -11.196  0.00  0.00               

ATOM     66  OE1 GLN     4       8.389 -18.555  -5.772  0.00  0.00               
ATOM     67  NE2 GLN     4       6.439 -18.898  -4.866  0.00  0.00               
ATOM     68 HE21 GLN     4       6.886 -19.640  -4.346  0.00  0.00               
ATOM     69 HE22 GLN     4       5.543 -18.524  -4.589  0.00  0.00               
ATOM     70  C   GLN     4       7.404 -13.092  -6.046  0.00  0.00               
ATOM     71  O   GLN     4       7.101 -12.555  -5.028  0.00  0.00               
ATOM     72  N   ASN     5       8.383 -12.623  -6.840  0.00  0.00               
ATOM     73  H   ASN     5       8.636 -13.100  -7.694  0.00  0.00               
ATOM     74  CA  ASN     5       9.439 -11.694  -6.316  0.00  0.00               
ATOM     75  HA  ASN     5       8.891 -11.096  -5.588  0.00  0.00               
ATOM     76  CB  ASN     5      10.770 -12.425  -5.841  0.00  0.00               
ATOM     77  HB2 ASN     5      10.657 -13.066  -4.967  0.00  0.00               
ATOM     78  HB3 ASN     5      11.124 -12.940  -6.734  0.00  0.00               
ATOM     79  CG  ASN     5      11.957 -11.495  -5.486  0.00  0.00               
ATOM     80  OD1 ASN     5      11.934 -10.310  -5.438  0.00  0.00               
ATOM     81  ND2 ASN     5      13.063 -12.103  -5.260  0.00  0.00               
ATOM     82 HD21 ASN     5      13.877 -11.576  -4.975  0.00  0.00               
ATOM     83 HD22 ASN     5      13.104 -13.112  -5.268  0.00  0.00               
ATOM     84  C   ASN     5       9.799 -10.663  -7.405  0.00  0.00               
ATOM     85  O   ASN     5       9.612  -9.480  -7.279  0.00  0.00               
ATOM     86  N   CYX     6      10.343 -11.139  -8.509  0.00  0.00               
ATOM     87  H   CYX     6      10.459 -12.141  -8.456  0.00  0.00               
ATOM     88  CA  CYX     6      10.944 -10.353  -9.619  0.00  0.00               
ATOM     89  HA  CYX     6      10.846  -9.291  -9.396  0.00  0.00               
ATOM     90  CB  CYX     6      12.499 -10.491  -9.633  0.00  0.00               
ATOM     91  HB2 CYX     6      12.893 -10.222 -10.613  0.00  0.00               
ATOM     92  HB3 CYX     6      12.842  -9.756  -8.906  0.00  0.00               
ATOM     93  SG  CYX     6      13.042 -12.148  -9.050  0.00  0.00               
ATOM     94  C   CYX     6      10.406 -10.467 -11.052  0.00  0.00               

ATOM    113  HA  LEU     8      13.196 -11.724 -15.373  0.00  0.00               
ATOM    114  CB  LEU     8      11.674 -12.852 -16.462  0.00  0.00               
ATOM    115  HB2 LEU     8      10.877 -12.497 -17.116  0.00  0.00               
ATOM    116  HB3 LEU     8      12.451 -13.395 -17.000  0.00  0.00               
ATOM    117  CG  LEU     8      11.129 -13.781 -15.313  0.00  0.00               
ATOM    118  HG  LEU     8      10.455 -13.184 -14.698  0.00  0.00               
ATOM    119  CD1 LEU     8      10.423 -14.921 -16.038  0.00  0.00               
ATOM    120 HD11 LEU     8       9.428 -14.549 -16.285  0.00  0.00               
ATOM    121 HD12 LEU     8      10.924 -15.174 -16.972  0.00  0.00               
ATOM    122 HD13 LEU     8      10.474 -15.799 -15.394  0.00  0.00               
ATOM    123  CD2 LEU     8      12.141 -14.301 -14.296  0.00  0.00               
ATOM    124 HD21 LEU     8      12.855 -13.537 -13.989  0.00  0.00               
ATOM    125 HD22 LEU     8      11.596 -14.669 -13.427  0.00  0.00               
ATOM    126 HD23 LEU     8      12.672 -15.133 -14.759  0.00  0.00               
ATOM    127  C   LEU     8      12.785 -10.543 -17.105  0.00  0.00               
ATOM    128  O   LEU     8      12.061 -10.192 -18.064  0.00  0.00               
ATOM    129  N   GLY     9      14.105 -10.238 -17.102  0.00  0.00               
ATOM    130  H   GLY     9      14.760 -10.532 -16.392  0.00  0.00               
ATOM    131  CA  GLY     9      14.778  -9.588 -18.268  0.00  0.00               
ATOM    132  HA2 GLY     9      14.258  -8.638 -18.391  0.00  0.00               
ATOM    133  HA3 GLY     9      15.831  -9.533 -17.991  0.00  0.00               
ATOM    134  C   GLY     9      14.572 -10.352 -19.609  0.00  0.00               
ATOM    135  O   GLY     9      14.468 -11.555 -19.696  0.00  0.00               
ATOM    136  N   NHE    10      14.424  -9.680 -20.756  0.00  0.00               
ATOM    137  HN1 NHE    10      14.424  -8.674 -20.671  0.00  0.00               
ATOM    138  HN2 NHE    10      14.105 -10.116 -21.610  0.00  0.00               
TER     139      NHE    10  
END 

AVP, clinched open45pbr* (OPEN) 
AVP_23us_T16_18  
ATOM      1  N   CYX     1      -3.048  -7.364  19.990  0.00  0.00               
ATOM      2  H1  CYX     1      -3.728  -6.660  20.239  0.00  0.00               
ATOM      3  H2  CYX     1      -2.471  -7.606  20.783  0.00  0.00               
ATOM      4  H3  CYX     1      -3.468  -8.226  19.675  0.00  0.00               
ATOM      5  CA  CYX     1      -2.063  -6.812  19.029  0.00  0.00               
ATOM      6  HA  CYX     1      -2.658  -6.365  18.233  0.00  0.00               
ATOM      7  CB  CYX     1      -1.332  -5.654  19.794  0.00  0.00               
ATOM      8  HB2 CYX     1      -2.049  -4.984  20.268  0.00  0.00               
ATOM      9  HB3 CYX     1      -0.711  -5.999  20.621  0.00  0.00               
ATOM     10  SG  CYX     1      -0.359  -4.593  18.738  0.00  0.00               
ATOM     11  C   CYX     1      -1.148  -7.981  18.485  0.00  0.00               
ATOM     12  O   CYX     1      -0.701  -8.868  19.249  0.00  0.00               
ATOM     13  N   TYR     2      -0.872  -7.873  17.198  0.00  0.00               
ATOM     14  H   TYR     2      -1.293  -7.126  16.663  0.00  0.00               
ATOM     15  CA  TYR     2      -0.184  -8.915  16.362  0.00  0.00               
ATOM     16  HA  TYR     2      -0.404  -9.889  16.800  0.00  0.00               
ATOM     17  CB  TYR     2      -0.689  -8.927  14.830  0.00  0.00               
ATOM     18  HB2 TYR     2      -0.272  -9.833  14.390  0.00  0.00               
ATOM     19  HB3 TYR     2      -1.776  -9.002  14.792  0.00  0.00               
ATOM     20  CG  TYR     2      -0.204  -7.779  14.084  0.00  0.00               
ATOM     21  CD1 TYR     2       1.072  -7.856  13.431  0.00  0.00               
ATOM     22  HD1 TYR     2       1.595  -8.751  13.733  0.00  0.00               
ATOM     23  CE1 TYR     2       1.447  -6.928  12.438  0.00  0.00               
ATOM     24  HE1 TYR     2       2.359  -6.973  11.862  0.00  0.00               
ATOM     25  CZ  TYR     2       0.701  -5.762  12.309  0.00  0.00               
ATOM     26  OH  TYR     2       1.146  -4.677  11.575  0.00  0.00               
ATOM     27  HH  TYR     2       0.586  -3.905  11.468  0.00  0.00               
ATOM     28  CE2 TYR     2      -0.437  -5.538  13.119  0.00  0.00               
ATOM     29  HE2 TYR     2      -0.951  -4.596  13.005  0.00  0.00               
ATOM     30  CD2 TYR     2      -0.970  -6.618  13.858  0.00  0.00               
ATOM     31  HD2 TYR     2      -1.946  -6.524  14.312  0.00  0.00               
ATOM     32  C   TYR     2       1.324  -8.837  16.489  0.00  0.00               
ATOM     33  O   TYR     2       2.029  -9.782  16.089  0.00  0.00               
ATOM     34  N   PHE     3       1.813  -7.716  17.046  0.00  0.00               
ATOM     35  H   PHE     3       1.241  -7.006  17.479  0.00  0.00               
ATOM     36  CA  PHE     3       3.235  -7.548  17.169  0.00  0.00               
ATOM     37  HA  PHE     3       3.811  -8.344  16.696  0.00  0.00               
ATOM     38  CB  PHE     3       3.523  -6.302  16.261  0.00  0.00               
ATOM     39  HB2 PHE     3       4.610  -6.267  16.184  0.00  0.00               
ATOM     40  HB3 PHE     3       3.245  -6.514  15.228  0.00  0.00               
ATOM     41  CG  PHE     3       3.044  -4.923  16.670  0.00  0.00               
ATOM     42  CD1 PHE     3       3.923  -4.072  17.277  0.00  0.00               
ATOM     43  HD1 PHE     3       4.904  -4.457  17.514  0.00  0.00               
ATOM     44  CE1 PHE     3       3.582  -2.707  17.414  0.00  0.00               
ATOM     45  HE1 PHE     3       4.277  -2.065  17.935  0.00  0.00               
ATOM     46  CZ  PHE     3       2.366  -2.186  16.854  0.00  0.00               
ATOM     47  HZ  PHE     3       2.156  -1.134  16.977  0.00  0.00               
ATOM     48  CE2 PHE     3       1.477  -3.043  16.266  0.00  0.00               
ATOM     49  HE2 PHE     3       0.574  -2.619  15.851  0.00  0.00               
 

ATOM     50  CD2 PHE     3       1.834  -4.391  16.118  0.00  0.00               
ATOM     51  HD2 PHE     3       1.180  -5.062  15.581  0.00  0.00               
ATOM     52  C   PHE     3       3.779  -7.214  18.561  0.00  0.00               
ATOM     53  O   PHE     3       3.019  -6.851  19.433  0.00  0.00               
ATOM     54  N   GLN     4       5.113  -7.426  18.817  0.00  0.00               
ATOM     55  H   GLN     4       5.714  -7.621  18.030  0.00  0.00               
ATOM     56  CA  GLN     4       5.722  -7.217  20.123  0.00  0.00               
ATOM     57  HA  GLN     4       5.097  -7.714  20.865  0.00  0.00               
ATOM     58  CB  GLN     4       7.018  -7.958  20.189  0.00  0.00               
ATOM     59  HB2 GLN     4       7.684  -7.525  19.442  0.00  0.00               
ATOM     60  HB3 GLN     4       7.324  -7.986  21.235  0.00  0.00               
ATOM     61  CG  GLN     4       6.921  -9.482  19.899  0.00  0.00               
ATOM     62  HG2 GLN     4       6.367  -9.963  20.706  0.00  0.00               
ATOM     63  HG3 GLN     4       6.355  -9.639  18.981  0.00  0.00               
ATOM     64  CD  GLN     4       8.268 -10.173  19.806  0.00  0.00               
ATOM     65  OE1 GLN     4       8.859 -10.420  20.848  0.00  0.00               
ATOM     66  NE2 GLN     4       8.752 -10.539  18.629  0.00  0.00               
ATOM     67 HE21 GLN     4       9.665 -10.971  18.632  0.00  0.00               
ATOM     68 HE22 GLN     4       8.168 -10.409  17.816  0.00  0.00               
ATOM     69  C   GLN     4       5.812  -5.689  20.483  0.00  0.00               
ATOM     70  O   GLN     4       6.044  -4.897  19.565  0.00  0.00               
ATOM     71  N   ASN     5       5.946  -5.355  21.710  0.00  0.00               
ATOM     72  H   ASN     5       5.921  -6.062  22.430  0.00  0.00               
ATOM     73  CA  ASN     5       6.219  -3.976  22.184  0.00  0.00               
ATOM     74  HA  ASN     5       6.036  -4.118  23.250  0.00  0.00               
ATOM     75  CB  ASN     5       7.696  -3.746  21.880  0.00  0.00               
ATOM     76  HB2 ASN     5       8.165  -4.705  22.102  0.00  0.00               
ATOM     77  HB3 ASN     5       7.867  -3.617  20.811  0.00  0.00               
ATOM     78  CG  ASN     5       8.308  -2.472  22.513  0.00  0.00               
ATOM     79  OD1 ASN     5       7.725  -2.009  23.514  0.00  0.00               
ATOM     80  ND2 ASN     5       9.255  -1.732  22.063  0.00  0.00               
ATOM     81 HD21 ASN     5       9.400  -0.812  22.456  0.00  0.00               
ATOM     82 HD22 ASN     5       9.759  -2.069  21.255  0.00  0.00               
ATOM     83  C   ASN     5       5.256  -2.930  21.570  0.00  0.00               
ATOM     84  O   ASN     5       5.696  -1.822  21.203  0.00  0.00               
ATOM     85  N   CYX     6       3.969  -3.266  21.486  0.00  0.00               
ATOM     86  H   CYX     6       3.605  -4.085  21.951  0.00  0.00               
ATOM     87  CA  CYX     6       2.946  -2.564  20.771  0.00  0.00               
ATOM     88  HA  CYX     6       3.313  -2.107  19.852  0.00  0.00               
ATOM     89  CB  CYX     6       1.858  -3.633  20.246  0.00  0.00               
ATOM     90  HB2 CYX     6       2.290  -4.158  19.394  0.00  0.00               
ATOM     91  HB3 CYX     6       1.699  -4.273  21.114  0.00  0.00               
ATOM     92  SG  CYX     6       0.326  -2.904  19.596  0.00  0.00               
ATOM     93  C   CYX     6       2.377  -1.414  21.568  0.00  0.00               
ATOM     94  O   CYX     6       2.083  -1.545  22.805  0.00  0.00               
ATOM     95  N   PRO     7       2.123  -0.240  20.916  0.00  0.00               
ATOM     96  CD  PRO     7       2.489   0.135  19.580  0.00  0.00               
ATOM     97  HD2 PRO     7       1.950  -0.492  18.870  0.00  0.00               
ATOM     98  HD3 PRO     7       3.523  -0.075  19.305  0.00  0.00               
 

ATOM     99  CG  PRO     7       2.147   1.594  19.375  0.00  0.00               
ATOM    100  HG2 PRO     7       1.181   1.751  18.894  0.00  0.00               
ATOM    101  HG3 PRO     7       2.941   2.094  18.821  0.00  0.00               
ATOM    102  CB  PRO     7       2.189   2.180  20.825  0.00  0.00               
ATOM    103  HB2 PRO     7       1.558   3.057  20.965  0.00  0.00               
ATOM    104  HB3 PRO     7       3.222   2.370  21.118  0.00  0.00               
ATOM    105  CA  PRO     7       1.720   0.995  21.693  0.00  0.00               
ATOM    106  HA  PRO     7       2.311   1.147  22.596  0.00  0.00               
ATOM    107  C   PRO     7       0.243   1.048  22.055  0.00  0.00               
ATOM    108  O   PRO     7      -0.554   0.609  21.242  0.00  0.00               
ATOM    109  N   ARG     8      -0.070   1.805  23.133  0.00  0.00               
ATOM    110  H   ARG     8       0.662   2.264  23.656  0.00  0.00               
ATOM    111  CA  ARG     8      -1.502   1.954  23.652  0.00  0.00               
ATOM    112  HA  ARG     8      -2.119   1.081  23.437  0.00  0.00               
ATOM    113  CB  ARG     8      -1.490   2.076  25.152  0.00  0.00               
ATOM    114  HB2 ARG     8      -2.510   2.131  25.532  0.00  0.00               
ATOM    115  HB3 ARG     8      -1.058   1.161  25.556  0.00  0.00               
ATOM    116  CG  ARG     8      -0.770   3.364  25.683  0.00  0.00               
ATOM    117  HG2 ARG     8       0.129   3.602  25.114  0.00  0.00               
ATOM    118  HG3 ARG     8      -1.487   4.184  25.671  0.00  0.00               
ATOM    119  CD  ARG     8      -0.444   3.262  27.191  0.00  0.00               
ATOM    120  HD2 ARG     8      -0.138   2.226  27.333  0.00  0.00               
ATOM    121  HD3 ARG     8       0.413   3.881  27.457  0.00  0.00               
ATOM    122  NE  ARG     8      -1.591   3.710  27.967  0.00  0.00               
ATOM    123  HE  ARG     8      -1.854   4.665  27.772  0.00  0.00               
ATOM    124  CZ  ARG     8      -2.495   3.045  28.712  0.00  0.00               
ATOM    125  NH1 ARG     8      -2.369   1.787  29.147  0.00  0.00               
ATOM    126 HH11 ARG     8      -1.458   1.369  29.020  0.00  0.00               
ATOM    127 HH12 ARG     8      -3.140   1.246  29.511  0.00  0.00               
ATOM    128  NH2 ARG     8      -3.688   3.556  29.012  0.00  0.00               
ATOM    129 HH21 ARG     8      -3.967   4.483  28.726  0.00  0.00               
ATOM    130 HH22 ARG     8      -4.229   3.007  29.665  0.00  0.00               
ATOM    131  C   ARG     8      -2.216   3.097  22.954  0.00  0.00               
ATOM    132  O   ARG     8      -1.513   3.915  22.337  0.00  0.00               
ATOM    133  N   GLY     9      -3.496   2.998  22.888  0.00  0.00               
ATOM    134  H   GLY     9      -3.993   2.252  23.354  0.00  0.00               
ATOM    135  CA  GLY     9      -4.316   4.086  22.391  0.00  0.00               
ATOM    136  HA2 GLY     9      -3.989   4.356  21.387  0.00  0.00               
ATOM    137  HA3 GLY     9      -5.346   3.736  22.455  0.00  0.00               
ATOM    138  C   GLY     9      -4.159   5.330  23.287  0.00  0.00               
ATOM    139  O   GLY     9      -3.600   5.253  24.395  0.00  0.00               
ATOM    140  N   NHE    10      -4.561   6.490  22.866  0.00  0.00               
ATOM    141  HN1 NHE    10      -5.196   6.552  22.084  0.00  0.00               
ATOM    142  HN2 NHE    10      -4.145   7.346  23.204  0.00  0.00               
TER     143      NHE    10 
ATOM    144  Cl- Cl-    11      10.024  -9.713  -3.281  0.00  0.00               
TER     145      Cl-    11 
ATOM    146  Cl- Cl-    12      -0.806  -6.929   1.156  0.00  0.00               
TER     147      Cl-    12  
END 
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The Necessity of Long-term Molecular-Dynamics Simulations: Deamino-Oxytocin - Novel 

Conformational Insights 

(Abstract, Poster) 

Haensele E, Banting L, Clark T. The Necessity of Long-term Molecular-Dynamics Simulations: 

Deamino-Oxytocin - Novel Conformational Insights. (a) 26th Molecular Modeling Workshop, March 

12th, 2012. Erlangen, Germany. (b) IBBS Day, May 11th, 2012. University of Portsmouth, UK. 

Abstract: http://mmws2012.mgms-ds.de  

 

Extended molecular-dynamics (MD) simulations (> 1 µs) show great promise in delivering 

significant, practically relevant, insight into conformational processes that occur within molecular 

systems. If long enough, MD simulations can reveal conformational interconversions particularly in 

peptides and proteins. A conformational equilibrium may be unfavourable and dominated by the 

highly populated more stable conformation. However, the less favoured conformer is often the 

physiologically relevant one and may present significant difficulties for quantification by 

experimental techniques. Close coordination of MD analysis and experiment helps shed light on 

pharmacologically relevant molecular phenomena. This work is part of a series of long-term MD 

simulations (1) ( 3 µs) applied to the cyclic nonapeptides oxytocin, Arg8-vasopressin, and deamino-

oxytocin (dOT). Their moderate size and multitude of structural features presents an ideal test case 

to emphasise the necessity of long-term simulations and to apply diverse conformational-analysis 

methods (2, 3). The MD on dOT shows that (i) the results achieved with a runtime of 3 µs are in very 

good agreement with experimental data (4, 5) and (ii) employing DASH (2) in the analysis of these 

systems proves powerful and reliable in characterising conformational clusters. Furthermore, a 

previously undetected ring conformation of dOT was significantly populated in the simulation 

trajectory (390 ns/ 3000 ns, 8 transitions). This conformation indicates greater conformational 

flexibility of dOT vs. OT/ VP and thus helps explain its super-agonist properties (6). 

 

(1) D.A. Case, T.A. Darden, T.E. Cheatham II, et al., AMBER 10, 2008. (2) M.J. Ellis, University of Portsmouth, 2007, PhD, 1-
227. (3) D.A. Case, T.A. Darden, T.E. Cheatham II, et al., AmberTools 1.0, 2008. (4) S.P. Wood, I.J. Tickle, A.M. Treharne, et 
al., Science, 1986, 232, 633-636. (5) J. Husain, T.L. Blundell, S. Cooper, et al., Philos Trans R Soc Lond B Biol Sci, 1990, 327, 
625-654. (6) B.M. Ferrier, D. Jarvis, and V. Du Vigneaud, J Biol Chem, 1965, 240, 4264-4266.  
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Molecular-Dynamics and Umbrella-Sampling Simulations of Arg8-Vasopressin 

(Abstract, Poster) 

Haensele E, Banting L, Clark T. Molecular-Dynamics and Umbrella-Sampling Simulations of Arg8-

Vasopressin. (a) 27th Molecular Modeling Workshop, Feb 25th, 2013. FAU Erlangen-Nürnberg, 

Germany. (b) IBBS Day, Jun 7th, 2013. University of Portsmouth, UK. 

Abstract: http://mmws2013.mgms-ds.de 

 

 

 

 

 

 

 

Arg8-Vasopressin 

Arg8-Vasopressin (AVP) is a neurohypophyseal hormone with a wide range of endocrinological and neurological 
functions, e.g. water homeostasis, blood pressure regulation and mediation of social and sexual behaviour. Main 
structural characteristics are a 6-residue ring closed via disulphide bridging, and an α-amidated 3-residue tail. Figure: 
Structure and backbone conformations (blue: open; red: saddle; rose: intermediate; cartoon: backbones; sticks: 
disulphide bridges; not shown: sidechains) 

 

A long-term (5 µs) molecular-dynamics simulation of Arg8-vasopressin was performed in aqueous 

solution at 300 K. Two main conformational ring states were identified via DASH (1) analysis: 

DRSopen, a stretched, open conformation with no intramolecular hydrogen bonds in the ring; and 

DRSsaddle, a folded, saddle-like conformation with strong hydrogen bonding interactions between 

the carbonyl oxygen of the ring residue Tyr2 and the amide protons of the ring residues Asn5 and 

Cys6. Only one transition between both main states was observed during the 5µs simulation run. In 

addition to these two main states, a sparsely populated DASH state, DRSintermediate, was found with 

mixed conformational characteristics of the two main states. Umbrella Sampling (2, 3), post-

processed with WHAM (4-6), was used to estimate the free energy profile for the conformational 

change from open to saddle and led to a reaction path via DRSintermediate (see video clip (7)), with 

barrier heights of 7.7 kcal mol-1 and 14.2 kcal mol-1 and a free energy difference between the open 

and saddle states of 4.0 kcal mol-1. 

 

(1) D.W. Salt, B.D. Hudson, L. Banting, et al., J. Med. Chem., 2005, 48, 3214-3220. (2) G.M. Torrie and J.P. Valleau, J. 
Comput. Phys., 1977, 23, 187-199. (3) G.M. Torrie and J.P. Valleau, Chem. Phys. Lett., 1974, 28, 578-581. (4) S. Kumar, 
J.M. Rosenberg, D. Bouzida, et al., J. Comput. Chem., 1992, 13, 1011-1021. (5) M. Souaille and B.T. Roux, Comput. Phys. 
Commun. , 2001, 135, 40-57. (6) A. Grossfield, WHAM, Version 2.0.1, 2000. 

[7] https://www.youtube.com/watch?v=z0aRtSxNQ2I  
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Urotensin-Related Peptide (URP): Long-term Molecular-Dynamics Simulation 

(Abstract, Poster) 

Haensele E, Banting L, Clark T. Urotensin-Related Peptide (URP): Long-term Molecular-Dynamics 

Simulation. (a) 28th Molecular Modeling Workshop, Mar 18th, 2014. FAU Erlangen-Nürnberg, 

Germany. Abstract: http://mmws2014.mgms-ds.de 

 

 

 

 

 

The hormone peptides URP (urotensin-related peptide) and U-II (urotensin II) are the natural 

ligands of the urotensinergic GPCR (G-protein coupled receptor) system, which plays an important 

role in the regulation of the cardiovascular system. Besides their physiological function, URP and 

U-II are also linked to pathophysiological processes such as hypertension (1). URP is an octapeptide 

with a six-residue ring closed by a 2Cys-7Cys-disulphide bridge, a 1-Ala N-terminal and an 8-Val C-

terminal. URP differs from U-II only in the length of the N-terminal and is thus a prototype for the 

ring-system of these hormone peptides. Both the ring-residues Trp-Lys-Tyr and the disulphide 

bridge are thought to be important for receptor activation (1). Understanding the dynamic 

conformational properties of URP can help develop pharmacophores and direct simulations of the 

receptor. We describe a 5 µs molecular-dynamics simulation of URP that demonstrates the high 

flexibility of the peptide. DASH (2) analysis reveals several distinct main and transient 

conformational states that interchange rapidly. These states will be characterised and their 

properties discussed with some focus on the conformation of the disulphide bridge. 

 

(1) D. Chatenet, T.T. Nguyen, M. Letourneau, A. Fournier, Front Endocrinol, 2012, 3, 7-13 

(2) D.W. Salt, B.D. Hudson, L. Banting, M.J. Ellis, M.G. Ford, J Med Chem, 2005, 48, 3214-3220 

 

  

1-Ala 

7-Cys 

8-Val 

6-Tyr 

2-Cys 

5-Lys 

3-Phe 

4-Trp 

 

Urotensin-related peptide: Ala-[Cys-Phe-Trp-Lys-Tyr-Cys]-Val 

(Human-UII: Glu-Thr-Pro-Asp-[Cys-Phe-Trp-Lys-Tyr-Cys]-Val) 
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DASH: Analysis of Microsecond-Scale Molecular-Dynamics Trajectories 

(Abstract, Talk) 

Haensele E, Whitley D, Banting L, Clark T. DASH: Analysis of Microsecond-Scale Molecular-

Dynamics Trajectories (Talk). 28th Molecular Modeling Workshop, Mar 18th, 2014. FAU Erlangen-

Nürnberg, Germany. Abstract: http://mmws2014.mgms-ds.de  

 

 

 

 

Natural timescales for conformational changes may last milliseconds to seconds, e.g. protein 

folding. Although current molecular-dynamics simulations (MD) typically cover timescales of 10 to 

100 nanoseconds, the computational power has become readily available to run simulations on a 

microsecond scale. However, such long simulations create the technical problem of how to analyse 

the increased volume of output within a reasonable time without being forced to reduce the 

number of considered data points drastically. This is where common clustering methods reach their 

limits. DASH (Dynamic Analysis by Salt and Hudson) (1) provides an alternative solution by using a 

time series of torsion angles instead of similarity matrices of Cartesian coordinates (clustering) to 

find representative conformations (states). Time-series analysis is very fast, making DASH capable 

of analysing considerable large datasets. The principles of DASH will be explained and amberDASH, 

an interface for the user-friendly application of DASH to AMBER trajectories, will be introduced.  

The performance of DASH and the consistency of its results will be demonstrated using a 

5-microsecond MD trajectory of Arg8-vasopressin as an example. 

 

DASH 1.0 Program for extracting states from molecular-dynamics simulations; distributed under the terms of the 

GNU General Public License; download via www.port.ac.uk/research/cmd/software 

AmberDASH DASH interface for AMBER trajectories (unpublished); currently provided via email (please contact Dr 

David Whitley david.whitley@port.ac.uk) 

(1) D.W. Salt, B.D. Hudson, L. Banting, M.J. Ellis, M.G. Ford, J Med Chem, 2005, 48, 3214-3220  
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Cyclic Peptide Hormones: Conformation, Dynamics and Pharmacophores of Urotensin and 

Vasopressin 

(Abstract Talk) 

Haensele E, Banting L, Whitley D, Read C, Cary P, Clark T, et al. Cyclic Peptide Hormones: 

Conformation, Dynamics and Pharmacophores of Urotensin and Vasopressin (Joint Lecture). Final 

PeReNE Meeting, Jan 15-16th, 2015. University de Le Havre, France. 

 

Human urotensin II (h-UII), urotensin-related peptide (URP), and Arg8-vasopressin (AVP) are natural 

bioactive peptides that exhibit a multitude of physiological functions such as vasoconstriction or 

water homeostasis. They are G-protein-coupled-receptor ligands and their common structural 

feature is a 6-residue ring closed by a disulphide bridge. Elucidating the conformational space of 

the free peptides is important in order to identify candidates for the biologically active 

conformation and understand the mechanisms of receptor activation and hence for drug design. 

Cooperatively, we study the structure and dynamics of these peptides using different methods and 

approaches.  

1. Unrestrained, long-timescale (5µs) molecular-dynamics (MD) simulations of h-UII and URP in 

solution reveal two distinct major populated ring states (Ω-shape and folded) with well-defined 

structures but significantly different dynamics. The results agree well with experimental 

findings but provide extra detail not available from the experiments. Different dynamics of URP 

and UII indicate that a longer N-terminus may stabilise more structured ring states. 

2. Replica Exchange MD simulations were applied to h-UII, URP and AVP in water and non-

aqueous solvents, to extend our understanding of the conformational sampling of these 

peptides. The rate of convergence of the REMD conformer populations provide data regarding 

the peptide conformational dynamics, while the relative populations of each conformer derived 

from the converged simulations allow the relative free energies of each state to be estimated. 

3. Receptor of Arg8-vasopressin (called V2R) and that of urotensin II and URP (called UT) were built 

using the homology modelling technique. Different conformations of vasopressin, derived from 

the five µs MD simulations performed in Portsmouth, were docked into the binding site of the 

V2R model and ligand-receptor interactions were analysed. Furthermore, new data concerning 

the notion of biased ligands encouraged us to extend this study by considering more recent 

binding and pharmacological data for non-peptide, pseudo peptide and natural peptide ligands 

of UT. From a new set of non-peptide ligands, various pharmacophores were generated. These 

pharmacophores were analysed and aligned to URP and h-UII conformations resulting from 

long molecular dynamic simulations. To complete this work, a docking study was carried out on 

UT as well as a virtual screening of CERMN and French National chemical libraries.  

Within a multi-allosteric view, all conformations presented may be considered as bioactive 

receptor-ligands and potential candidates for drug-design. Simulations of the vasopressin receptor 

type 2 suggest alternative binding sites. 
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Urotensin II and Urotensin-Related-Peptide: How to Decipher NMR-Data for Conformational 

Equilibria with Molecular-Dynamics Simulation and Modelling 

(Abstract, Poster) 

Haensele E, Mele N, Miljak M, Read CM, Whitley DC, Banting L, et al. Urotensin II and Urotensin-

Related Peptide: How to Decipher NMR-Data for Conformational Equilibria with Molecular-

Dynamics Simulation and Modelling. 13th German Peptide Symposium (DECHEMA), Mar 20-23, 

2017. FAU Erlangen-Nürnberg, Germany. 

 

 

 

The flexible peptides urotensin II (UII) and urotensin-related peptide (URP) are natural ligands of 

the G-protein coupled urotensin receptor, UT. They are inter alia involved in cardiovascular 

regulation (1). Different “single-conformations” for UII and URP have been suggested to be the 

reason for the different biological responses observed in some cases (2). However, these peptides 

cannot be described as a single-conformation in solution. We found that both UII and URP rather 

exist as a fast equilibrium between two main types of ring conformations, open and folded. The 

ratio open:folded for UII is 72:28, whereas the equilibrium for URP is shifted further towards open 

conformations with a ratio of 86:14. The conformational equilibria were characterised by combining 

unrestrained and enhanced molecular-dynamics simulations and simulating the NMR spectra based 

on the suggested equilibrium concentrations. This was achieved by comparing the experimental 1H 

chemical shifts with DFT-calculated chemical shifts of single conformations and conformational 

mixtures. The technique has already been tested for Arg8-vasopressin (3) and is apparently able to 

decipher NMR data of flexible peptides for conformational equilibria. 

 

 

(1) Vaudry H et al (2015) International Union of Basic and Clinical Pharmacology. XCII. Urotensin II, urotensin II-related 
peptide, and their receptor: from structure to function. Pharmacol Rev 67 (1):214-258. (2) Chatenet D et al (2004) 
Structure–activity relationships and structural conformation of a novel urotensin II-related peptide. Peptides 25 
(10):1819-1830. (3) Haensele E et al (2016) Can Simulations and Modeling Decipher NMR Data for Conformational 
Equilibria? Arginine–Vasopressin. J Chem Inf Model 56 (9):1798-1807 
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