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Abstract: The application of an ensemble-averaging (EA) protocol to highlight conformational variability and to
determine the interconverting conformations in NMR structure of cyclopeptides is described. Most of the NMR-
based conformational studies of cyclopeptides reported in the literature rely on protocols that basically assume the
existence of a single structure. This is sometimes referred as the one NOE (or ROE)/one distance hypothesis. In
contrast, the EA protocol used in this work relies on a model that explicitly takes into account the averaging in NMR
data and tests the significancy of the results which is very often disregarded in structure determination by NMR.
This EA method was applied to the conformational analysis of the peptide cyclo(Gly-Pro-Phe-Gly-Pro-Nle) in DMSO
by NMR. Qualitative analysis of the ROEs observed for this peptide indicates that it adopts the well-known double
reverse turn structure. However, certain interproton distances derived from a set of ROESY experiments, as well as
some coupling constants, are not compatible with the existence of a unique conformation but reflect the presence of
several conformers in fast exchange on the NMR time scale. Therefore, structures consistent as ensemble with the
NMR-derived restraints were determined using a restrained molecular-dynamics-based ensemble-averaging protocol
which explicitly takes multiconformers into account and treats the restraints as ensemble-averaged quantities. The
NMR-derived data used as input restraints in this EA protocol include the distance restraints (DR), the homonuclear
coupling constantsJf, and a large set of unambiguous antidistance restraints (ADR) that are generally disregarded
in conformational analysis of cyclopeptides. The number of interconverting conformers was determined from the
significance of the fit of the DR and ADR using the complete cross-validation method. The results shows that pairs
of conformers give a satisfactory and significant fit of all NMR data. The conformational analysis of the interconverting
partners reveals that the hexapeptide cyclo(Gly-Pro-Phe-Gly-Pro-Nle) exists in solution eith@vids @il/iy-SI

or apgll-pl/ B1-gl1 equilibrium.

Introduction Karplus-type relation3. These geometrical restraints are used
. . . . to define the conformation(s) of the molecule under study by
CyC_“C pept.'des of fpur to ten reS|d_ues have been extensively means of various protocols including distance geometry ¢BG)
used in the field of biological chemistry to probe the confor- and/or simulated annealing (S&).For the most part, these

mational requirements for biological act!v[%yCycllc peptides protocols basically assume the existence of a unique conforma-
are used since they are thought to be rigid, or at least to adopt[ion However. the NMR data are collected as time- and

a small number of confc)_rma_\tions. Th?se_ cyclic pe_ptides have ensemble-averaged quantities. In the case where several
a reduced entropy _contnbutlon upon binding to their targets as conformers are in fast interconversion on the NMR time scale
compared to their linear counterparts. Thus, if the conforma- both NOE/ROE andJ-couplings correspond to population- '
tlong! restriction brought by the; cych;atmn dogs not introduce weighted averaged values. It should be noticed that the
additional unfavorable interactions, it should increase the free . i ~iion of structural parameters from the related population-
energy of_b|nd|ng of the pe_ptlde to Its target. The sqluuon weighted NMR data leads to unrealistic conformations or at
conformation of the constrained peptide is used to define the least to misconclusiorfs
f;gtzmaté%r;il ;e(g:glrr\?c:rr];gtt?eigcr:t:tlsit; (:rttla\llgg(.)nl;(])iwer\;era itr(()esbe Ensemble-averaging (EA) represents an attractive way to take
' L ) P req . account of the conformational variability in NMR-based struc-
proper determination of the conformation(s) that the peptide ture determinatiof~12 The EA method consists in averaging
adopts n solution. . . the NMR parameters over a set of conformations that exist
Solution structures of peptides are usually determined by
NMR. Interproton distances are derived from cross-relaxation  (2) Karplus, M.J. Am. Chem. S0d.963 85, 2870-2871.

experiments (NOESY (nuclear Overhauser spectroscopy) or % ngrlf INFG \é\fﬂmd?\)lg- EEJOIII- J%aStg-l%Elﬁlﬁli% gg, 673-698.
ROESY (rotating frame Overhauser spectroscopy)). Torsional ) N”ges” M.. Clore, M.: Gronenborn, AEBS Lett198§ 239, 129—

angles are estimated frodacoupling constants using empirical  136.
(6) Jardetsky, OBiochim. Biophys. Actd98Q 621, 227—232.
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simultaneously to match the NMR restraints. In the presence simulated-annealing-based ensemble-averaging protocol. The
of conformational variability, the number of interconverting significance of the resulting sets of conformation was estimated
conformers as well as their particular topology are a priori by complete cross-validation.

unknown. Therefore, this number of conformers should be

treated as an adjustable parameter during the derivation of theExperimental Section

structures by means of the EA protocol and should only be

determined from the content of the NMR data set.

NMR Measurements. NMR spectra of cyclo(Glyl-Pro2-Phe3-
Gly4-Pro5-Nle6) were recorded on Beaer AMX500 spectrometer. The

One drawback of the EA approach is that it increases the sample concentration was 30 mM in DMSO solution. All spectra were
number of degrees of freedom of the system. As already pointedrecorded at 298 K. Chemical shifts were measured relative to internal

out by several authofé 14 one should retain a cautious

reference sodium 2,2,3,3-tetradeutero-3-(trimethylsilyl)propionate (TSP).

pespective when better satisfying the NMR restraints by The spectral width in both dimensions was 5050 Hz. All 2D NMR
increasing the number of adjustable parameters. In other termsspectra were recorded with quadrature detection in F2. Quadrature
better agreement of the NMR restraints by averaging over detection in F1 was made by time-proportional phase incremengation.
several conformers should not be considered as evidence off "€ NMR data were processed on an SGI indigo R4000 workstation

conformational averaging. Thus, the quality of the fit of the
NMR restraints must be evaluated as significant as compared
to the NMR data set in order to avoid overfitting the experi-
mental data. To this end, it has been proposed to use the

complete cross-validation methé#t>16

with Felix 2.3 softwaré?

TOCSY spectr&?*were recorded with either a 20 or 80 ms Waltz16
sequence for the isotropic mixirfga 1.5 s relaxation delay, 32 scans,
2048 complex data points in F2, and 256 experiments in F1.

The J(NH-Ha)-coupling constants were determined in the 1D
resolution-enhanced spectrum recorded with 32K complex data points

. The content and size of the NMR data set play a crucial role ang a spectral width of 6024 Hz to give a final resolution of 0.18 Hz/
in determining the threshold of the overfitting. For the most pt. J(NH-Ha’Ho'") of the Gly residues and(Ho-HA'HB") were

part, the EA protocols reported in the literature considers only determined using a DQF-COSY spectféiand E-COSY spectruffr®
the distance restraints (DR) derived from the observed NOE/ recorded with 8192 data points in the F2 dimension and a 5050 Hz
ROE101216-18 whereas the other NMR-derivable restraints are spectral width to give a final resolution of 0.73 Hz/Pt.

disregarded. Two other sources of conformational information

Interproton distances were obtained from analysis of 2D off-

must be taken into account in the derivation of the structures. resonance ROESY spectfa® It has been shown that the use of the
One must use the so-called antidistance restraints (ADR) off-resonance radio frequency field for spin lock in ROESY experiments

corresponding to unobserved ROE/N&EThe ADR are based

on the fact that the absence of dipolar correlation between two

leads to suppression of HOHAHA transfers and reduction of offset
effects. These experiments were recorded with 128 scans, a 2s
relaxation delay, 2048 complex data points in F2, and 256 experiments

protons means that there is no significantly populated conforma-j, £1 - The mixing sequence was achieved by adiabatic rotation and
tion for which the distance separating these two protons is lower jragiation at two opposite offseté. Five sets corresponding to different

than a threshold. The coupling constarisdlso contain very

important conformational information. Indeed, torsional angles

can be estimated from certalrcouplings from suitable Karplus-
type relations. However, the obsernv&doupling constant often

® angles (0, 5, 10, 40, and 54)f five mixing times (30, 50, 70, 90,

and 120 ms) of off-resonance ROESY experiments were recorded. For
integration, apodization with a sinebell function shifted by 9as
used in both dimensions. After Fourier transform, all ROESY spectra

corresponds to multiple solutions through this relation. The were corrected using T1 noise reduction and/or local baseplane

direct application ofl-coupling restraints for the derivation of
NMR structures can be used to overcome this proBfemhus,
in addition to the DR, the use of both ADR and coupling

correction routines written in the macrolanguage of the Felix software.
The volumes of the cross peaks were integrated. For each correlation,
the volumes of the corresponding diagonal peaks were also measured
and a corrected intensity was obtained by normalization of the cross-

constants in the determination of the solution conformation(s) peak volumés3 In the case where one of the diagonal peaks was not

of peptides increases the size of the data set and therefore

enhances the significance of the resulting conformation(s).

The problem we face when studying the solution structure

of a cyclopeptide is to determiradl combinationsof different
conformerghat give asatisfactory and significarfit of all NMR
restraints (DR, ADR, and J-couplings) using an explicit

averaging model of the corresponding quantities over these

(21) Marion, D.; Withrich, K. Biochem. Biophys. Res. Commd883
113 967-974.

(22) Biosym Technologies Inc., 10065 Barnes Canyon Rd, San Diego,
CA 92121.

(23) Braunschweiler, L.; Ernst, R. R. Magn. Reson1983 53, 521—
528.

(24) Davis, D. G.; Bax, AJ. Am. Chem. S0d.985 107, 2820-2821.

(25) Shaka, A. J.; Keeler, J. K.; Freeman,JRMagn. Resorl983 53,

conformers. As a test case, we have investigated the solution313-340.

conformation of the hexapeptide cyclo(Gly-Pro-Phe-Gly-Pro-

Nle) in DMSO at 298 K by'H NMR spectrocopy. A set of
DR, unambiguous ADR, and-couplings was determined for

(26) Piantini, U.; Sgrensen, O. W.; Ernst, R.JRAmM. Chem. S04.982
104, 6800-6801.

(27) Rance, M.; Sgrensen, O. W.; Bodenhausen, G.; Wagner, G.; Ernst,
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sufficiently resolved for integration, the cross-peak was scaled with The potential used for the ADRs actually allows the corresponding
respect to one of them. The cross-relaxation ratesre determined pair of proton to take any value greater than 3.7 A and give an
for each value o® in the two-spin approximation by linear fitting of ~ unfavorable energy contribution only if this value is lower than the

the buildup curves. Least square fittingo¥ersus the angl® gives threshold. Violations of the ADRs were counted from 0.1 A below
the longitudinal @ = 0°) and transversald = 90°) cross-relaxation the threshold, i.e., from 3.6 A.
rates for each pai?343" Interproton distances were determined from Ensemble-Averaging Protocol. An ensemble of structures compat-

the longitudinal and transverse cross-relaxation rates assuming Lorent-ible overall with the NMR data (effective interproton distances and
zian spectral density functions. This method has the advantage thathomonuclear coupling constants) was determined using a protocol of
interproton distances are determined without calibration and thus shouldrandom simulated annealing. During all steps of the EA protocol, when

give more accurate data than the standard procedure. used, the restraints are averaged and incorporated into the potential
The stereospecific assignment of the groton resonances was  energy of the system using the restraining potential as reported above.

achieved by standard analysis of the NH/HHow/HB ROEs in The initial step consists in generating a sehaitial structures i

conjunction with thel(Ha/Hp)-coupling constants. The unambiguous = 1—4). Starting from random coordinates of the atoms, each structure

assignment of the Gly4 &P and Gly4 HxP™ proton resonances was ~ Was minimized in the parmallhdg force field of X-PLOR 3.1No
possible based on the ROEs observed for these resonances. Théxperimental restraint terms were used during this initial step. These

stereospecific assignment of the Gly®R and Gly1 HxP™ proton n structures were then associated to give an ensemble of random initial
resonances was not achieved. conformations. This ensemble was submitted to a simulated annealing
Modeling of the NMR Data. Ensemble-averaging. A modified protocol from 1000 to 100 K in the parmallhdg force field of X-PLOR.

version of the X-PLOR 3.1 software has been used to run the ensemble-Puring this step, the total potential energy contains terms corresponding
averaging protoco®® The NOE.s routine has been modified, and an 0 bond stretching, angle bending, improper torsion angle twisting, NMR
ensemble-averaging option was written in a similar way as suggesteddistance restraints, and-coupling restraints. The van der Waals
by Bonvin and Brungel This option takes advantage of the standard interactions were treated with a purely repulsive term, and no
[-60(or [F-30) averaging mode but avoids the intermolecular interproton electrostatic term was taken into account. Durlng_the cooling, the force
distance calculations. This, together with the SELE facility of the Cconstants on the distance restraiftgdg) andJ-coupling K,) constants
standard X-PLOR, allows use of multicopies of the structure under Were linearly increased from 0.1 to 50 kcal mb{A or Hz)™2. The
study, averaging of the interproton distances over the ensemble ofVan der Waals radii were linearly increased to regch their standard
conformers, and evaluation of intramolecular energy terms only. The Parmallhdg value at 100 K. At the end of the cooling, the structures

experimental interproton distances were restrained t@itBgaveraged ~ Were then minimized in the parmalihdg force field. _
over the multiple conformations using a square well potential of form _ The resulting ensemble was submitted to a refinement in the
identical to that of the standard X-PLOR 3.1. CHARMM22 force field of X-PLOR 3.1. For all distance restraints,

the force constant&noe were set to 50 kcal mot A-2 The force
constantK; were set to 5 and 0.5 kcal malHz 2 for the J(NH-Ha)

and J(Ha-Hp), respectively. During this refinement, the potential
contains terms corresponding to bond stretching, angle bending, dihedral
torsion angle twisting, and NMR restraint terms (DR, ADR, and J)
and nonbonded interactions. These nonbonded interactions include a
Lennard-Jones potential, and the electrostatic interactions were taken
into account with a C.D.I.E. treatmenrt € 48). All calculations were
carried out in vacuo.

Cross-Validation. The significance of the fit of the NMR data by
the sets oh conformers was evaluated by complete cross-validdfion.
Twenty working sets containing 80% of the total distance restraints
(DR and ADR) were obtained by random trial. For each valua of
(1—4), the number of violations and the root mean square deviations
(Rmsds) of the working and test sets were evaluated for each trial and
subsequently averaged over the 20 trials to give the m Rmsd criteria.
he mean number of violations and the mean root mean square
eviation of the DR and ADR of the test sets were used as criteria to
. . . _evaluate the quality of the fit. This methods determines the optimum
tively, to the experimental and ensemble-averaged values of coupling ] L h

number () of conformers which produces a significant and satisfactory

constant. . . . _fitof all NMR distance restraints (DR and ADR). No cross-validation
The NMR data set contains 31 distance restraints (DR) corresponding,y a5 applied to the-coupling restraints. The statistical significance
to the observed cross-relaxation effects and 151 antidistance restraint$y ine difference of mean values calculated for the criteria used in the

(ADR) corresponding to Enamblglg!uous nonobserved cross-relaxation ¢ompete cross-validation were determined by Student-t tests at a
effects. In addition, eight coupling constants were used as input ggnificance level of 5%.

restraints. The uncertainty used for the distance restaintshi8%6. When the optimal number of conformations was determined, the

The antidistance restraints were treated to give no energy contribution ensemble-averaging protocol described above was reiterated 50 times

if the corresponding averaged distance was greater than 8. 7TAis with the complete NMR data set (DR, ADR, and J) to produce 50 sets
value was choosen because it corresponds to the lower bound of the

; ; L A of n conformers compatible with these data. The energies of the
longest distance determined in this work (4.00 A, see Results). When roq1ting structures were calculated in the CHARMM22 force field.

the £10% uncertainty on the DR assumed in this study is taken int0 geys for which the total energy of at least one of the structures was 8
account, any pair of protons separated by a distance shorter or equal tQ..5| mor? above the minimum energy found in the 50 sets were

3.6 A must give rise to an observable ROE under the experimental rejected. For this selection, the NMR restraint terms were excluded

conditions. - Furthermore, two protons that do not give rise 0 an ,¢he potential energy. The resulting structures were clustered using
observable ROE must be separated by a distance longer than 3.6 A, Rmsd@®,W) criterion?? The threshold value for this clustering

procedure was set to 30

A routine was written in FORTRAN 77 to treat the coupling
constants directly as restraints in the building or refinement of structure
from NMR data. ThisJ-coupling restraint routine includes an
ensemble-averaging mode which allows the calculation of the coupling
constants as an average over the multiconformations accordiffto
= Y\YiJi, whereJ; corresponds to the coupling constant calculated for
the individual conformation anill is the number of conformations in
the ensemble. The individual coupling constants are deduced from
dihedral torsion angles related to theandy; angles using Karplus-
type relationg. The 3J(HN-Ha)-coupling constants for non-glycine
residues were calculated from tievalue using a BystrovKarplus
equation®® and for glycine residues, th&)(HN-Ho'Ha'") constants
were calculated using the coefficient of DeMarco and co-workers.
3J(Ho-HB'HB'") couplings were calculated from tiggangles according
to Cung and Marautt

The ensemble-averaged coupling constants are restrained to th
observed values using a harmonic potential in the form defined by d
Vy = Siky(J&P — Jeaed2 where J&®t and Ji°@°d correspond, respec-

(37) Desvaux, H.; Berthault, P.; Birlirakis, kChem. Phys Lett1995
233 545-549.

(38) Bringer, A. T. X-PLOR version 3.1; Yale University Press: New Results
HavSe;, BCT,t 199\3/- £ Prog. Nucl. M R Shectiod876 4181 The assignment of all proton resonances of the peptide cyclo-
strov, V. F.Prog. Nucl. Magn. reson. eclrose. —ol. H H
2403 Dé Marco, A Linas, M.. Wuthrich, KBiopol;E)mergmsel?, 637— (Gly-Pro-Phe-Gly-Pro-Nle) was achieved using the standard
. arpen, M. E.; de Haseth, P. L.; Neet, K.Hxoteins s
650 (42) Karpen, M. E.; de Haseth, P. L.; Neet, K.FEoteins1989 6, 155-

(41) Cung, M. T.; Marraud, MBiopolymers1982 21, 953-957. 167.
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Table 1. H NMR Chemical Shifts of
Cyclo(Gly*-Pra>-Phé~Gly*-Prco>-Nlef) in DMSO at 298 K

Cuniasse et al.

Table 2. Interproton Distances Used as Input Restraints (DR) in
the EA Protocol for Cyclo(GH:Pra-Phé-Gly*-Prd>-Nlef) (A)

chemical chemical DR id no. proton 1 proton 2 err (R)
shift (ppm) shift (ppm) 1 Gly-HN Gly-Hal 2.90
GlyL-HN 7.41 Gly-Ho PR 4.13 2 Gly*-HN Gly-Ha?2 2.90
Gly*-Hal 3.85 Gly-HoPres 3.89 3 Gly*-HN Pro-Ha 3.75
Gly-Ha2 3.99 Pré&-Ha 4.22 4 Gly*-HN Nle®-Hao 3.13
Pro-Ho 4.01 Prg&-HpPe 2.18 5 Gly*-Hal Pré-HoP'® 2.25
Prc?-HpBPr® 1.84 Pr&-HpP'® 1.75 6 Gly-Ha2 Pr@-HoP'® 2.25
Pro?-HpBPR 1.37 Pr§-HyPr<® 1.93 7 Phé-HN Pre-Ho 2.63
Pro-HyP® 1.77 Pré-HyPrs 1.93 8 Phé-HN Pro-HOPR 3.35
Pro?-HyPr® 1.77 Pr&-HoP™® 3.49 9 Phé-HN Phé-Ha 2.47
Pro-HoP®R 3.51 Pr&-HoPrs 3.64 10 Phé&-HN Phe-HpP® 3.10
Pra-HsP® 3.47 NIe-HN 8.14 11 Phé-Ha Phé-HpP® 2.40
Phé-HN 8.28 NIé-Ha 4.13 12 Phé-Ho* Pro?-HpPr®R 3.30
Phé-Ha 4.25 NIe-HBPR 1.61 13 Phé&-Ho* Pro2-HpPr® 3.30
Pheé-HBPR 2.99 NIg-HpBPrs 1.96 14 Phé-Ho* Phel-HpP® 2.70
Phé-HpP® 3.37 NIe-Hy 1.18 15 Phé&-Ho* Phe’-HpBPrs 2.90
Phé-Ho 7.18 NI&-Ho 1.24 16 Gly*-HN Pro-Ho 4.00
Phé-He 7.30 NIe-Ho 1.32 17 Gly*-HN Phé-Ha 2.95
Phé-H¢ 7.23 NI&-He 0.87 18 Gly*-HN Gly*HagPr® 2.77
Gly*-HN 7.61 19 Gly*-HN Gly*-HaPr® 2.92
20 Gly*-HoPr Pro>-HoPr® 2.20

L ProS - ProR
analysis of the TOCSY and ROESY experiments. The NH/ g% g:yyi_ﬂgpms E:g:_ﬂgpms %';g
aromatic region of the 1BH NMR spectrum of this cyclo- 23 NI&-HN Gly*-HaPr® 3.82
hexapeptide exhibits two sets of resonances which give rise to 24 NIet-HN Pré-Ha. 2.73
negative exchange cross-peaks in the ROESY spectra and 25 NIe-HN Pro-HBPR 3.46
corresponds to cis/trans isomerization of proline residue. 26 NIe™-HN Pro-Hgr 3.42
However, the integration of the corresponding resonances in % m:g:m ergss'_:‘; 2'471411
the 1D proton spectrum indicates that the minor components 29 NIS-HN NIeS-HAPR 327
represent less than 20% of the major one. Thus, only the major 30 NIeb-Ho NleS-HgPrs 2.47
species was further analyzed. The chemical shifts of all proton 31 NIe-Ho Nles-Hy* 3.00
resonances of the molecule are reported in Table 1. The Prot-HB"™ Pro-HE™e 1.90
qualitative analysis of the ROESY connectivities (data not g?‘%:ﬂpm ET‘“ijﬂﬁpms i'gg
shown) is consistent with the existence of a double reverse turn Pr)é;_ngmq Prgg_ngms 181
structure involving residues Px®hée and Pré-Nlef for this NIeS-HpR NIes-Hs 1.80

peptide under the experimental conditions. Thirty-one effective
interproton distances obtained for the peptide under study from

- h Table 3. Experimental Coupling Constants (Hertz) Obtained for
off-resonance ROESY experiments are reported in Table 2. Notepeptide Cyclo(GlPré-Phé-Gly*-Pré-Nie) in DMSO

that the interproton distances corresponding to geminal proton

pairs exhibit a very small dispersion around the expected value. Gly* Phé Gly* Nle®
Several interproton distances can be used to determine the zj(mﬁ':“gr 270 8.20 £ 10 8.80

types of the two reverse turns. Distances separating the NH 3JENH:H§PQ 170 280

proton of residue + 2 and the . protons of residues in 33(Ho-HpPreR) ' 12.50 ' 8.90

positionsi + 1 andi + 2 are characteristic of the particular 3)(Ho-HBPS) 3.60 4.50

conformation adopted by the reverse turn. @feH;>-Hait2)
distance is 2.9 and 2.3 A for type | and type Il turns,
respectively, and the distand@NH; >-Ho+1) is 3.5 and 2.1 A

for type | and type Il turns, respectivet§** For the peptide
cyclo(Gly-Pro-Phe-Gly-Pro-Nle), the observé(@NH;.+>-Hai+2)

and d(NH;;+2>-Ha,+1) distances for the Pro2-Phe3 reverse turn
are 2.47 and 2.63 A, respectively (Table 2). These values are
not compatible with the standard values reported for canonical
reverse turns. The same observation hold for the Pro5-Nle6
reverse turn where thd(NHi;>-Hait2) and d(NHi;>-Hai+1)
distances are 2.71 and 2.73 A, respectively. Furthermore, for
the two reverse turns, thed@NH;+>-Hoi+2) andd(NHi+2-Hoti+1)

are not compatible with low-energy conformations. In addition,
the J(NHi+2-Hai+2) which depends on th@ angle of this
residue is sometimes used to determine or confirm the type of
reverse turt® The observed value for th&(NH-Ha) is 8.2

and 8.8 Hz for residue Phe3 and Nle6, respectively (Table 3).
In both cases, these values correspond to multiple solutions

2 Downfield. ® Upfield.

through the Karplus relation using the coefficients of Bysfibv.
For residue Phe3, th& angles compatible with the observed
J(NH-Ho) are —151, —89, +47, and+72°, while for residue
Nle6, the solutions are 147 and—93°. Only the values around
—90° are compatible with standard reverse turns (type I'pfdl
However, the interproton distances do not correspond to one
of these conformations, and therefore, it is likely that the
observedJ(NH-Ha), as well as these effective interproton
distances, correspond to average values over several intercon-
verting conformations.
In order to take conformational averaging explicitly into
account for the derivation of structures compatible with the
NMR data, we carried out an ensemble-averaging protocol (EA).
In this protocol, the DR, ADR, and coupling constants are
treated as averaged quantities. The time scale of the motion
involved determine the way the distances are averdg®ds

(43) Narasinga Rao, B. N.; Kumar, A.; Balaram, H.; Ravi, A.; Balaram, reported above, the values observed for the characteristic

P.J. Am. Chem. S0d.983 105, 7423-7428.

(44) Rose, G. D.; Gierash, L. M.; Smith, J. Adv. Protein Chem1985
37, 1-1009.

(45) Aubry, A.; Cung, M. T.; Marraud, MJ. Am. Chem. Sod 985
107, 7640-7647.

(46) Lewis, P. N.; Momany, F. A.; Scheraga, H. Biochim. Biophys.

Acta1973 303 211—-229.
(47) Wilmot, C. M., Thornton, J. MProtein Eng.199Q 3, 479-493.
(48) Tropp, JJ. Chem. Phys198Q 72, 6035-6043.
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- L e e N e Table 4. Statistical Significance of the Cross-Validation Criteria
T 4 Bl B Reported in Figurea
5 0.06 - 41 3
g ger . n
'§ 004 - g E' sk 4 n 1 2 3 4
:. 1 :' 2 | | Work Data
. L ) L ) 1 ! 1 ! 1 S S S
12 3 a 1 2 3 a4 2 S NS S
Num. of Conformer(s) Num. of Conformer(s) 3 S S NS
4 S S S
- T, B D Covalent Geometry Data
< 0.021 - ~ e s ] 1 S S S
3 g 2 S S S
o hoer 1 §at 4 3 S S NS
5 3 4 S S NS
g 007k ! 3k . Test Data
e AP L . s s S
Num. of Conformer(s) Num. of Conformer(s) 3 S s NS
4 S S S
T T T T T T T T
048 E B o8 P 2 The difference in the average values of the criteria used in the
& § complete cross-validation was estimated by Student-t tests at a
$ oz | 1 26l i significance level of 5%. NS: there is insufficient evidence to re-
' ) ject the hypothesis that the means differ. S: the hypothesis that the
5 5 means are equal can be rejected at this level of significancy. n: num-
g0 g 4T i ber of conformer(s) in the ensemble. Work data: upper diagonal,
I S B e — m_Rmsd ROE W; lower diagonal, m nbViol W. Covalent geometry
o2z 3 4 L data: upper diagonal, m Rm_sd'bonds; lower diagonal, m Rms-
Num. of Conformer(s) Num. of Conformer(s) d_angles. Testdata: upper diagonal, m Rmsd ROE T; lower diagonal,

Figure 1. Complete cross-validation as a function of the number of mM_nbViol T.

conformers: (A) mean rmsd for DR and ADR (m Rmsd ROE W) in

angstroms, (B) average number of violations_(m nbViol W), (C) statistical significance of the differences between the criteria
average rmsd for the bonds (m Rmsd bonds) in A, (D) average rmsd calculated for each number of conformer(s) was evaluated by
for the angles (m Rmsd angles) in degrees calculated for the 20 Stydent-t tests at a significance level of 5% (Table 4). As
working sets, (E) mean rmsd for the DR and ADR (m Rmsd ROE T), expected, the m Rmsd ROE W and m nbViol W sharply
and (F) mean number of violations (m nbViol T) calculated on the  jo rea5e from a single conformation to a pair. Therefore, the
20 test sets. agreement of the DR and ADR is significantly improved by

distances for the two reverse turns suggest that several types ofnodeling the conformation of the molecule under study as a
turns may interconvert on the NMR time scale. The energy Pair of interconverting gonformers. An indication of the quality
barrier forp1/Sl1 interconversion is on the order of-8.0 Kcal of the structures is given by the mean Rmsd of the bonds
mol~150 This value corresponds to a time scale of motion that (M_Rmsd bonds) and bond angles (m Rmsd angles) over the
is slow as compared to the overall correlation time of a molecule 20 runs as compared to the standard geometry (Figure 1C,D
of this size (ca. 0.5 ns under the experimental conditions). @nd Table 4). These two criteria display the same behavior as
Assuming that this slow interconversion dominates the motion M_Rmsd ROE W and m nbViol W, significantly decreasing
which take place in the molecule, tfig60averaging mode is frqm a unique conformation t'o the two-conformers model
used during the EA protocd?. (Figure 1C,D). _These_ observ_atlons show tha_t the DR and ADR
For each number of conformers in the ensemh)e 20 EA are not comp_auble with a unique <_:onformat|on, a_nd thus_, the
runs were carried out with a distance set containing 80% of the attempt to fit these restraints simultaneously in a single
DR and ADR (the so-called working set). These 20 working Conformatlon _tends to distort the standard covalent geometry.
sets were obtained by random trial in the total distance databaseWhen increasing the number of conformers froms 2 ton =
Eight coupling constants were taken into account as input 3 and fromn = 3 ton = 4, the m Rmsd ROE W does not
restraints in the 20 runs (Table 3). These correspond to thedisplay a large variation. The m nbViol W displays a slight
J(NH-Ho) of residue Phe3, Nle6 and boiNH-HaP®) and b_ut §|_gn|f|c_ant decrease from= 2 ton = 3 and a slight bl_Jt
J(NH-HoP'®) of residue Glyl. Thé(NH-Hal) andJ(NH-Ha?) _S|gn|f|cant increase from = 3ton= 4._ T_he same behavior
of residue Gly4 were not used as input restraints because theS found for the covalent geometry criteria (Figure 1C,D and
prochirality of the Hx of this residue was not assigned. The Table 4) that are slightly improved by increasing the number
J(Ha-HBP®) andJ(Ho-HBP'®) of residues Phe3 and Nle6 were _of conformers fromn = 2 to n = 3 but not significantly
taken into account as input restraints. The number of conforma-improved fromn =3 ton = 4.
tions ranged from 1 to 4. Several criteria were evaluated as The cross-validation method gives unbiased criteria to evalu-
function of the number of conformations in the ensemble. The ateé the significance of the fit. For each of the EA runs, the
averaged root mean square deviation of the DR and ADR of 00t mean square deviation of the DR and ADR and the number
the working set (m Rmsd ROE W), and the average number of V|0Iat|on_s greater tha}n 0.1 A were determined for the test
of violations greater than 0.1 A in the working set (m nb- Set(the omitted data during each run) and subsequently averaged
Viol W) over the 20 runs as a function of the number of Over the 20 runs to give m Rmsd ROE T and m Rmsd nb-

conformers in the ensemble, are shown in Figure 1A,B. The Viol_T (Figure 1E,F and Table 4). The idea behind these
criteria is that they give an estimate of the predictability of the

W (4;)92?]32'2;’ ':| JGricgsi&]%er'cﬁé;mLagéz(igJéng;hAéégaa—n3%323teren’ restraints of the test set by those of the working!3ét. Figure
tSO) Stradle;}, S. J.; Rizo, J.; Bruch, M. D.; Stroup, A. N.; Gierash, L. 1E,F shows that theln Rmsd ROE Tand m Rmsd nb_V'°| T

M. Biopolymers199Q 29, 263-287. criteria significantly decrease from the unique conformation to
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the two-conformers model. This observation shows that the Glyl Pro2

test set is on average better predicted by the two-conformers 10 T ot BN C ]

model than by the single-conformer model. However, increas- wr ] wr *

ing the number of conformers from two to three and four results or 1 or e 1

in a significant increase in the values obtained for m Rms- v.o Voo °

d ROE Tandm Rmsd nbViol T. This situation corresponds €0 T wor ¥ T

to overfitting of the data fon = 3 or moré2 and indicates that AN 1 o l

the data of the test sets are on average less well predicted by a =~ 180 bttt 180 o150 60 0 60 120 180

model of three or more interconverting conformers than by the )

two-conformers model. Thus, application of the EA protocol Phe3 Glyd

to the NMR-derived restraints obtained for the peptide cyclo- 180 —r— T 180 ¥

(Pro-Phe-Gly-Pro-Nle-Gly) shows that these data give a sig- X 1 wr 1

nificant and satisfactory fit for a two-conformers model. 60 '." o 1 g r ]
No cross-validation was applied to thecoupling restraints. v 0 AT v 0

However, these data were used as input restraints in the 20 runs sor i or ’

that were carried out for each number of conformers. Taking 20 1 20y X

into account the experimental uncertainty on these restraints as A 50 00 0 60 120 180 e eea——

well as a 1 Hzuncertainty in the BystrovKarplus equation, ¢ ®

the average Rmsd on th¥NH-Ha) restraints does not give Pros Nie6

significant differences as a function of the number of conformers 180 = T 180 N

in the cross-validation protocol. However, preliminary runs of 1 i 120 )

the cross-validation protocol carried out whitout these ensemble- 60 | ] 60 o PO

averagedl-coupling restraints (data not reported) have shown y 0 % v 0 v

that some of the experimental coupling constants were poorly 80 | : -60 - ]

reproduced by the application of the distance restraint set alone. 120 b . 120 F .

This observation prompted us to explicitly take into account -180 Lot L o L —

the J-coupling constants as ensemble-averaged restraints. 0 0 D 80 12010 180120 60 0 60 120 180

In order to define the interconverting conformations, 50 runs
of the EA protocol were performed with the complete database
(all DR, ADR, and coupling constants) for pairs of conformers.
The energies of the resulting 100 structures were calculated in
the CHARMMZ22 force field. Pairs for which the total energy Table 5. Cluster Analysis of the Structures Obtained by
of one structure (or both) was 8 kcal mdhbove the minimum  Application of the EA Protocol to the Peptide
energy found in the 100 structures were rejected. It should be SYCIO(Gly1-Pro2-Phe3-Gly4-Pro5-Nies)

Figure 2. A (®, W) plot for the six residues of the 23 selected pairs
of structures for cyclo(Gly-Pro-Phe-PGly-Pro-Nle) obtained with the
complete NMR data set (DR, ADR, J).

noted that the energy used to select the conformers does not cluster
include the NMR restraint terms. This resulted in the selection 1 2 3 4
of 23 pairs which were further analyzed. The,) plot for @, 178 151 175 172
the six residues of the 46 selected structures is reported in Figure —166 178 —172 ~176
2. TheW2, ®3, W5, and®6 dihedral angles exhibit several D, —64 -81 —66 -72
values indicating that the peptide planes in the reverse turns Y2 —49 54 116 —30
adopt several orientationdP'3 adopts different values between $3 _jgi _1_53? :Zf _}gg
—60 and+100C°, whereas?6 spans a shorter range froril0 q)j 129 165 174 67
to +60°. These values differ from the standard value reported  , 164 —137 —159 178
for type | and type Il reverse turns 3% and are constistent @5 —74 -89 —-87 -72
with the fact that neither Phe3 NH/Gly4 NH ROE nor Nle6 Ws 126 -8 117 —24
NH/Glyl NH ROE was observed. The distribution of the values ~ ®s 74 —137 75 —-131
found for the®1 and ®4 angles (Figure 2) indicates that in :lpcf structures 4219 429 274 524
addition to the extended conformatich,d’ around 180), these conf 2—3 Vil iy I |
residues may adopt nonextended conformations. conf 5-6 Il I I I

The 4(_5 cc_)nform_ers (23 pairs) were clustered _USIn_g 6! Rmsd- " Mean @,W) values (in degrees) for the six residues and number
(®,W) criteriorf? with a threshold of 32 From this criterion, of structures found for each cluster. The conformation (conf) of

the 46 structures belong to four distinct classes (CI1, CI2, CI3, segment Pro2-Phe3 and Pro5-Nle6 are indicated.

and Cl4). The average®(W) angles are reported for each

cluster (Table 5). CI1 and CI2 contain 19 structures, whereas conformation of the segment Pro5-Nle6 is close to a type |
CI3 and Cl4 contain four structures (Table 5). It should be reverse turn but with discrepancies¥b (ca. 20) and®6 (ca.
pointed out that CI1 structures interconvert with CI2 structures, 40°).4¢ Thus, classification of the conformation of segment
whereas CI3 structures interconvert with Cl4 structures. The Pro5-Nle6 as a type | turn is somewhat arbitrary but the observed
stereoplots of the CI1/CI2 and CI3/Cl4 conformers are reported value for theW6 above—60° precludes classification of this

in Figure 3A,B, respectively. It can be seen that the confor- conformation as a type VIIl turn. In CI3, the conformations of
mational spread of each cluster is small, leading to well-defined both segments Pro2-Phe3 and Pro5-Phe6 correspond to canoni-
structures of these four conformers. In CI1, the segment Pro2-cal type Il turn conformation% whereas the conformations of
Phe3 adopts a type VIl reverse turn conformatitbmhereas these segments in Cl4 correspond to canonical type | reverse
the segment Pro5-Nle6 adopts a type Il reverse turn conforma-turns?®

tion (Table 5 and Figure 3. In CI2, the interconverting partner In order to check the fit of the NMR restraints for the two-
of ClI1, the Pro2 adopts an inverse turn* whereas the conformers models CI1-Cl2 and CI3-Cl4, several criteria were
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Figure 3. Stereoview of the interconverting structures of cyclo(Gly-Pro-Phe-Gly-Pro-Nle) obtained by ensemble-averaging with the complete
NMR data set. (A) Two-conformers model 1, CI1 and CI2 structures. (B) Two-conformers model 2, CI3 and Cl4 structures. The protons bound to
carbons are omitted.

evaluated. The mean number of violations greater than 0.1 Ad_ROE) calculated over each set CI1-CI2 and CI3-Cl4 are
(m_nbViol), and the mean Rmsd of the DR and ADR (m Rms- reported in Table 6. The m nbViol for the CI1-CI2 pairs and



5246 J. Am. Chem. Soc., Vol. 119, No. 22, 1997 Cuniasse et al.

Table 6. Restraints Analysis for the Two Pairs of Conformers Cl4 pair represent two alternative solutions to significantly and
ClI1-CI2 and CI3-Cl4 Obtained from the EA Prototol satisfactorily reproduce the NMR data set.
two-conformers model ) ]
Ci-Ci2 Cl3-Cla Discussion
m nbViol 3.00+ 0.33 0.75+ 0.50 Conformation.  Structural analysis of a number of cyclic
- (DR 2.0; (DR 0.75; hexapeptides has shown that these peptides generally adopt a
ADR 1.0) ADR 0) two-B reverse turn structu@:52 Thef reverse turns have been
m_Rmsd ROE 0.0250+ 0.0008 0.0140+ 0.0018 shown to play a crucial role in biologically active peptides by
(ADDRRO(')F)()leAi) ,(ADDRROOF)(?(?S’) det_er_mining the topology of side chains which co_ntribute to their
m Rmsd Jall 0.810+ 0.035 0.82G+ 0.060 activity > The two#-turn backbone conformation of cyclo-
m_Rmsd Jphi 0.10+0.01 0.096+ 0.022 hexapeptides has been previously well documented both by
m_Rmsd Jpg 0.280+ 0.085 0.27G£ 0.068 NMR and crystal studie¥. Some examples have been reported
m_Rmsd Jehi 1.12+0.05 1.14+0.09 where the crystal conformation of a cyclohexapeptide is present

am_nbViol: mean number of violations of the DR and ADR greater in solution but in rapid exchange with other conformatiéhs.
than 0.1 A and corresponding values calculated for the DR and ADR Furthermore, there are a number of NMR studies where the
separately into parenthesis. m Rmsd ROE: mean Rmsd of the DR experimental data do not fit a unique conformati®f 58
Interproton distances obtained from cross-relaxation experiments

and ADR (&) and corresponding values calculated for the DR and ADR
separately into parenthesis; m Rmaall: mean Rmsd of the violations - . . .
greater than 0.5 Hz calculated for atouplings. m Rmsdlphi: mean that are incompatible with each other have been used to infer

Rmsd of the violations greater than 0.5 Hz calculated forJiNH- the presence of interconverting conformgtsHowever, the

"!Oll) of residues Phﬁ3 agfé ’?‘_:96- _Im IRnlgﬂfgi t'}?&a'_ril Engfg) of tge methods used in most NMR studies of cyclohexapeptides do
violations greater than O. z calculated for -AC an i H ili P H

J(NH-HoP®) of residue Gly4. m Rmsdchi: mean Rmsd of the not take conformational variability (_axpllcnly into account. In
violations greater than 0.5 Hz calculated for dieo-HB™®) andJ(Ho- contrast, the present work describes the application of an

HpBP'®) of residues Phe3 and Nle6. The standard deviations are given. Ensemble-averaging protocol to determine interconverting con-
formations of the peptide cyclo(Gly-Pro-Phe-Gly-Pro-Nle) in
the CI3-Cl4 pairs display comparable values (respectively 3 and solution from a complete set of NMR restraints. Two possible
0.75). This holds for both DR and ADR (Table 6). It should Models giving a satisfactory and significant fit of the NMR data
be noted that the distance data set contains 182 restraints, an@re defined, suggesting that this peptide may exist/a All/
therefore, the mean number of violations is small compared with Al-!_equilibrium or a VIII- fll/iy-pl double reverse turn
the number of restraints for the CI1-CI2 pairs as well as the €quilibrium. _ _ _ _
CI3-Cl4 pairs. Them Rmsd ROE are very similar for the Cl1- It is well-known that proline residues impose a conformational
CI2 and CI3-Cl4 sets (0.025 A for CI1-CI2 pairs and 0.014 A restriction on theD angle which corresponds to the preferred
for the CI3-Cl4 pairs (Table 6)). It can be noted that no range for®;.; of g turns® In this respect, the observation of
significant difference is observed for these criteria calculated double reverse turn structure was expected for the peptide under
for the DR and for the ADR. The mean Rmsd of theoupling ~ Study. The average values observed for tigll() angles
restraints are reported for dlrestraints, as well as for different ~ defining the two reverse turns for CII(,All) are almost
subsets of thd databaselNH-Ha) of Phe3 and Nle6J(NH- canonical*4® The two glycine residues are in extended
HaP*RHaP™®) of Gly4, J(Ho-HAPRHAP'®) of Phe3 and Nle6) conformations®,¥ around 1860), as already observed in crystal
calculated over CI1-CI2 and CI3-Cl4 pairs (Table 6). The Structures of double type Il reverse turn containing glycine
m_Rmsd J criteria exhibit comparable values for the two sets residues as linkers of the two reverse tuiths. .
of two-conformers. The standard deviations on the m Rmsd !N Cl4, thefl-jl conformation, the average V) dihedral
criteria @ and ROE) reported in Table 6 are small, showing angles of reverse turn Pro2-Phe3 correspond to almost canonical
that the pairs found in CI1-CI2 and those found in CI3-Cl4 are Values for a type | turfi? whereas for the segment Pro5-Nle6,
homogeneous with regard to the fit of the NMR data (Table 6). the ®6 (—131) displays a significant deviation as compared
For both sets of two conformers, the m Rmadalculated for [0 the standard value for this angle in a type | turro(").
backbone restraints for Gly4 as well as for non-glycine residues However, such deviation has already been found fordhe
are below the experimental uncertainty in the determination of @ngle, i.e., in the crystal structure of cyclo[G(C?Iy-Pro-Gly)Z]
these values (respectivelys0.73 and+0.18 Hz; see Experi-  Where the®i; of the reverse turn | is-115.°® The most
mental Section) (Table 6). The m Rmsds on jheelated striking feature of the conformation of Cl4 concerns ¥H&8
J-coupling exhibit values above the experimental uncertainty 2nd®4 dihedral angles found to be respectivel9 and—67°
in these values (Table 6) for CI1-CI2, as well as for CI3-Cl4. (Table 5). This has one important topographical consequence:
This probably reflects one limitation of the method when the the NH of residue Gly4 points on the opposite side to the
overall content of the NMR data set leads to a significant fit of (51) Schwyzer, R.; Sieber, P.; Gorup, Bhimia 1958 12, 90-91.
these data by pairs of structures. For the case of the staggered (52) Gierasch, L. M.; Deber, C. M.; Madison, V.; Niu, C.; Blout, E. R.

; ; ; ; iochemistry1981, 20, 4730-4738.
rotamers of the side chain, sampling the three states of the sidé® (53) Smith, J. A.- Pease, L. G.R.C. Crit. Re. Biochem1980 8, 315.

chaips to fit the DR, ADR, and-couplings is not ppssible, (54) Bean, J. W.: Kopple, K. D.; Peishoff, C. E.Am. Chem. S04992
leading to a poorer agreement of therelatedJ-couplings as 114, 5328-5334 and references therein.
compared to the backbone-relat&douplings. (55) Yang, C.-H.; Brown, J. N.; Kopple, K. . Am. Chem. S0d981

. . _ 103 17715-1719.
From the above considerations, it follows that none of the  (56) Scarsdale, J. N.; Yu, R. K.; Prestegard, JJHAm. Chem. Soc.
two two-conformers models returned (CI1-CI2 and CI3-Cl4) can 1986 108 6778-6784.
be excluded on the basis of experimental evidence. It is ,, (57 Km. Y- Ohlrodgge, J. B; Prestegard, J.Bochem. Pharmil99]
important to note that this result does not mean that the four (58 Kopple, K. D.; Baure, P. W.: Bean, J. W.; D'’Ambrosi, C. A.; Huges,
conformers interconvert in solution. Indeed, we have demon- J. L.; Eggleston, D. SJ. Am. Chem. S0d.992 14, 9615-9623.

i ; i (59) Kostansek, E. C.; Lipscomb, W. N.; Thiessen, WJEAmM. Chem.
strated that only pairs of conformers can be derived to give a S0C.1979 101 834-837.

significant and satisfactory agreement of the NMR data. ~(gp) Kostansek, E. C.; Thiessen, W. E.: Schomburg, D.; Lipscomb, W.
Therefore, one must conclude that the CI1-CI2 pair and the CI3- N. J. Am. Chem. Sod.979 101, 5811-5815.
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carbonyl oxygen of residue Glyl (Figure 3B), therefore this residue adopts &) rotamer. This observation indicates
prohibiting the formation of a +> 4 hydrogen bond in the Pro2-  that for both CI1-CI2 and CI3-Cl4 there is a correlation between
Phe3 segment in this conformation. However, it is now well the conformation adopted by the side chain of residue Phe3 and
recognized from analysis of protein structufésand from the conformation of the backbone in this part of the peptide
crystallographic studies of model peptid@shat the formation and in the rest of the molecule. Therefore, the conformations
of the 1— 4 hydrogen bond is not required to stabilfzéurns. obtained by means of the EA protocol may suggest that the

Structures found in CI1 correspond to th€lll- 81l double transition between the interconverting partners CI1-CI2 (or CI3-
reverse turn conformation. Th@VIll turn resembles thesl Cl4) of peptide cyclo(Gly-Pro-Phe-Gly-Pro-Nle) can be a
turn, one difference being thét;, is —90° for a canonicall concerted process that simultaneously involves the conformation
turn whereas this dihedral angle4420° for agVIll turn. The of the two reverse turns as well as the conformations of the
main difference concerns thE;;, which is @ in a type | turn side chains.
and 120 in apVIIl turn.#” These authors proposed & @itoff Ensemble-Averaging Protocol. Several strategies have been

for Wi, to distinguish type | from type VIl reverse turn. It  proposed to take into account conformational variability in
should be noted that th8VIIl turn is the most represented  structure determination from NMR data. The use of time-
reverse turn in proteins after the type | and type |l reverse turns. averaged interproton distances (TARF® and time-averaged

In a previous publication, we investigated the conformation of J-couplingg®! in restrained molecular dynamics has been
the phosphinic analog (cyclo[Gly-Pro-PHEPO,-CH,]Gly-Pro- shown to increase the “mobility” allowed the molecule under
Nle]) of the peptide analyzed in the present stéitlyn aqueous study and improve the agreement between the calculated and
solution the preferred conformation of this phosphinic analog measured NMR parametei®®.7273 This averaging method

is a doublesVIll reverse turn. In ClI1, the segment Pro5-Nle6 relies on the assumption that, during the simulation, the molecule
adopts an almost canonigll reverse turn conformation. Only  will visit all conformers which contribute to the experimental

the W6 value (+42°) differs from the canonical value { It NMR data. However, if all conformers are to be visited, high-
should be noted tha¥i., density in type Il reverse turns in  energy barriers must be crossed, and this is not possible on the
protein structures is maximal, about°50 time scale of the simulation. During the simulation, the

Structures found in CI1 are proposed to be in conformational molecule can be artificially forced by the restraints to shuttle
interconversion with structures in CI2 (Table 5, Figure 3B). In between conformers that are separated by high-energy barriers.
the CI2 structures, the segment Pro5-Nle6 displays a somewhailhis may generate relatively large forces and tends to increase
distorteds | reverse turn, but Pro2-Phe3 does not fall into any the temperature of the system during the course of the
classicalp reverse turn conformation. Theb(¥) dihedral simulation®®71.74 |n addition, this sometimes creates large
angles of residue Pro2-81°,54°) correspond to an aimostideal  conformational fluctuations which hamper analysis of the
inversey turn647 The narrow range of®,¥) dihedral angles  resulting ensemble of conformers.
allowed for proline residues includes values corresponding to  In principle, one advantage of the EA approach is that, in
an inversey turn, the proline being at positiant 1. Inverse contrast to molecular dynamics simulation of a single molecule,
y turns have been reported in cyclopentapeptides around aseveral conformers separated by high-energy barriers at room
proline residué4%> To our knowledge, inverse turns in temperature may be included to reproduce the NMR restraints.
cyclohexapeptides have not been reported either in crystalFennen and co-workers have objected that the use of identical
structures or in solution studies. However, a simulation study starting structures in the EA protocol may severely limit this
of the hexapeptide cyclo[(Ala-Pro-DPhEhas shown that this  approach due to the existence of insurmountable energy barriers
peptide, which displays a doubfeturn structure in the crystal,  between the conformers that are needed to reproduce the NMR
was able to adopt someturn containing structures during the  datal? This remark does not take into account the fact that the
simulation®® This observation was shown to be consistent with studies in question take advantage of high-temperature simulated
NMR and vibrational data. However, when the simulation annealing to optimize the structures in the course of the
includes the intermolecular forces present in the crystal, the refinement?1218 This may allow the molecules to visit
molecule adopts a doubl@ turn, as observed in the crystal conformations that are separated by high-energy barriers at room
structure. These observations may suggest that, in cyclo-temperature. In the present work, in addition to the use of high-
hexapeptidesy turns may be more populated in solution than temperature SA, 20 runs were carried out in order to start with
in the crystal, where intermolecular forces tends to deviate the different peptide structures. The conformers randomly generated
equilibrium toward thes turn structures. These observations at the beginning of the present EA procedure display an marked
suggest that cyclohexapeptides possess an intrinsic conformaeonformational heterogeneity prior to refinement of these sets
tional variability. The present work demonstrates that the of structures by application of the NMR-derived restraints (data
cyclohexapeptide under study exhibit conformational variability not shown). There are only two pairs of conformers returned
in solution. It also shows that the interconverting partners differ by the EA protocol, and their structures do not depend on the
not only in the orientation of the peptide planes of the reverse starting conformations. This indicates that the high-temperature
turns but also in the topography of the backbone as well as in
the orientation of the side chains. In this respect it can be seen (67) Torda, A. E.; Scheek, R. M.; van Gunsteren, WCRem. Phys.
in Figure 3A,B that in CI1 and CI3 structures the side chain of Let(téé;‘qﬁgré?ﬁsgzsgfheek’ R. M.: van Gunsteren, W.JFMol. Biol.
Phe3 adopts ayt-) rotamer, whereas in CI2 and Cl4 structures 199q 214 223-235.
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(61) Nemethy, G.; Scheraga, H. Biochem. Biophys. Res. Commun.  479.
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Academic Press: New York, 1981; Vol. 4, pp-34. (71) Pearlman, D. AJ. Biomol. NMR1994 67, 28—41.
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simulated annealing refinement applied in this EA study to a the optimum number determined by the EA protocol for a given
cyclohexapeptide allows the conformers to cross the energymolecule may clearly depend on the number of conformers
barriers necessary to fit the NMR restraints. When several trials which actually interconvert on the NMR time scale. However,
of random structures are used as the starting point of the EAthe defined optimum number will depend on the size of the
protocol, the ability of the high-temperature SA to allow these NMR dataset as compared to the number of degrees of freedom
conformers to cross high-energy barriers affects the yield of of the system, as well as on the accuracy of these data. In this
the process. For the study of protein structures by EA protocols, respect, Bonvin and Brunger have shown that, once multiple
it is more likely than for cyclohexapeptides that certain energy conformers were identified, cross-validation was unsuccessful
barriers remain insurmountable under high-temperature SA. It in assessing the relative population of multiconformer structures
should be noted that random conformations can easily befrom a set of qualitative distance restraititsThey show that
generated for small peptides like the one studied here but thisthe use of tight DR, i.e., more precise and possibly accurate
is not feasible for larger molecules like proteins. For proteins, restraints, may allow evaluation of these relative populations,
it is conceivable to create a set of different starting structures but even in this case, the result must be interpreted with caution.
using random subsets of the NMR data by DG or SA methods This led us to take the maximum restraints into account and to
in order to create sufficient conformational diversity in the use the ADR and-couplings in addition to the DR. The set
starting ensembles prior to EA refinement. of DR was derived from off-resonance ROESY experiments to
One common drawback of the TAR and EA approaches is give accurate restraints. However, the possibility remains that
that they increase the number of adjustable parameters. Indeedhe intrinsic density of NMR-derived restraints obtainable in a
the basic idea of the TAR approach is to treat NOEs like given structure, i.e., limited by the proton density fortd
guantities that must be satisfied on average over the course othomonuclear study, will restrict the number of conformers that
a restrained molecular dynamics traject®t§® In the EA can be involved to give a significant fit of these restraints.
approach, the experimental NMR restraints must be satisfied .
on average for a considered ensemble of structures. Thus, '[hesg()n(:lL‘S'Ons
two methods, when successful, improve the fit of the NMR  Constrained peptides or pseudopeptides have been widely
restraints by averaging the corresponding distances, and this isused to probe the biological activity of these molecules. The
paralleled by an increase in the number of degrees of freedomaim of introducing conformational restrictions into a peptide is
of the system. This raises the question of the significance of to obtain a unique conformation for two reasons. First, the
the fit. This has not been addressed either in reported TAR solution conformation of the constrained molecule can be easily
studies or in most EA studies. Mierke and co-workers have determined in the free state in solution. Second, this conforma-
reported the application of an EA approach to a pentapeptidetion can be expected to be retained in the bound state. The
where a very large ensemble (about 300 structures) was usedresent work demonstrates that for the cyclohexapeptide cyclo-
with a data set containing 20 DR andJ&ouplingst! It is (Gly-Pro-Phe-Gly-Pro-Nle), there is conformational variability
likely that the excellent agreement reported by these authorsin solution, as depicted by the cross-validated EA approach of
for both the NOE and)-coupling restraints only reflects the a complete and accurate NMR data set. In the different
increase in the number of adjustable parameters and is thereforénterconverting conformers found for this molecule, the orienta-
meaningless. To avoid this situation, the complete cross- tion of the peptide planes can differ by T8Qjiving very
validation methods can be used to estimate the significance ofdifferent positions of the carbonyl oxygens and amide protons
the fit of the NMR restraints in EA studies. Bonvin and Brunger which can be implicated in interactions with a target. The
demonstrated a correlation between the cross-validated measureglative orientations of the side chains can also differ between
of the fit and the number of conformers that best reproduce the one conformer and its interconverting partner. Moreover, we
conformational variability in solution in a synthetic cd3&lsing stress that the intrinsic conformational variability revealed by
this method for the protein IL8, these authors proved that a two- the present approach suggests that such a cyclohexapeptide may
conformers model significantly increases the fit of the distance undergo a conformational transition from the free state to the
restraints, demonstrating the presence of conformational vari- bound state, the so-called induced-fit. In this case, the different
ability in solution for a loop region of this prote#. In the conformations depicted by the cross-validated EA approach may
present study, the application of the complete cross-validation be irrelevant to probe the conformational requirements for
method led to a similar conclusion for the cyclohexapeptide activity. The overall conclusions of this work should preclude
studied. However, two different pairs of interconverting strategies based on the single-structure hypothesis to determine
conformers are defined and no experimental evidence can bethe conformation of cyclopeptides or cyclopseudopeptides from
used to discriminate between the two models. NMR data particularly when there is evidence that several
In the present EA protocol, in contrast to previous stud- conformations occur. Where the EA approach demonstrates the
ies10.17.20.75the number of interconverting conformers is not presence of conformational variability, more constrained and/
arbitrarily chosen but is treated as an adjustable parameter. Thior smaller size molecules can be developed to probe the
feature makes this EA protocol very general, as it is therefore conformational requirements for activity from free-state con-
not restricted to cases where conformational variability is present formational studies.
but can also be used to demonstrate that a single conformer
gives the best fit of the NMR restraints. This situation has been
encountered in the complete cross-validation study of IL-4,
where it has been shown that a single-conformer model gives
the most accurate representation of the NMR datalote that

(75) Scarsdale, J. N.; Ram, P.; Yu, R. K.; Prestegard, J. i&omput.
Chem.1988 9, 133-147. JA9636810
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