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Abstract: The structural and thermodynamic properties of a 6-resiiipeptide that was designed to form a
hairpin conformation have been studied by NMR spectroscopy and MD simulation in methanol solution. The
predicted hairpin would be characterized by a 10-membered hydrogen-bonded turn involving residues 3 and
4, and two extended antiparallel strands. The interproton distances and backbone torsional dihedral angles
derived from the NMR experiments at room temperature are in general terms compatible with the hairpin
conformation. Two trajectories of system configurations from 100-ns molecular-dynamics simulations of the
peptide in solution at 298 and 340 K have been analyzed. In both simulations reversible folding to the hairpin
conformation is observed. Interestingly, there is a significant conformational overlap between the unfolded
state of the peptide at each of the temperatures. As already observed in previous studies of peptide folding, the
unfolded state is composed of a (relatively) small number of predominant conformers and in this case lacks
any type of secondary-structure element. The trajectories provide an excellent ground for the interpretation of
the NMR-derived data in terms of ensemble averages and distributions as opposed to single-conformation
interpretations. From this perspective, a relative population of the hairpin conformation of 20% to 30% would
suffice to explain the NMR-derived data. Surprisingly, however, the ensemble of structures from the simulation
at 340 K reproduces more accurately the NMR-derived data than the ensemble from the simulation at 298 K,
a question that needs further investigation.

1. Introduction temperature, with a correct distribution of probability densities
for the different conformations of the peptide, opens the way
to the calculation of a number of properties that remained, until
very recently, inaccessible to simulation methods or that could
be only calculated by means of severe approximations. Such is
the case, for example, of absolute entropiesd relative
entropies and free energies of different conformational macro-
states, e.g., folded and unfold&¥Knowledge of the relative
free energies of different conformational microstates as well as
of their enthalpic and entropic components is fundamental to
the understanding of the mechanisms of peptide and protein
folding. Experimentally these quantities are very difficult to
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The unceasing extension of the computationally accessible
simulation time scales and improvement of force fields has
positioned molecular dynamics (MD) simulation techniques
among the basic tools in the study of peptide folding. Previous
work from our group—> and from othershas shown that the
reversible folding of a variety of peptides in various solvents
into distinct native folds can be accurately simulated at the
atomic level by using a general purpose force field and Newton'’s
equations of motion. The ability to sample the relevant parts of
the configurational space of the system as a function of
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is often complex due to the remarkable flexibility of even A
secondary-structure-forming peptides and the nonlinearly av- o o
eraging nature of the NOE experimefts!® The common J\/ll\ «
approach to structure determination relies on the assumption HN"B OH HN" B OH
that all NOE signals originate from the same predominant

conformer, even when the presence of other conformers is an unlike p-amino acid  a like B-amino acid
explicitly acknowledged and a percentile population is estimated

NH.
for the most stable fold. It is frequently assumed that the g ’
unfolded state is a conformationally random, unstructured state.
Molecular dynamics simulations have suggested that this o I/ﬁ\ o 0 o ﬁ
assumption is not valid, i.e., the unfolded state is neither random HZN/'\)I\ /fN NJ\/“\N on
I )
H H

wn{g

nor unstructured;®° and that its use can easily lead to E : E b
misinterpretation of the NMR data, e.g., fitting derived inter-

proton distances originating from two different conformations
into one single structuré.

While MD simulations have proven successful at reproducing
the folding of a number of peptides and have provided new ] ) ) )
insights on some of its principles, experimental validation is at Six @mino acid residues fold into tur

. . . i 24,26
present still required. For the best understanding of the con-and sheetlike strgcturé§ 26 analogous to the secondary
formational behavior of a peptide in solution a combined structures of proteins. In addition, these compounds are resistant

to degradation by most common peptidases and protéages.
These two facts suggest the possibility of usfgeptides as
nondegradable peptidomimetics for pharmaceutical applications.
This possibility was tested by one of our groups and, after the
first biologically actives-peptide mimicking a natural-peptidic
hormone was reported,several examples of bioactiyepep-
tides were described by s and others’—3°

The properties of #-amino acid are not only determined by
the nature of the side chain and the chirality of the corresponding
backbone center but also by the position of the side chain, i.e.,
on carbon 2 (or €), on carbon 3 (or €), or on both backbone
carbon atoms (see Figure 1A), providing an extra degree of
freedom for structural design. Seebach and co-workers have
predicted thap-peptides consisting ofR9-3%2 or unlike-523
residues (see Figure 1A), where the superscripts indicate the
Jaositions of the side chains in tifeamino acid, will predomi-

Figure 1. (A) Example oflike andunlike 5-amino acids. (B) Structural
formula of thef-hexapeptide studied. In the simulations the N- and
C-terminal groups were protonated.

Hsl9.22-25 healicesl618,19,2631

analysis of NMR and MD data is required. Our first computa-
tional studies of peptide folding were motivated by the surprising
folding capabilities of g8-heptapeptide (seven-residue peptide
composed of-amino acids), which was shown by NMR
spectroscopy to fold into a remarkably stable left-handgd 3
helix (3 residues per turn forming 14-membered hydrogen-
bonded rings) in methanol solutidh Succeeding MD simula-
tions of this peptide at a range of temperatures showed the ability
of the computational method to reproduce the experimentally
derived datd:'” The sensitivity of the calculations to the amino
acid sequence was tested by performing MD simulations of a
p-hexapeptide containing the same types of side chains (from
alanine, valine, and leucine) but in different position. The NMR
data collected for this peptide in methanol solution suggested
the presence of a new type of helix, a right-handed 12/10 helix
(alternating 12-membered and 10-membered hydrogen-bonde
rings)!81°The 12/10-helical fold is very peculiar in that it has Ed(izg)gseggafgégié&ele’ S.; Gademann, K.; Jaurrigew. Chem. Int.
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o (27) Abele, S.; Guichard, G.; Seebach, Belv. Chim. Actal998 81,
structure, a hairpin-like structure. 2141-2156.
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nantly adopt extended conformations, and thus should favor the
formation of pleated sheet&This is in contrast tg8-peptides
composed ofike-323-amino acids (see Figure 1A), which have
been shown to form predominantlysshelical structures?
However, the first attempt to synthesize fhexapeptide
consisting entirely of RS-322 residues failed because of
insurmountable solubility problems upon chain elongatforhne
insolubility was presumably caused by the formation of sheets,
held by intermolecular hydrogen bonds between the growing
B-peptide strand® The design ofs-peptides forming hairpin
structures was immediately identified as a solution to the
aggregation problem, since intramolecular hydrogen bonds
between the antiparallel strands would compete with the
formation of hydrogen bonds between different molecules. The
required turn structure had been, as a matter of fact, already
characterized: insertion oB)-32—(9-/3° dipeptide sequences

in B-peptides had been shown to induce the formation of 10-
membered hydrogen-bonded tuffid? similar to theS-turns
observed ino-peptides.

A p-hexapeptide (Figure 1B) that could fold into a hairpin
conformation was thus designed. A (potential) turn composed
of a (9-2—(9-/ dipeptide sequence, with the side chains of
valine and lysine, was chosen for the construction of the
antiparallel pleated sheet arrangement. Two dipeptide segments
of (R,9-%3-amino acids that (potentially) enforce an extended
conformation were attached at the ends of this unit, and were

expected to form intramolecular hydrogen bonds. The resulting restraints and torsional-angle restraints derived from the NMR data.

ﬁ-hgxapeptlde \.Nas. indeed soluble, gven n Water: lts Cf’”for' The simulated-annealing calculations were performed in vacuo with
mational behavior in methanol solution has been investigated y_p| ors (see section 4.1).

by NMR spectroscopy and MD simulation. The NMR structure
of the p-hexapeptide in methanol has been reported in a . . . '
preliminary communicatio?

Here we comment on the NMR data from the perspective
given by the MD simulations, and provide additional unpub-
lished NMR data as Supporting Information. An analysis of two
100-ns MD simulations of thes-hexapeptide in methanol
solution at 298 and 340 K, respectively, is presented. The
simulations were started from an extended structure and =
reversible folding to the experimentally determined hairpin £ 037
conformation was observed. The ensembles of structures from2 I
the trajectories are analyzed with regard to the conformational & 0.2 ‘ ‘ -
space sampled by the peptide, the thermodynamics of folding, L Wk ‘ il
and the level of agreement with the NMR-derived data. 0.11 M 1 ‘. N ikl
Implications of the simulation results to the interpretation of
the NMR data are discussed. 0.0

Figure 2. Superposition of the 15 structures with lowest energy from
the ab initio simulated-annealing runs with upper-bound distance

< H-bond
i

0.4 F

2. Results and Discussion time (ns)

Figure 3. Upper panel: Occurrence of backbone hydrogen bonds at

Data. This section is oraanized as follows. First. the lowest 298 K as a function of simulation time. A hydrogen bond is assumed
) 9 ) ! to exist if the hydrogeracceptor distance is smaller than 0.27 nm

energy structure from the simulated annealing runs with ,nq the donorhydroger-acceptor angle is larger than E38nly those
restraints (X-PLOR structure number 1, see Figure 2 and sectionhydrogen bonds present in at least 5% of the configurations analyzed

4.1) will be compared to the structures sampled in the simula- (2 x 10° at 0.5-ps intervals) are shown. The hydrogen bond NH(3)
tions. Second, the interproton distances derived from the NOE CO(4), number 1 in the upper panel, is present in 19% of the
data and the experiment&l-coupling constants will be com-  configurations. Lower panel: Atom-positional root-mean-square devia-
pared to the average interproton distances and the avélage tion (RMSD) from the X-PLOR structure number 1 for the backbone
coupling constants calculated from the simulations. atoms of residues 2_to_ 5._The_da_shed _Iin_e correspond_s to the _RMSD
The atom-positional root-mean-square deviation (RMSD) (so"oslntm) “Sted f‘s S'm"_‘;"r:'té,\jgtg“onl W'thl')n Ithe t‘;}'VSterl'”g algonthn_wc.j
Imuiation structures wi values below this value are consid-
from t.he X-PLOR _strgcture numberl for the backbon(_-:‘ atoms ered conformationally equivalent to the reference X-PLOR structure.
of residues 2 tp Slis leplayed in the lower panels c,)f Figures 3 The initial structure (extended) has an RMSD of 0.40 nm.
and 4 for the simulations at 298 and 340 K, respectively. When
the RMSD is lower than 0.08 nm (dashed line) the simulation
and experimentally derived conformations are considered equiva-
lent. There is in both simulations an equilibrium between folded

2.1. Comparison between NMR-Derived and Simulation

(hairpin-like) and unfolded structures. The upper panels of
Figures 3 and 4 show the occurrence of backbone hydrogen
bonds (those present in at least 5% of the structures) as a
(40) Abele, S. Ph.D. Thesis, ETH Zurich, Zurich, 1999. function of simulation time. The model (ideal) hairpin structure
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L L ' L NOEs (first 17 in Table 1) are satisfied in both the X-PLOR

'§3-u [ | A1l 0o structures and the simulations. The HO—HCF(6) upper-
=21 1 i m a - bound distance is satisfied by the X-PLOR structures and by
EO;' 'n . .—“ L 'F_' . . I.].-I- —”" the ensemble of structures from the simulation at 340 K, but is
: s T ' ' ' severely violated in the simulation at 298 K. On the other hand,
os the HC*(2)—HCA(5) upper-bound distance is satisfied by the

X-PLOR structures and by the ensemble of structures from the

simulation at 340 K, and is only marginally violated in the

simulation at 298 K. The upper-bound distance between the side

chains of the same two residues is satisfied in all cases. Figure

‘ [ | 5 reveals the significant differences in the distribution of

\ } i | i ‘ l | interproton distances at the two simulation temperatures for the
I \.l l h n

=
W
1
T

RMSD (nm)
o
o
i ——

0.1 (IR ‘ two NOEs that determine the antiparallel arrangement. The
"""" T " distribution of distances between the #{C) and HC(6)
0.0 . . . . . hydrogen atoms at 340 K is clearly displaced, with respect to
20 40 60 80 100 the distribution at 298 K, to lower values (Figure 5A). Most
time (ns) importantly, the distribution at 340 K shows a well-defined peak

Figure 4. Upper panel: Occurrence of backbone hydrogen bonds at at around 0.3 nm that is perfectly correlated with the occurrence

340 K as a function of simulation time. A hydrogen bond is assumed of ideal hairpin structures (with perfectly antiparallel strands)

to exist if the hydrogerracceptor distance is smaller than 0.27 nm  in the simulation. This peak is not present in the distribution at

and the donorhydrogen-acceptor angle is larger than 3®nly those 298 K, a temperature at which no ideal hairpin structure was

hydrogen bonds present in at least 5% of the configurations analyzedsammed indeed. The distribution of K@)—HCA(5) distances

(CZOT 4;0‘5”33“(1)55(3-?31w;:]ert\;]azs)uareersho;/\r/]r;l Tihse hydrogter_l b%%% /NHf(c’t)h at 340 K is also shifted, with respect to the distribution at 298
' PPET pane, 1S present In 0 ot e K to slightly lower values (Figure 5B). At 298 K the distribution

configurations; the hydrogen bond NHFO(5), number 2 in the e
upper panel, is present in 6% of the configurations; the hydrogen bond has a minimum around 0.6 nm that connects two ranges of

NH(5)—CO(2), number 3 in the upper panel, is present in 5% of the distances, most probably corresponding to two distinct groups
configurations. Lower panel: Atom-positional RMSD from the X- Of conformations, i.e., with and without the turn. Although the
PLOR structure number 1 for the backbone atoms of residues 2 to 5. peaks in the distributions are at about the same locations at the
The dashed line corresponds to the RMSD (0.08 nm) used as similarity two temperatures, at 340 K the K@)—HCA(5) distances are
criterion within the clustering algorithm. Simulation structures with more uniformly distributed over the entire range. This is not
RMSD values below this value are considered conformationally surprising, since at the higher temperature a larger number of
equivalent to the reference X-PLOR structure. The initial structure ~qnformational microstates become accessible. Two main
(extended) has an RMSD of 0.40 nm. conclusions arise from this analysis. First, but not unexpectedly,
it is clear from Table 1 and Figure 5 that the use of upper-
is formed by a turn, stabilized by a hydrogen bond between hound interproton distances in NMR structure determination can
NH(3) and CO(4), and two antiparallel strands connected by easily lead to unrealistic hybrid structures if averaging is not
hydrogen bonds between NH(2) and CO(5) and NH(1) and CO- taken into accour*! For example, the simulation at 340 K
(6). The NH(3)-CO(4) hydrogen bond is present in 73% of satisfies in an average way all the NOE-derived interproton
the (15) X-PLOR structures (see Figure 2), in 19% of the distances, even if very few ideal hairpin structures have been
structures from the simulation at 298 K, and in 30% of the actually sampled. This contrasts with the more simplified picture
structures from the simulation at 340 K. The NH{ZO(5) of the conformation of the peptide in methanol solution given
hydrogen bond is present in 7% of the X-PLOR structures and by the 15 X-PLOR structures shown in Figure 2. In cases where
in 6% of the structures from the simulation at 340 K. The a mix of conformational states may exist in the sample within
occurrence of this hydrogen bond in the simulation at 298 K is the time scale of the measurement, the NOE-derived distances
less than 1%. The NH()CO(6) hydrogen bond is only present  should be used as upper-bound restraints for average distances
in 7% of the X-PLOR structures and is almost completely absent from a physically sound sampling of conformational space rather
(<1%) from the simulations. The lack of other important(t) than as upper-bound restraints for instantaneous distances in
backbone hydrogen bonds in Figures 3 and 4 indicates thatsome optimization proceduf&:4é This implies that the proper-
besides the hairpin turn no other secondary structure elementsjes of an ensemble of structures rather than those of an
are significantly populated in the simulations. individual structure need to be studied. To this respect, the sets
The 20 NOEs from the ROESY spectrum and the derived of structures commonly produced in NMR structure determi-
upper-bound distances are listed in Table 1. The averagenation are not ensembles in a statistical-mechanical sense but
effective violations of these distances by the X-PLOR structures individual solutions to a given set of restraints. The second
and by the structures from the simulations at 298 and 340 K conclusion is that the last three NOEs in Table 1 are not
are also listed. The upper-bound nature of the NOE-derived necessarily indicative of a perfect antiparallel arrangement, i.e.,
dIStanceS.lmplleS that only pOS.Itlvel Valuesm*P"ORf s (41) Daura, X.; Antes, |.; van Gunsteren, W. F.; Thiel, W.; Mark, A. E.
and @44 in Table 1 are true violations. Note that in the case pgteins: Struct. Funct. Genet999 36, 542555,
of a fast-tumbling molecule like thé-hexapeptide studied here, (42) Torda, A. E.; Scheek, R. M.; van Gunsteren, WChRem. Phys.
the IF (306 and@~°3V¢ distances are essentially equivalent. Lett. 1989 157, 289-294. _ .
The only NOEs in Table 1 that carry long-range (in residue 195%3)21?(212’352'3'55'_’ Scheek, R. M.; van Gunsteren, W.JFMol. Biol.
sequence) structural information are the last three, i.e., a weak (44) Torda, A. E.; Brunne, R. M.; Huber, T.; Kessler, H.; van Gunsteren,
NOE between HE1) and HE(6), a medium NOE between W. F.J. Biomol. NMR1993 3, 55-66.

(45) Nanzer, A. P.; van Gunsteren, W. F.; Torda, AJEBiomol. NMR
HC%(2) and HE(5), and a weak NOE between the methyl 1005 6, 313-320.

groups of the side chains af(2) and C(5). The upper-bound (46) Nanzer, A. P.; Huber, T.; Torda, A. E.; van Gunsteren, WJ.F.
distances corresponding to short-range (in residue sequencepiomol. NMR1996 8, 285-291.
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Table 1. NOEs from the 150-ms ROESY Spectrum of filexapeptide (CBOH, 500 MHz) and Average Effective Violations of the
Associated Upper-Bound Distances from the X-PLOR Structures and from the Structures in the MD Simulations at 298 &nd 340 K

W -pLor e BN
H atom H atom NOE (nm) (nm) (nm)
H—N(2) H—CMey(2) m —0.02 —0.07 (-0.08) —0.07 (=0.08)
H—N(2) H—-C%(2) m —0.07 —0.06 (-0.06) —0.05 (—0.06)
H—N(2) H—-CA(1) w —-0.10 —0.05 (~0.06) —0.07 (~0.08)
H—N(2) H—-C%(1) s —0.08 —0.08 (-0.08) —0.08 (—0.08)
HS—CA(3) H—CMey(3) m —0.08 —0.08 (~0.08) —0.07 (~0.08)
HS—CA(3) H—C%(3) m -0.11 —0.11 (-0.11) —0.11 (-0.11)
H—N(3) H—-CA(2) m —0.04 —0.08 (~0.09) —0.06 (-0.07)
H—N(3) H—C%(2) s —0.05 —0.07 (-0.07) —0.08 (~0.08)
H—N(4) HS—Co(4) w —-0.08 —0.15 (-0.16) —0.14 (-0.14)
H—N(4) HR—C%(4) s —0.04 —0.04 (-0.04) —0.04 (-0.04)
H—N(5) Me—C%(5) w -0.20 —0.24 (-0.24) —0.23 (-0.23)
H—N(5) Me—CF(5) m —0.15 —0.16 (-0.16) —0.16 (-0.16)
H—N(5) HS—C(4) m -0.13 —0.10 (-0.10) —0.11 (-0.11)
H—N(5) H—C*(5) m —0.09 —0.05 (~0.05) —0.06 (=0.06)
H—N(5) H—CF(4) m —0.04 —0.08 (-0.09) —0.07 (-0.08)
H—N(6) H—C%(6) m —0.05 —0.06 (-0.07) —0.07 (=0.08)
H—N(6) H—CMey(6) m —0.09 —0.05 (-0.06) —0.05 (-0.06)
H—C*(1) H—CF(6) w —0.02 0.42 (0.38) 0.02 (0.00)
H—C%(2) H—CA(5) m —0.10 0.07 (0.04) 0.000.02)
Me,—CH(2) Me—C%(5) w -0.24 —0.05 (~0.08) —0.13 (-0.15)

aThe NOEs have been classified in threg distance categories: s (strong0.3 nm), m (medium=0.35 nm), and w (weaks0.45 nm). The
average effective distance violations are calculatedia¥T® — rey, for the 15 X-PLOR structures#}-pLor), and asli—3BOY6 — rey, and
(606 — rey (in parentheses) for % 10 trajectory structures (one per 0.5 ps) from the MD simulations at 2884 and 340 K ([@0a0).
H—CMe; refers to the proton of the terciary carbon in a valine or leucine side chain (see Figure 1BE*Mad Me-C* refer to the protons of
the methyl group in an alanine side chain in thfeadd € positions, respectively. Me-CH refers to the protons of the two methyl groups of the
terciary carbon in a valine side chain.

2.0

. Table 2. 2J-Coupling Constants for thg-Hexapeptide (CBOH,
B 500 MHz) and Average Violations from the X-PLOR Structures and
from the Structures in the MD Simulations at 298 and 340 K

3exp angle  [@Qt-pror [@Hos [@lHao
H atom Hatom (Hz) (deg) (Hz) (Hz) (Hz2)

H-CA1) H-C%1) 7.0 +£131434 -1.7 31 06
H-N(2) H-C/(2) 10.1 +180 -1.0 -10 -11
H-CA2) H-C*2) 9.7  £146/0 16 -38 -34
H-N@) HS-C/(3) 7.4 +146 -36 -16 -16

1.0

probability density

s,

o Oiiterat;fic dist;fce (nmi.0 o0 O.iiteratoll;loic dist;fce (nmz).0 H-N (3) HR_OB(S) 3.8 +117H:48 0.9 2.3 2.2
, e , HS—CF(3) H-C*3) 3.8 +113456 —0.8 01 00
Figure 5. Panel A: Distribution of distances between the hydrogen HrR_cA(3) H-C%(3) 10.7 +153 21 -04 -08

pair HC*(1)/HC?(6) (see Table 1) in the simulations at 298 K (solid H-N(@4) H-C}4) 9.0 +162 0.6 0.0 0.0
line) and 340 K (dashed line). The vertical lines correspond to the upper- H—C/(4) HS—C%(4) 4.1 +115H54 —0.4 23 07
bound distance derived from the NOE data (0.45 nm;-dashed line), H—-Cf(4) HR—C%(4) 9.6 +146H6 32 -18 -04

and to theli—33FY6 average distance from the simulations at 298 K H—-N(5) H-C/(5) 10.6 +180 -10 -16 -19
(0.87 nm, solid line) and 340 K (0.47 nm, dashed line). Panel B: H—C/(5) H-C*5) 9.2 +143414 36 —40 —29
Distribution of distances between the hydrogen paif@EHC(5) in H-N(@6) H-C/(6) 7.0  £142/0 0.9 20 17

the simulations at 298 (solid line) and 340 K (dashed line). The vertical H—C’(6) H-C%6) 7.0 £1314:34 18 -08 04
lines correspond to the upper-bound distance derived from the NOE  Hviolation[{Hz) 1.7 18 13
data (0.35 nm, detdashed line), and to tréi ~3(303"* average distance aThe average violations are calculated [&¥1— 3J,, for the 15
from the simulations at 298 (0.42 nm, solid line) and 340 K (0.35 nm). X-PLOR structures @}-pLor) and for 2 x 10° trajectory structures
(one per 0.5 ps) from the MD simulations at 298{ss) and 340 K
(@HEag). The torsional dihedral angles in the second numerical column
with hydrogen bonds between residues 2 and 5 and 1 and 6.are calculated from the experimentdicoupling constants according

These hydrogen bonds are only marginally present in the 15to the Karplu35 relation (eq 1), usiry= 6.4 Hz,b = —1.4 Hz, andc
X-PLOR structures and in the simulation at 340 K and, yet, the :zlfgrng(lzocr ﬂ(g)N*HC)' anda=9.5Hz,b=—1.6 Hz, anc: = 1.8
upper-bound distances derived from the NOEs are satisfied in T
both cases. Finally, the ensemble of structures from the
simulation at 340 K reproduces the NOE-derived distances 340 K are listed in Table 2. The distributions of the 11 torsional
surprisingly better than the ensemble of structures from the dihedral angles (3 of the 14 are redundant) in the simulations
simulation at 298 K. This is in contrast to results from a and the corresponding distributions3dfcoupling constants are
B-heptapeptide in methanol solution studied previodsfy This displayed in Figures 6 (for HE-HC®) and 7 (for HN-HCA).
point will be further discussed in sections 2 and 3. The dihedral angles corresponding to the experimefial
The 14 3J-coupling constants extracted from the one- coupling constants are also listed in Table 2. The following
dimensionalH NMR spectrum and the corresponding average discussion is based on the assumption that the Karplus relation,
coupling constants calculated for the 15 X-PLOR structures and jncluding the chosen parameters (see section 4.2.3), is valid for
for the trajectory structures from the simulations at 298 and the couplings observed in the spectrum. Note also that the
(47) Gademann, K.; Jaun, B.; Seebach, D.; Perozzo, R.; Scapozza, L.;torsional dihedral angles calculated with X-PLOR for the final
Folkers, G.Helv. Chim. Acta1999 82, 1—11. structures from the restrained runs might be slightly different
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Figure 6. Distribution of values of the torsional dihedral angle HC
HC* (panels A to F for residues 1 to 6, respectively) and corresponding
distribution of3J(HC#,HC%) coupling values (panels G to L for residues

1 to 6, respectively) from the simulations at 298 (solid line) and 340
K (dashed line). Th&J(HCF,HC®) coupling values are calculated with
the Karplus relation (eq 1), usirm= 9.5 Hz,b = —1.6 Hz, andc =

1.8 Hz. Where the same torsion is defined in terms ®f8 and H—

C, only the KR—C case is considered (see Table 2).

from the ones given in colummdli—_pLor, Table 2. In the

restrained runs the hydrogen atoms were treated explicitly, and
the competition between restraining forces and physical forces

might have led to the distortion of bond angles involving
hydrogen atoms, which affects all related torsional dihedral
angles. In contrast, for the calculation of tilevalues given in
columnl@li—pLorin Table 2, all aliphatic hydrogen atoms were
eliminated, and the torsional dihedral angles were recalculate
by building virtual atoms at positions based on standard

(minimum energy) carbon atom geometries. Overall, the agree-

ment between the experimenfdl values and the averagé
values calculated for the 15 X-PLOR structures and for the

Daura et al.

evenly distributed. The differences between the distributions of
torsional dihedral angles at the two temperatures are not entirely
reflected in the comparison of the corresponding distributions
of 3J values, since the Karplus curve is symmetric for positive
and negative angles. In the simulation at 340 K the torsion
HCA(1)—HC%(1) populates with similar weights the gauch(

and trans conformations (Figure 6A,G), and the experimental
3J value is reproduced. Conversely, in the simulation at 298 K
the same torsion angle populates predominantly the trans
conformation, and the averadé value is about 3 Hz higher
than the experimental one. The very similar distribution of
angles of the torsion H{2)—HC%(2) in the two simulations
and the high population of gauche) (Figure 6B,H) have a
clear correspondence with the conformation of the central-
member structure of cluster number 1 (see section 2.2). For this
torsion angle the distribution of angle values is in disagreement
with the experimentaP] value (see Table 2). The torsions
HRCA(3)—HC%(3) (Figure 6C,l) and H4)—HRC*(4) (Figure
6D,J) show a smooth transition between gau¢fegnd trans,

i.e., the intermediate angles are also populated, due to the
absence of a side chain that would restrict rotation at the C
and C- atoms, respectively (see Figure 1B). These two torsions
are at the turn of the hairpin and their distribution of torsion
angle values in the two simulations is fully compatible with
the experimental data: The difference between the experimental
and the average calculatétivalues is smaller than 1 Hz (a bit
higher for the HEG(4)—HRC%(4) torsion at 298 K, see Table 2).
The agreement between experiment and simulation regarding
the HRCF(3)—HC*(3) and HE(4)—HRC*(4) torsions, in com-
bination with the observation that for both torsions there is some
population of gauche conformations in the simulations, suggests
that there must also be a mix of conformers (with and without
the turn) in the “test tube”. Thus, these two torsions being

dpredominantly in a trans conformation in the 15 X-PLOR

structures, i.e., compatible with the turn structure, result in the
corresponding averagd values being 2 to 3 Hz higher than
the experimental ones. The distribution of angles of the torsion
HCP(5)—HC%(5) (Figure 6E,K) is in disagreement with the

ensembles of structures from the simulations at 298 and 340 K €xperimentaP] value (see Table 2). As with the same torsion

is good for the region of the hairpin turn (residues 3 and 4) and

poor for residues 1, 2, 5, and 6. The average violation (see Table

2) is 1.3 Hz for the ensemble of structures from the simulation
at 340 K, 1.7 Hz for the 15 X-PLOR structures, and 1.8 Hz for
the ensemble of structures from the simulation at 298 K. In a
model (ideal) hairpin structure the MEHC torsional dihedral
angle would be around 180n all six residues; in residues 3
and 4 this would be the case for th&®f—HC* and HG—
HRC torsions, respectively. The HEHC® dihedral angles
calculated from the experimentél-coupling constants for the
six residues (BC/—HC* and HE—HRC® for residues 3 and 4,
respectively, Table 2) are between 13ihd 153, suggesting
that the hairpin is not the only populated conformation. In the
MD simulations at 298 and 340 K the MEHC® torsional
dihedral angles are distributed in three regions (Figure 6), i.e.
—60° (or gauchet)), 60° (or gauchef)), and 180 (or trans).

in residue 2, the population of gauchg(is too large to meet
the experimental] value of 9.2 Hz, particularly at 298 K. The
experimentatJ(HC? HCY) value for residue 6 is compatible with
the distributions from the simulations at 298 and 340 K (Figure
6F,L), even if there are clear differences between the distribu-
tions at the two temperatures. The distribution of angles of the
HN—HC? torsional dihedrals of residues 2 to 5 is very similar
in the two simulations (Figure 7). In a model (ideal) hairpin
structure these torsional dihedral angles would have values
around 180, with the exception of residue 3, for which the
HN—HRC? angle would be 120 The HN—-HC? dihedral angles
calculated from the experimentdl-coupling constants for
residues 2 to 5 (Table 2) are compatible with the hairpin
arrangement. On the other hand, the experimed¢edN,HC?)
value for residue 6 is substantially lower than expected for a
trans conformation, indicating that this torsion might sample a

The actual peaks of the distribution are, nevertheless, displacedarger range of angles. In the simulations at 298 and 340 K the

from +60° to slightly larger angles. In this way the system

distributions of angles of the HNHC? torsional dihedrals of

minimizes the repulsive interaction between the side chains atresidues 2, 4, 5, and 6 (Figure 7) are centered at arount 180

the @ and C* carbon atoms, which are spatially close when
the HG>—HC® dihedral angle ist60°. The main difference

although with relatively large widths. The high experimental
3J(HN,HCP) values for residues 2 and 5 (see Table 2) give an

between the distributions of dihedral angles at 298 and 340 K idea of the uncertainty in the calculat&tivalues: The Karplus

is not the position (and not the width) of the peaks but the

curve that has been used (see section 4.2.3) has a maximum

relative populations of gauche and trans. At the higher temper- 3J(HN,HC) value of 9.7 Hz at 180 lower than the experi-
ature the populations of gauche and trans are in general moremental 10.1 and 10.6 Hz for residues 2 and 5, respectively.
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1.9 Hz. Where the same torsion is defined in terms &8 and H—
C, only the FR—C case is considered (see Table 2).

10 14

Taking this into account, it can be concluded that the distribution
of angles of the HN(2YHCA(2) (Figure 7A,F) and HN(5}
HCA(5) (Figure 7D,I) torsions in the simulations at 298 and 340
K are compatible with the respective experimeritavalues.
The torsion HN(3Y-HRCA(3), at the beginning of the turn in
the hairpin structure, samples a wide range of angles at both
temperatures (Figure 7B,G). This is made possible by the
absence of a side chain at thé @tom that would restrict
rotation. For this torsion the distribution of angles is in
disagreement with the experimentd value (see Table 2),
mostly because of the low population of the 120nformation.

For the torsion HN(4YHC#(4), at the middle of the turn, the
distribution of angles in the two simulations (Figure 7C,H) is
fully compatible with the experimental value, which suggests
an approximately trans conformation (around l&0average).
The distribution of angles of the HN(6HCF(6) torsion in the
simulations at 298 and 340 K (Figure 7E,J) translatéd t@lues

that are almost 2 Hz higher than the experimental one (see Table

2), indicating that the trans conformation is less populated in
the experimental sample than in the simulations.
Overall, the experimentdl-coupling constants are less well
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Figure 8. Number of clusters of peptide conformations as a function
of simulation time from the trajectories at 298 (circles) and 340 K
(squares), and from a 200-ns merged trajectory in which the first 100
ns correspond to the simulation at 298 K (circles) and the second 100
ns correspond to the simulation at 340 K (crosses, shifted to the interval
0—100 ns). The total number of clusters at 100 ns is 197 at 298 K,
290 at 340 K, and 361 for the merged trajectory. The clustering is
performed for 16(2 x 10* for the merged trajectory) structures taken
at 10-ps intervals.
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Figure 9. Percentage of members from the simulation at 298 K (circles)
and from the simulation at 340 K (squares) in clusters 1 to 30 when

reproduced by the ensembles of structures from the simulationsthe conformational clustering is performed over a merged trajectory in
than the NOE-derived upper-bound distances. Nevertheless, thewhich the first 100 ns correspond to the simulation at 298 K and the

uncertainty in the conversion of both, experimental NOEs to
upper-bound distances and torsional dihedral angles from
simulation to3J-coupling constants, is high. Furthermore, the
poor agreement between the experimefitaloupling constants
and the3J values calculated for the 15 X-PLOR structures

second 100 ns correspond to the simulation at 340 K. The crosses
indicate the percentage of structures from the total of T* structures
analyzed (one per 10 ps) that is included in the actual plus all preceding
clusters.

suggests that the derived torsional dihedral angles are partiallycorresponding distributions &0 values (see Figure 61) have

incompatible with the derived upper-bound distances if they are
to be fitted to a single conformation. This is not surprising, since

very low probability density around 10 Hz.
2.2. Conformational Analysis.A conformational-clustering

these two properties are subject to two distinct types of algorithm has been used to characterize the configurational space
averaging. The best agreement with experiment has beensampled in the simulations (see section 4.2.3). The clustering
obtained for the region of the turn (residues 3 and 4). More has been performed for the trajectories at 298 and 340 K as
importantly, it has been shown that the experimental values well as for a merged trajectory in which the first 100 ns
reported in Tables 1 and 2 are best explained in terms of correspond to the simulation at 298 K and the second 100 ns
ensemble averages. The effect of the averaging can be as strikingorrespond to the simulation at 340 K. The number of clusters
as in the following example: the averagkvalue calculated of conformations from these three trajectories is plotted as a
from simulation for the hydrogen pairi@#—HC® in residue 3 function of time in Figure 8. The number of clusters is
is around 10 Hz at the two temperatures studied, i.e., very closeapproximately constant over the last 10 ns of the two indepen-
to the experimental value at 298 K (see Table 2), yet the dent trajectories, but there is no definite indication of conver-
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Figure 10. Panel A: Superposition of the reference X-PLOR structure number 1 and the structure with a minimum atom-positional RMSD for the
backbone atoms of residues 2 to 5 from this reference structure in the simulation at 298 K (structure at time 90.41 ns, 0.05 nm RMSD). Panel B:
Superposition of the X-PLOR structure number 1 and the structure with a minimum atom-positional RMSD from it in the simulation at 340 K
(structure at time 53.62 ns, 0.03 nm RMSD). Panel C: Superposition of the central-member structures of cluster number 1 from the simulations at
298 (structure at time 25.35 ns) and 340 K (structure at time 29.96 ns). The atom-positional RMSD between the two structures for the backbone
atoms of residues 2 to 5 is 0.02 nm.

gence, i.e., of complete sampling of configurational space. simulation. In the rest of the 30 clusters shown in Figure 9 the
Nevertheless, the most relevant (probable) conformations (clus-overlap between the two simulations is also substantial. Indeed,
ters), i.e., the conformations with lowest free energy, are likely the first cluster with members from only one of the temperatures
to be sampled within the 100-ns period (see below). As is cluster number 27. Regarding the weight of the most
expected, the number of conformations sampled is bigger in populated clusters, cluster number 1 contains approximately 20%
the simulation at 340 K (290 clusters) than in the simulation at of the whole (merged) ensemble of structures, and the first 30
298 K (197 clusters). However, the total number of clusters, clusters (from the total of 361) contain as much as 75% of the
even at the higher temperature, is orders of magnitude lowerensemble. These numbers suggest that the most relevant parts
than it could be expected from an exhaustive enumeration of of the conformational space accessible to the peptide at each of
possible (without sizable atom overlap) conformations of a the two temperatures have been already sampled within the 100-
peptide with 18 backbone rotatable bonds. Moreover, there is ans simulations, even if the complete space has not been sampled.
substantial overlap between the conformational spaces sampled Figure 10 shows a superposition of the reference X-PLOR
in the simulations at 298 and 340 K, since the number of clusters structure (number 1 of 15) with a structure from the simulation
in the merged trajectory (361) is much lower than the theoretical at 298 K (Figure 10A) and from the simulation at 340 K (Figure
maximum of 487 clusters that would result from a zero overlap 10B). The chosen structures are those with lowest atom-
of the two spaces. This is further illustrated in Figure 9, where positional RMSD for the backbone atoms of residues 2 to 5
the clusters from the merged trajectory are decomposed in termdrom the reference structure. A superposition of the central
of percentages of members originating from the simulation at member structure of cluster number 1 from each of the two
298 K and members originating from the simulation at 340 K. simulations is also shown (Figure 10C). Surprisingly, the central
Approximately 50% of the members of cluster number 1 belong member structure of cluster number 1 is almost identical in the
to the 298 K simulation and the other 50% belong to the 340 K two simulations. It has the 10-membered turn closed by the
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Table 3. Entropy, Enthalpy, and Free Energy of Folding

3000
T (K)
298 340
entropy of all configurations
2500 S K tmol™?) 2686 2886
= entropy of folded configurations
E Sol (3 K1 mol™) 2183 2363
- entropy of unfolded configurations
4 Sint (3 K"t mol™?) 2692 2892
2 2000 enthalpy of all configurations
H (kJ mol?) —229 —218
1 enthalpy of folded configurations
Htol (k.] mol'l) —243 —225
enthalpy of unfolded configurations
1 Hunt (kJ mol?) —223 —212
1500 r T y y entropy of folding
0 20 40 . 60 80 100 ASolding = Sol - Sjnf (J K_l mOI_l) —-509 —-529
time (ns) enthalpy of folding
Figure 11. Configurational entropy of the peptide as a function of AHfotding = Hiol — Hunt (kJ mol™) —20 —13
simulation time in the simulations at 298 (solid lines) and 340 K (dashed free energy of folding
lines). Circles: Total peptide entropy; the value at 100 ns is 2686 J fregce;‘fr?g%y:ong%diirq% _(fr-I(—)AmSgggu(II;\:igggl) 132 167
-1 -1 -1 .
K=t mol~* at 298 K and 2886 J K mol™* at 340 K. Squares: Entropy AG'tmg (kJ mol-Y) 28 27

of the folded state, constituted by all structures (from the total gf 2
1 at 0.5-ps intervals) with an atom-positional RMSD for the backbone a AG'1iding has been calculated from the populations of folded and
atoms of residues 2 to 5 from the central-member structure of cluster unfolded structures with eq 4, as described in section 4.2.3. It includes
number 1 smaller than 0.08 nm; the value at 100 ns is 21831 K peptide-solvent and solvent contributions to enthalpy and entropy,
mol~! at 298 K and 2363 J & mol~* at 340 K. Crosses: Entropy of  WhereasAGuing Values contain only the peptide contributions to
the unfolded state, constituted by all structures with and atom-positional €Nthalpy and entropy.

RMSD from the central-member structure of cluster number 1 larger
than 0.12 nm; the value at 100 ns is 2692 J knol™* at 298 K and
2892 J K' mol™ at 340 K.

state and that of the unfolded state have also been calculated
(see section 4.2.3 for the definition of the folded and unfolded
states). Note that the reference structure used in the definition
NH(3)—CO(4) hydrogen bond, but the two strands are not of the folded state is the central member structure of cluster
completely extendedespecially at residue-2and there are no  number 1 (see Figure 10C) rather than one of the 15 X-PLOR
further hydrogen bonds between them. The unexpected elbowstructures. This choice is validated by the, in general terms,
at residue 2 is responsible for the loW(HC?,HCY) value good correspondence between the experimentally derived data
discussed in section 2.1 (see Table 2). As can be observed inand the ensemble averages from simulation (see section 2.1),
Figure 10A,B, there are in the two trajectories some structuresand is more consistent with the conformational analysis
which resemble the reference X-PLOR structure, and some presented in section 2.2. The definition of the boundaries
which are even closer to a model hairpin. However, the hairpin between the folded and unfolded states is, to some extent,
conformation (including both the turn and properly antiparallel arbitrary. However, the conclusions drawn in this section, not
strands) is clearly not the lowest free energy conformation in the actual numbers, are independent of the spherical cutoffs used
the simulations. For example, the structure at 90.41 ns from to differentiate between the two types of structures. As expected,
the simulation at 298 K (Figure 10A) belongs to cluster number the entropy of the folded state is lower than that of the unfolded
4 (from the single-temperature clustering analysis), and has 791state, and the entropies of the folded and unfolded states are
structures (out of a total of #pat an RMSD radius of 0.08 lower in the simulation at 298 K than in the simulation at 340
nm. The structure at 25.35 ns (Figure 10C), which is the central K (see Figure 11). Not surprisingly either, at both temperatures
member structure of cluster number 1 from the trajectory at the configurational entropy of the unfolded state is very close
298 K and also of cluster number 1 from the merged trajectory, to that of the entire ensemble of structures.
has an atom-positional RMSD for the backbone atoms of  With knowledge of the peptide’s entropy and enthalpy (taken
residues 2 to 5 from the X-PLOR structure number 1 of 0.10 as the average internal interaction energy) it is possible to
nm, and has 1998 structures at an RMSD radius of 0.08 nm. In calculate the free energy of the peptielgith all the reservations
the simulation at 340 K, the structure at 53.62 ns (Figure 10B) that this concept deservessing eq 3 (see section 4.2.3). This
belongs to cluster number 2, and has 698 structures at an RMSDill-defined free energy ignores interactions and correlations with
radius of 0.08 nm. The structure at 29.96 ns (Figure 10C), which the solvent. The calculation can be performed for the whole
is the central member structure of cluster number 1 at 340 K, ensemble of structures as well as for the folded and unfolded
has an atom-positional RMSD for the backbone atoms of states. Therefore, the following analysis serves us to address
residues 2 to 5 from the X-PLOR structure number 1 of 0.10 the suitability of implicit solvation models, which lack any type
nm, and has 2038 structures at an RMSD radius of 0.08 nm. of solvent entropy, for the study of peptide or protein folding.
2.3. Peptide Entropy and Free Energy of Folding.The The enthalpy, entropy, and corresponding free energy for the
configurational entropy of the peptide is plotted in Figure 11 three sets of structures are listed in Table 3. The free energy of
as a function of time. Translational and rotational entropy due folding and its enthalpic and entropic components are given in
to center of mass motion are removed by least-squares fittingthe same table. The enthalpy of the various ensembles of
of the structures prior to the entropy calculation (see section structures follows the same lines observed for the entropy (Table
4.2.3). The peptide entropy converges to values around 2686 J3): The enthalpy of the folded state is lower than that of the
K~1 mol~! at 298 K and 2886 J K mol~! at 340 K within unfolded state; the enthalpies of the folded and unfolded states
100 ns of simulation. The configurational entropy of the folded are lower in the simulation at 298 K than in the simulation at
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340 K; at both temperatures the enthalpy of the unfolded stateto what extent the observations made in the simulations can be
is slightly higher than that of the entire ensemble of structures. extrapolated to the conformational behavior of flakexapeptide
Upon folding, there is a bigger loss of entropy and a smaller in the experimental sample. On one hand, there are some
decrease of the enthalpy at 340 K than at 298 K. This implies, discrepancies between the experimerfalalues and théJ
independently of the actual values of the differences, that folding values calculated from the torsional dihedral angles explored
would be more favorable at 298 K than at 340 K. The resulting by residues 1, 2, 5, and 6 in the simulations. Nevertheless, these
free energies of folding are 132 kJ mélat 298 K and 167 kJ  discrepancies exist also between the experimédtailues and
mol~1 at 340 K. The biggest contribution to these free-energy the 3J values calculated from the torsional dihedral angles of
differences comes from thEAS term. Such high free energies the 15 X-PLOR structures, which are closer in average to those
of folding suggest that the structures shown in Figure 10C would of a model hairpin structure. Furthermore, there is an intrinsic
never be sampled in a 100-ns simulation. This is, of course, uncertainty in the transformation of torsional dihedral angles
nonsense. The concept of a free energy of the peptide, ignoringto 3J values which is in this case difficult to estimate. On the
interactions and correlations with the rest of the system, is other hand, the NOE-derived upper-bound distances between
simply wrong, even if we cannot really discard the possibility the HC(2) and HE(5) and between the HC1) and HE(6)

of ASbeing overestimated by the method used to estimate it. hydrogen atoms are satisfied by the ensemble of structures from
Thus, the free energy of folding has also been calculated from the simulation at 340 K, despite the low number of ideal hairpin
the relative populations of folded and unfolded structures using structures sampled.

eq 4 (see section 4.2.3). Again, the reference structure for the A rather fundamental question that arises at several stages
definition of the folded state is the central member structure of of the analysis of the trajectories from the simulations at 298
cluster number 1. The resulting free energies of folding include and 340 K is why the NMR data (obtained at room temperature)
peptide, peptide solvent, and solvent contributions. The valuesare reproduced more accurately by the ensemble of structures
at 298 and 340 K are very similar, 2.8 and 2.7 kJ mol obtained at 340 K than by that obtained at 298 K. This question
respectively. Comparison &Golging aNdAG'roiding in Table 3 has two distinct components. The first one refers to the relative
suggests that the solvent contributions to the free energy of discrepancy between simulation and experiment at 298 K.
folding must be bigger at 340 K than at 298 K. In particular, Considering only the simulation results, the discrepancy could
the biggest contributions are expected to be of entropic naturebe due to (i) deficiencies of the model or force field, (ii) lack

and to be due to peptidesolvent correlation&28 of convergence of the probability distribution of conformational
_ states (insuficient sampling), or (iii) the difficulty to exactly
3. Conclusions reproduce the experimental conditions. The second component

of the question refers to the temperature dependence of the

The conformational behavior of@hexapeptide designed to R ) S :
/2 pep g probability distribution of conformational states in simulation

form a hairpin structure has been studied in methanol solution

by NMR spectroscopy and MD simulation. A set of 15 structures and experimer!t. Unfortunately, this pqint cannot be ?deq”at?'y
from annealing MD simulations in vacuo using the program addressed until two other basic questions are investigated, i.e.,

X-PLOR. with restraints derived from the NMR data. was () the exact relation between the absolute temperatures of
initially selected as representative of the predominant conforma- €XPeriment and simulation, which depends on the details of force

tion of the peptide in solution. These structures are characterizefI€/d parametrization, and (ii) the temperature dependence of
by a 10-membered turn closed by a hydrogen bond betweent"® NMR data collected for thé-hexapeptide.

the amino group of residue 3 and the carbonyl group of residue The free energy of folding ha:_; been est!mated, from C(_)nfor-
4, and two extended antiparallel strands which are otherwise Mational clustering and population analysis, to be very similar
not within hydrogen-bonding distance. The ensembles of at the two sllmulanon temperatures (2.8 kJ mait 298 K and
structures from two 100-ns unrestrained MD simulations of the 2-7 kJ Mol at 340 K). It has been shown that if the folding
B-hexapeptide in methanol solution at 298 and 340 K, respec- process was governed exclusively by the enthalpy and configu-

tively, have been evaluated in terms of relative agreement with ational entropy of the peptide, folding would be more favorable

the NMR data and are proposed as an alternative to the single-2t 298 K than at 340 K and practically inviable at both

conformation perspective. The ensemble averages of interprotontemperatures. Therefore, interactions and correlated motions with

distances an@ values accurately reproduce the NMR-derived the solvent, and within the solvent, play an essential role in the

data involving residues 3 and 4, at the turn of the model hairpin. fo:d!ng/unfolglillwg equililbrium, not .onlyhmakilng_ the proce_sllslof
This is despite a relatively low population of the turn conforma- 0/ding possible, but also modifying the relative probabilities

tion: Inspection of the structures sampled in the simulations of folding at the two different temperatures. This result puts

reveals that the hydrogen-bonded turn is present in about 20%NtC duestion computational models that reduce the folding

of the structures at 298 K and in about 30% of the structures at ProPlem to free-energy landscapes of polymer chains of various

340 K. These percentages are slightly higher if structures which €Ve!S of complexity’® describing the folding process in terms
enclose the basic turn conformation but do not fulfill the ©Of Only chain enthalpy an_d entropy (at_ most with an implicit
hydrogen-bond criterion used in the analysis are also taken intoPClymer-—solvent enthalpic term), which have become so
account. However, the initial prediction that the two dipeptide POPUlar in recent years g"sqd have led to the funnel-landscape
segments of R.S)-A23amino acids at the N- and C-terminal theory of protein folding?

ends of the hexapeptide would adopt an antiparallel extendeds. pethods

conformation does not seem to hold in the simulations. This
could be due to the very dense packing of aliphatic side chains
required for the formation of a perfect hairpin structure, which
is clearly not favored by the force field. Indeed, in the X-PLOR
structures the two strands are extended and antiparallel, but nof 50y onuchic, J. N.; Wolynes, P. G.; Luthey-Schulten, Z.; Socci, N. D.

within hydrogen-bonding distance either. It is not entirely clear Proc. Natl. Acad. Sci. U.S.A995 92, 3626-3630.
(51) Chan, H. S; Dill, K. AProteins: Struct. Funct. Genet998 30,
(48) Yu, H.-A.; Karplus, M.J. Chem. Phys198§ 89, 2366-2379. 2-33.

4.1. NMR Structure Determination. Sample 12 mg of3-hexapep-
tide (see Figure 1B) dissolved in 0.6 mL of gDH. 1D-NMR (Bruker

(49) Hao, M.-H.; Scheraga, H. &Lurr. Opin. Struct. Biol1999 9, 184—
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AMX500): *H NMR (500 MHz); suppression of the GDH signal

by presaturation; 90K data points; 64 scans; 5.6 s acquisition time.
1H-BB-decoupled®C NMR (125 MHz): 80K data points; 8000
transients; 1.3 s acquisition time; 4é&xcitation pulse; 1.0 s relaxation
delay. Processed with 1.0 Hz exponential line broaderibgNMR:
DQF-COSY (500 MHz, CROH) with pulsed field gradients (PFG)
for coherence pathway selectighcquisition: 2K ) x 512 ;) data
points; 4 scans peti increment; 0.21 s acquisition time i 2.0 s
relaxation delay; TPPI quadrature detectioruin Processing: Zero
filling and FT to 1K x 1K real/real data points after multiplication by

were constructed by analogy to the correspondirgmino acid
residues. The initial coordinates of thenexapeptide were taken from
an extended structure (18fr all backbone torsional dihedral angles).
The three ionizable groups (amino-terminal, homo-lysine-amino, and
carboxy-terminal) were chosen to be protonated. For solvent methanol
the standard model of the force field was taken, i.e., a three-center
rigid model®®

The extende@-hexapeptide was placed at the center of a periodic
truncated-octahedron box. The minimum distance from any peptide
atom to the box wall was chosen in this initial configuration as 1.4
sir? filter shifted byz/3 in w2 ands/2 in w;. ROESY (500 MHz, Cl>- nm. The solvent was introduced into the box by using as a building
OH) 53 Acquisition: A series of 3 ROESY spectra with mixing times  block a cubic configuration of 216 equilibrated methanol molecules.
of 50, 100, and 150 ms was acquired; solvent suppression by All methanol molecules with the oxygen atom lying within 0.3 nm of
presaturation; CW spin lock (3.8 kHz) between trim pulses; 8Kx a non-hydrogen peptide atom were then removed. Thus, the final system
768 (1) data points; 32 scans pgrincrement; 0.405 s acquisition time  consisted of 64 peptide atoms and 4359 solvent atoms (1453 methanol
in ty; other parameters identical to DQF-COSY. Processing: Zero filling molecules). Truncated-octahedron periodic boundary conditions were
and FT to 1Kx 1K real/real data points after multiplication by 5in  applied from this point onward.
filter shifted by #/3 in w, and co$ filter in w.. Baseline correction A steepest-descent energy minimization of the system was performed
with 3rd degree polynomial in both dimensions. to relax the solvent configuration. The peptide atoms were positionally

All resonances in théH NMR spectrum were assigned from DQF-  restrained by using a harmonic interaction with a force constant of 250
COSY experiments (see Supporting Information). Tecoupling kJ mol* nm=2. Following, a steepest-descent energy minimization of
constants between the protons of the peptide backbone could be directlythe system without restraints was performed to eliminate any residual
obtained from the one-dimension'#d NMR spectrum (see Table 2).  strain. The energy minimizations were terminated when the energy
ROESY experiments at three different mixing times were performed change per step became smaller than 0.1 kJ ol
to gather information about the three-dimensional structure of the  4.2.2. Simulation Setup Two 100-ns molecular dynamics simula-
B-hexapeptide. Twenty NOEs were extracted from the 150-ms ROESY tions at 298 and 340 K, respectively, and 1 atm were performed. The
spectrum (see Supporting Information and Table 1) and classified in initial velocities of the atoms were taken from a Maxwelloltzmann
three categories according to the estimated cross-peak volume in thedistribution at 100 K. The temperature was brought and maintained at
contour plot. Of these 20 NOEs, 11 correspond to intraresidue effects, the desired value by means of weak coupling to an external temperature
6 correspond to effects betweeand { + 1) residues, 2 correspond to  bath5® The temperatures of the solute and the solvent were indepen-
effects between and { + 3) residues, and 1 corresponds to effects dently coupled to the bath with a relaxation time of 0.1 ps. The pressure
betweeri and { + 5) residues. The structure determination was carried of the system (calculated via a molecular virial) was maintained at the
out by using X-PLOR 3.85% with QUANTA as the front-end. A desired value by weak coupling to an external pressure “Batith
molecular model of thep-hexapeptide was generated by using isotropic scaling and a relaxation time of 0.5 ps. A value of 4.57% 10
QUANTA with neutral NH and COOH groups. The 20 NOEs were  kJ-* mol n# was taken for the isothermal compressibility of the system
classified according to their estimated cross-peak volumes in three in both simulations. This needs only be an approximate value, since it
distance categories: strong, medium, and weak, with 0.3, 0.35, andis used in combination with the pressure relaxation time to determine
0.45 nm assigned as upper-bound distances and the van der Waals radihe strength of the coupling to the pressure bath. Bond lengths were
as lower-bound distances. These were used together with 9 restraintsonstrained to ideal valu®sby using the SHAKE algorithf with a
for backbone torsional dihedral angles (derived from¥healues) in geometric tolerance of 1. A time step for the leapfrog integration
simulated-annealing calculations. The simulated-annealing protocol scheme of 2 fs was used. The nonbonded interactions were evaluated
sa.inp® of X-PLOR 3.851 was used with modifiggarallhdg.proand by means of a twin-range method: The short-range van der Waals and
topallhdg.profiles® and the following settings: 10000 steps at 700 K electrostatic interactions were evaluated at every time step by using a
(time step 1.5 fs) and subsequent cooling in 5000 steps to 300 K. The charge-group pair list that was generated with a short-range cutoff radius
NOE scale was set to 50 and a soft-square potential was used. Theof 0.8 nm. Longer-range van der Waals and electrostatic interaetions
DIHE scale was set to 5.0. All other parameters were left unchanged. between charge groups at a distance longer than the short-range cutoff
Thirty structures were generated and the 15 lowest in energy, with no and shorter than a long-range cutoff of 1.4-amere evaluated every
violation larger than 0.01 nm of the experimentally derived distance 5 time steps, at which point the pair list was also updated, and were
restraints and no violation larger than°idf the experimentally derived kept unchanged between these updates. The cutoff radii were applied
dihedral-angle restraints, were chosen as representative for the structurgo the centers of geometry of the solute charge groups and to the oxygen
in solution (see Figure 2). We refer to them as the X-PLOR structures. atoms of the solvent molecules.

4.2. MD Simulations. The simulations and analysis were carried
out by using the GROMOS96 package of prograf?s.

4.2.1. Molecular Model. The molecular model was derived from
the GROMOS96 43AL1 force fieléf. In this force field the aliphatic

4.2.3. Analysis.Trajectory coordinates and energies were stored at
0.5-ps intervals and used for analysis. The energy of the system and
the volume reach an equilibrium within tens of picoseconds (data not
shown). Given that the total length of the trajectories is 3 to 4 orders

hydrogen atoms are treated as united atoms together with the carborof magnitude longer, no initial period of time was discarded as
atom to which they are attach&F8 The molecular-topology building equilibration for the calculation of trajectory averages. Least-squares
blocks including the force field parameters for fhamino acid residues ~ translational and rotational fitting of atomic coordinates for the
calculation of atom-positional root-mean-square differences (RMSD)
was based on the backbone atoms (N, &, C) of all but the N- and
C-terminal residues of the-hexapeptide. No mass-weighting was used
in either translational or rotational fitting, since the RMSD was used
exclusively in a configurational space context. A conformational-
clustering analysis was performed on a set of géptide structures
taken at 10-ps intervals from the simulation, using the backbone atom-
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positional RMSD as similarity criterion. A maximum cluster radius of Peptide entropies were calculated from the covariance matrix of atom-
0.08 nm was chosen, which corresponds approximately to the maximumpositional fluctuations as formulated by SchlittéfWe refer the reader
atom-positional RMSD between any pair of the 15 X-PLOR structures to Schifer et al® for a detailed description of the application of
and to the first minimum in the distribution of atom-positional RMSDs  Schlitter's method to the calculation of the entropy of a similar
from the central member structure of cluster number 1 (where the g-peptide. Contributions to the entropy from overall translation and
clustering was performed with various RMSD criteria). Note that a rotation of the peptide were eliminated. The translational and rotational
criterion of 0.09 nm would have been equally adequate on these two motions around the center of mass were removed by mass-weighted
grounds and that the more stringent criterion of 0.08 nm was chosen translational and rotational least-squares fitting of the configurations
to give the conclusions more significance. The clustering algorithm analyzed, using the backbone atoms of all but the N- and C-terminal
has been described in previous studies fspeptide dynamic8. residues of thg-hexapeptide. Note, however, that overall rotation and
Hydrogen bonds were calculated with use of a geometric criterion. A internal motion are strongly coupled in a flexible molecule and their

hydrogen bond was thus defined by a minimum detfordrogen-
acceptor angle of 135and a maximum hydrogeracceptor distance
of 0.27 nm. Interproton distances derived from the experimental NOE

separation is, therefore, not strictly validthe free energyG) of the
peptide was estimated from the peptide enthaldy taken as the
average internal-interaction energy) and entrofy ify using the

intensities at 298 K (see section 4.1) were compared to the correspond-thermodynamic relation

ing average effective interproton distances in the simulations. The latter

were calculated by means of two different averaging procedures: (i)
[i—33'% averaging of the instantaneous distancedthin the time scale

of rotational relaxation of the peptide followed by ~7/¢ averaging

of the average distance$ = [E~3J%3 within the time scale of the
simulation, i.e.,—3BA0Y812 and (i) direct %3 averaging of the
instantaneous distancesAs already mentioned, in the GROMOS96
43A1 force field aliphatic hydrogen atoms are treated within a united-
atom model. Interproton distances involving aliphatic hydrogen atoms
were thus calculated by defining virtual (for €Eind pro-chiral CH)

and pseudo (for CkJ atomic positions for these hydrogen atoms at the
time of analysi$® For consistency, the aliphatic hydrogen atoms of

the 15 X-PLOR structures have been treated likewise when comparing
the average interproton distances with those in the simulations (see
Table 1). Note that the average distances calculated in this way can be

only substantially different from the original interproton distances in
the all-atom 15 X-PLOR structures if in the latter there were strong
deviations from standard geometries due to conflicting attractive

restraining interactions and repulsive van der Waals interactions. The

average interproton distances for the 15 X-PLOR structures used in
Table 1 have been calculated, somewhat arbitrarily, wittinafii?
weighting. 2J-coupling constants were calculated from simulation by
using the Karplus relatioft,

3J(H,H) = acogl + b cod + ¢ (1)
wherea, b, andc were chosen equal to 6.4 Hz1.4 Hz, and 1.9 Hz,
respectively, for the calculation 83(HN,HC) 82 and equal to 9.5 Hz,
—1.6 Hz, and 1.8 Hz, respectively, for the calculatiofHHC,HC) 2

The rotational relaxation time of the peptide was estimated from the
time autocorrelation function

)

whereu;(7) is the unit vector along one of the three axes of rotation of
the peptide at time andP,(x) is the second-order Legendre polynomial.

Cyt) = P,[u(7)-ui(z + )]0

(61) Karplus, M.J. Chem. Phys1959 30, 11-15.
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751.

(63) de Marco, A; Llina, M.; Withrich, K. Biopolymersl978 17, 617—
636.

G=H-TS 3)

whereT is the temperature. Note, however, that it is fundamentally
wrong to talk about the free energy of a part of the system.
Folding free energies were calculated as

I:)folded

AGiq4ing = —KgT In P

4)
unfolded

wherekg is the Boltzmann constant, is the temperature, antloiged

and punroided @re the relative probabilities of finding the system in the
folded and unfolded states, respectiveyigeds @nd Punfoidea AN bE
approximated by the relative number of folded and unfolded structures,
respectively, in the simulation. Thus, the folded state has been defined
as being constituted by the ensemble of structures (out of thel@®
sampled at 0.5-ps intervals) with an atom-positional RMSD for the
backbone atoms of residues 2 to 5 smaller than 0.08 nm from the central
member structure of cluster number 1, and the unfolded state as the
ensemble of structures with an atom-positional RMSD larger than 0.12
nm from the same structure. This is based on the assumption that the
central-member structure of cluster number 1 is the same (or confor-
mationally equivalent) whether the clustering is performed dhot@

x 10 equally spaced structures. An indication that this is a reasonable
approximation is the fact that the ratio of folded versus unfolded
structures defined in this way is approximately the same when calculated
over the 10 or the 2x 10 structures.
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