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Abstract

The structural and dynamical behavior of the 414Bairpin from the protein G B1 domaifGB1) has been studied

at different temperatures using molecular dynanid®) simulations in an aqueous environment. The purpose of these
simulations is to establish the stability of this hairpin in view of its possible role as a nucleation site for protein folding.
The conformation of the peptide in the crystallographic structure of the protein(@®il/e conformatiopwas lost in

all simulations. The new equilibrium conformations are stable for several nanoseconds at(300kng, 350 K

(>6.5 ng, and even at 450 Kup to 2.5 n& The new structures have very similar hairpin-like conformations with
properties in agreement with available experimental nuclear Overhauser(&ft@€j data. The stability of the structure

in the hydrophobic core region during the simulations is consistent with the experimental data and provides further
evidence for the role played by hydrophobic interactions in hairpin structures. Essential dynamics analysis shows that
the dynamics of the peptide at different temperatures spans basically the same essential subspace. The main equilibrium
motions in this subspace involve large fluctuations of the residues in the turn and ends regions. Of the six interchain
hydrogen bonds, the inner four remain stable during the simulations. The space spanned by the first two eigenvectors,
as sampled at 450K, includes almost all of the 47 different hairpin structures found in the database. Finally, analysis
of the hydration of the 300 K average conformations shows that the hydration sites observed in the native conformation
are still well hydrated in the equilibrium MD ensemble.

Keywords: B-hairpin; essential dynamics; molecular dynamics; peptide conformation in solution; peptide folding;
protein G B1

Insight into the molecular mechanisms governing the stability ang3-hairpin peptide model could be very important for understand-
dynamics of secondary structure elements constitutes a very inmng the nature oB-sheet stabilizing interactiong-hairpins are the
portant step toward understanding the protein folding process. Isimplest representation of an antiparaliekheet but it has not
fact, secondary structural elements are in general present in tHeeen possible to study these structures because of the difficulty to
unfolded state of proteins and their early appearance plays afind stable peptides in solution. Only recently stajgiéhairpin
important role in the folding process, providing nucleation sites formonomeric peptides obtained from proteifidanco et al., 1994;
the unfolded part of the proteifDyson & Wright, 1993; Dobson Blanco & Serrano, 1995; Searle et al., 1995 from de novo
et al., 1998. For this reason many experimental and theoreticaldesign(Ramirez-Alvarado et al., 1996; Sieber & Moe, 1996; de
studies have been devoted to isolated protein fragments that forfilba et al., 1997 have been discovered and characterized using
secondary structure elements in solution with the aim to characNMR and other spectroscopic techniquégufioz et al., 199Y.
terize their stability and dynami¢®yson & Wright, 1993; Blanco  These studies revealed that sygthairpins have a lifetime of
et al., 1998. several microseconds and therefore have a foldingplding rate

The B-sheet(in particular the antiparallel ongss the most  at room temperature that is 30 times sma{léiufioz et al., 199Y
frequently occurring secondary structure component of proteinshan that of a polyalanine-helix (Williams et al., 1996; Thomp-
(Kabsch & Sander, 1983and therefore the study of a context free son et al., 199¥ It has been shown thgthairpin structures can be

stable in solution and hence could act as nucleation sites for the

] i ] folding of the protein(Blanco et al., 1994; Blanco & Serrano,
Reprint requests to: Herman J.C. Berendsen, Groningen Biomolecul 995

Sciences and Biotechnology Institu@BB), Department of Biophysical ) . . . L . .
Chemistry, University of Groningen, Nijenborgh 4, 9747 AG Groningen, | heoretical studies on the dynamics @fhairpin peptides in

The Netherlands; e-mail: berendsen@chem.rug.nl. solution are limited to few examples. Different authors have
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studied B-hairpins folding'unfolding dynamics using simplified spaces of configurations spanned by the peptide during the simu-
models with stochastic dynamic¢¥apa et al., 1992; Klimov & lations. The distribution of water molecules around the peptide at
Thirumalai, 1997. Molecular dynamic§ MD) simulations with 300K is also reported and discussed. Finally, in Conclusions, a
implicit solvation model have been recently used to study asummarizing discussion of the work is reported.
synthetic B-hairpin forming peptide(Schaefer et al., 1998
Pugliese et al(1995 studied with full-atoms MD simulations
with explicit solvent the unfolding of @-hairpin from barnase.
They found that the peptide lost its native conformation at 450 K’Native conformation
adopting a collapsed conformation stabilized by hydrophobic in-
teractions that required more aggressive denaturating conditiorls Figure 1 the crystal structure of th@hairpin Il is shown.
(600K) to reach a complete unfolding. Their simulations were Following Kabsch—Sander's DSSP definitikabsch & Sander,
limited to short time scale@00 p3. Prévost and Ortmand997) 1983 for secondary structures, the residues 42—46 and 51-55 are
performed a refolding MD simulation of the same peptide usingin a strand conformation. Using the classification proposed by
a simulated annealing procedure. They found that hydrophobiSibanda and Thorntof1991), the 8-hairpin is of type 4:4 because
and H-bond interactions act as stabilizing factors in the refold-it has four residues in the turn region, and the distal strand residues
ing process. A long time scale MD simulatidh0 n9 was per-  (Asp46, Thr5) have two H-bonds. The four residues Trp43, Tyr45,
formed by Constantine et al1996 using a different type of Phe52, Val54 form a hydrophobic cluster that in protein GB1 con-
B-hairpin. These authors showed that the peptide log-hsirpin tributes to stabilization of the protein structure by interactions with
structure after about 2 ns of simulation at low temperature, wher@ther hydrophobic protein residues. According to experimental re-
it was supposed to be stable ingahairpin conformation. How-  sults(Blanco & Serrano, 1995; Blanco et al., 1996; Mufioz et al.,
ever, the structural behavior in the first 2 ns was consistent withiL997), this hydrophobic cluster remains intact also in the isolated
experimental data. In the paper they discuss the results of thepeptide and plays an important role in the stability of the peptide
long simulations to point out the effect of the force field or the in solution. The residues in th@strand region have three pairs of
simulation protocol on the stability of the peptide. This problem H-bonds, linking residues 42, 44, and 46 with residues 55, 53, and
is still an open question that is matter of controversial discus-51. In the turn regioriresidues 47-50residues Ala48, Thr49, and
sions (Braxenthaler et al., 1997; Finkelstein, 1997; Daura et al.,Lys50 form main-chain H-bonds with Asp46. The carboxylate of
1998. We generally agree with the fact that it is very important Asp46 and the NH of Ala48 stabilize the turn region forming
to have an extensive sampling of the system to obtain morenother H-bond. The Tyr45 hydroxyl group is H-bonded to the side
reliable theoretical results that can be compared with the experchain of Asp47. Finally there are H-bonds between the hydroxyl
imental observations. groups of Thr44—Thr51 and Thr49—Thr53. In the turn region, Lys50
In this paper, we want to extend the theoretical knowledge of thes in the left-handed helical conformation wighandy angles of
stability and dynamics of thg-hairpin structures by studying the about 60 and 40 Furthermore, the side-chain charged groups of
isolated 41-5@-hairpin(B-hairpin Il) from the protein GB1 using Asp47 and Lys50 are involved in a salt bridge interaction.
MD simulations at different temperatures. This peptide was re-
cently studied using different experimental techniquB&anco
et al., 1994, 1996; Mufioz et al., 1997From these studies the
stability and the foldingunfolding rate have been assessed. Fur-In Figure 2, the root-mean-square deviati®MSD) of the pep-
thermore, Mufioz et al1998 have formulated a simple statistical tide backbone atoms, with respect to the minimized crystallo-
mechanical model providing an explanation of the peptide stabilitygraphic structure, are reported for the 280, 300, 350, and 450 K
and a possible mechanism of the foldingfolding process. Ac-  simulations. At 280 K a progressive increase of the RMSD in the
cording to this mode-hairpins, in contrast ta-helices where first 1.5 ns, followed by a stabilization to 0.26 0.03 nm, can be
stability is the result of local residue interactidnsainly H-bond$ observed. The 300K simulation shows a rapid increase of the
(Thompson et al., 1997 are stabilized by the combination of RMSD followed by large fluctuations up to 2 ns followed by a
entropic effects, main-chain hydrogen bonds, and hydrophobic instabilization to 0.30t 0.02 nm. In the case of the 350 K simula-
teractions between the two strandéuiioz et al., 1997, 1998The tion, a value of 0.28+ 0.04 nm occurs after about 800 ps, al-
importance of hydrophobic interactions for the stabilitydfairpins  though, in the last part of the trajectory, there are large fluctuations
in solution has been shown by other authors using different typewith a temporary recovery of the native structure. Finally, at 450 K
of B-hairpins(Searle et al., 1995; Blanco et al., 1998; Maynard there are large fluctuatioris=0.07 nrm around an average value of
et al., 1998. 0.26 nm in the first 2.5 ns of the trajectory, followed by an abrupt
The general outline is as follows: in Materials and methods, thencrease up to 0.6 ns due to the start of the unfolding. In this paper
procedures used to perform the simulations and to analyze thee do not analyze the unfolding mechanism of the peptide and in
trajectories are described. In Results and discussion, simulations #te following analysis, if not explicitly reported, we use the first
280, 300, 350, and 450 K are described. In this section we show th2.5 ns of the 450 K trajectory.
results of structural analysis on the equilibrium peptide conforma- The similarity between structures obtained in the different sim-
tions in the different simulations. Furthermore, “essential dynam-ulations was assessed by compalfinging the RMSD of backbone
ics” analysis of the trajectories is reported. Using the essentiahtoms conformations from the 280, 350, and 450 K simulations
dynamics method, we also performed a comparisop-bhirpin ~ with those from the 300 K simulation. The results of these com-
fragments extracted from the Protein Data BERBBB) (Bernstein  parisons, in the form of two-dimensional RMSD maps, are re-
et al., 1977 with structural fluctuations of thg-hairpin Il ob- ported in Figure 3. The RMSD values of the 280 K simulation
tained from the different simulations. The aim of this analysis wasdecrease with time showing a relaxation toward the 300 K equi-
to compare the distribution of the crystal structures in the subdibrium structures. In the case of the 350 K simulation, there is a

Results and discussion

Structural analysis
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B +NH3-Gly-Glu-Trp-Thr-Tyr- Asp-Asp-Ala-Thr-Lys-Thr-Phe-Thr-Val-Thr-Glu-COO-
41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56

Fig. 1. A: Two views of theg-hairpin Il in the crystallographic conformatioB: Amino acid sequence of the peptide. The pictures
were created using the program MOLSCRIfTraulis, 1991.

more uniform distribution of low RMSD values; the black bands ture. In Figure 4, some examples of structures adopted by the
correspond to configurations in which there is a temporary recovpeptide during the simulations are shown.

ery of the native conformation as also shown in Figure 2. At 450 K The 280 K simulation will be excluded from now on because, as
the large fluctuations observed in Figurétrizonta) are present  shown by the previous RMSD plots and maps and as it will be
as black bands of large RMSD values. From these comparisons trghown by the essential dynamidsSD) analysis results in the next
tendency of the peptide to adopt the same backbone conformaticsection, the dynamical behavior and the structural equilibrium con-
at the three different temperatures is evident. The average peptidigurations slowly converge to those observed at higher temperatures.
radius of gyration in all simulations is 0.74 nm. This value, com- In Figure 5 the secondary structure, evaluated using the Kabsch—
pared with the radius of gyration of the native struct{@83 nnj, Sander algorithm Kabsch & Sander, 1983s reported for the
shows an evident increase of the compactness of the peptide strutwee simulations. In all cases there is a loss of native secondary

0.8 e
0.6 g
=+
gg 450 K
00’ 6000 oy e iy s = ; !
050 590 1000 1500 2000 2500 3000 3500 4000 e —:1; e gt v
0.4 : el HANLERILE)
03 350 K ¥ 4000 g i.. e !
0.2 i = Ll B TN R sy g £ i
0.1 : A =
—~ 0.0 | L I L L L |
g 05 0 1000 2000 3000 4000 5000 6000 7000 8000
£ 0s : , : ; : e : : : , —
S 02 < i : : rar i g
& 00t ‘ , ‘ S . . . . X - T e e e iy i
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 s - = ey e
g-i T ' T i ARaRS 0 1000 2000 3000 4000 5000 6000 70OO 8000 9000 10000
0.3 Time (ps)
g% 280 K 0 PMSD (nm) 0.4
0.0 ~— ‘ : . : ‘ TR
0 500 1000 1500 2000 2500 3000

Time (ps) Fig. 3. Two-dimensional RMSD maps. Sampled structures along the 300 K
simulation(horizontal scalpare compared with those along the 280, 350,
Fig. 2. Backbone RMSD from thg-hairpin Il crystal structure as function and 450 K simulationgvertical scal¢ and their backbone RMSDs are
of the time for the 280, 300, 350, and 450 K simulations. represented using a gray scale color map.
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Table 1. Amino acid sequence of 47 different 44hairpin loop where the flexibility of the region makes this change easily
fragments obtained from the not redundant PDB database of thepossible. Finally, residues 43—45 and 52-54 maintain their strand
WHATIF progrant native conformations at all temperatures.

The Ramachandran plots gfandy adopted by different con-
PDB Sequence _ _ y formations during the last 8 ns of 300K, 5 ns of the 350K, and
code numbeP Amino acid composition

2.5 ns of the 450 K simulations are reported in Figure 6. The four
crystallographic loop residues and the ten strand ones are indicated

1bpi 19-34 IRYFYNAKAGLCQTFV

2bbk 52_67 VASCYNPTDGOQSYLI A Withdifferent symbols. The loop residues of the 300K structures
2ebn 43-58 ANINYDAANDKVFVSN adoptconformations close to the native ones. At 350 K the general
1clc 59-74 ATSMFDNDTKETVYIA behavior resembles that observed at 300 K with the exception of
laoc 148-163 RLVTYNLEKDGEFLCES the Lys50 residue that shows a high propensity for dhend 8
lrge 68-83 RRIITTGEATQEDYYTG regions of the plot. Theh and ¢ angles of the strands show at
larb 104-119 TV KATYATSDFTLLEL 300K aspread of the points toward the upper part ofgrheet
ligd 46-61 GVWTYDDATKTFTVTE ya4ion(above the lines =  defining an ideaB-strand, due to the
/rsa 106-121 11 VACEGNPYVPVHFD b hand twisting deformations of the stran@hothia, 1978
Zphy 107-122 VHAMKKALSGDSYWVEV The same localization was obtained at 350 K although for the
2mem 71-86 SFQAVVGADGTPWGTYV . . . o

1htr 15-30 FGEISIGTPPQNFLVL larger fluctuations the points are more uniformly distributed.
1kap 430-445 AILSYDAASKAGSLA.]I The B-strand structures are very flexible and this flexibility
1frd 4-19 QVRLINKKQDIDTTIE allows them to adopt different geometrié€hothia, 1973; Sa-
3cla 86-101 QFTVFHQETETFSALS lemme, 1983 A systematic study of thg-sheet structures in the
2itn 162-177 VVIAFNAATNVLTVSL protein was made by various authd@hothia, 1983; Salemme,
1gof 298-313 NGEVYSPSSKTWTSLP 1983; Maccallum et al., 199%nd in these studies it was shown
lonc 65-80 SDCNVTSRPCKYKLKK that almost all strands in thg-sheets are right-handed twisted.
2bbk 130-145 AVGVVDLEGKAFKRML 1y twisting was explained as the results of steric interactions of
igg': iégjig :; 'I‘ IYGA FL DS ,\T f FLD g J é E 'I g 2 theﬁ-carbo_r_\ atc_)mSChou etal., 1983&_1, 1_98;anc_zl, more recently, _
3tg| 60-75 AMVARGDSEKTIYI1vE Of the stat_nllzatlon due to electrostatic interactions between main-
1hbg 75-90 GTEFTDTEDPAKEKM K Yy C¢hainpartially charged atoniaccallum et al., 1995 The extent
layl 189-204 NFVAFNLTERMOQLIGgG Oftwistingand coiling in strands can be estimated from the posi-
1mml 146-161 AFEWRDPEMGISGQL T tion of the¢ andy angle in the Ramachandran plahothia,
1ytb 41-56 AVIMRIREPKTTALIF 1983. According to Chothid1983), the twisting ofg-strands can
1rsy 17-32 YSLDYDFQNNQLLYVGI beestimated using thgh + ) values(where, in our cass...)
2prd 28-43 NKYEYDPDLGAIKLDR jndicates the average over five residuasd the coiling using the
1pnk 125140 NI1LQTDQTTQTAYAKS (orsionangley defined by the approximate formulkevitt, 1976:
loac 15-30 ADVQWDDYAQLFTLIK

loac 159-174 IEAVVDLQNNKLLSWAQ

loac 260-275 LVAVVDLEQKKIVKIE a; = 180+ 5 + ¢ 1 + 20(sing; + sinis 1), (1)
1mpp 17-32 AIPVSIGTPGQDFYLL

lobp 40-55 RELVFDDEKGTVDFYF

1lts 84-99 KLCVWNNKTPNSIAA] Where the index indicates theé ™ a-carbon atom. According to
2i1lb 68—83 YLSCVLKDDKPTLOQLE Chothia(1983, a twisted and coiled strand is characterized by
lled 173-188 AHITYDARSKILTVLL a; # aj41. Furthermore, if one of the values is large and positive
1mijc 7-22 IVKWFEFNADKGEFGFITP andthe other is smaller and negative the coil of the chain will be
1frp 167-182 NCFMLDPAIGEFILVD righthanded.

1bbp 113-128 Y Y CK YD ED KK GHQDFV  The average values @ + ) calculated from 300, 350, and
1got 164-179  TCALWDIETGQQTTTF 450K conformations, compared with the native one, and with
1got 248-263 TCRLFDLRADQELMTY some of theB-hairpin fragments listed in Table (see Materials
1got 273-288 TSVSFSKSGRLLLAGY .

1esn 21-36 IFEGTNLLNNOQOQVAIK and methodsare reported in Table 2. The values were calculated

using residue 42—46 and 51-55 for the two strands, respectively. It
aThe first five fragments have an average backbone RMSD with respe has to be noted that, according t-o th-e I-DS-SP deflmtlo-ns' |r? the
the equilibrated 300, 350, and 450 K configurations less than 0.15 nm. Cbresent case the strand conformation is limited to the six residues
bAccording to WHATIF numbering of the sequence. used to calculate the reported values; howeverdthedy angles
of the residues that are not in a strand configuration remain mainly
in the B-region of the Ramachandran plot during the simulations.
From Table 2 it is evident that the average equilibrium conforma-
structure. The two residues at the end of the two strands rapidlyion of the peptide shows an increase of the right-handed twisting
lose their native conformations. The same tendency was also navith respect to the crystal structure. The two strands are also
ticed for the two strand residues Asp46 and Thr51. In the looptwisted differently. In all the average structures, obtained from the
region, three of the four loop residues preserve their native turrsimulations, the first strand is more twisted than the second one. At
conformations while the fourth residkeys50) tends to assume a 450K the strands are less twisted because of the larger structural
coil configuration. Note that in the DSSP notation the differencefluctuations that allow the sampling of conformations more close
between turn and bend conformation is the presence or absence tf the native one. In the same table, tige + ) values for five
a backbone—backbone H-bond. This conversion is evident in théifferent crystallographig-hairpin fragmentgsee Materials and
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Fig. 4. Stereo views of the superimposition of 10 backbone conformations sampled from the 300, 350, and 450 K simulations. In bold

solid lines the initial conformations and in bold dotted lines the final conformations are shown.
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450K of the nativeB-hairpin Il conformation. For ther, value, the
g 43 m“ oppqsﬂg trend is ob.served..Thg rep(.)rted. data clearly show that the
T 97y B-hairpin structure in solution is quite different from the crystal
E 5# oy structure. However, the average MD structure is close to the crystal
1

conformations of othgB-hairpins reported in the literatut@able 2.
3150 K In Table 4 the percentage of H-bonds is reported. The native
R - main-chain H-bonds shows high occurrence values with the ex-

;ﬂ) 1‘3 ception of those in the loop region and at the ends of the strands.
Z el Ll - | Note that, according to the Sibanda and Thom(t#01) classifi-
e A Y ——T—r——T ] cation of B-hairpins, the absence of the Thr51 NH CO Asp46
H-bond changes the peptide to a #éairpin type. It is possible
, 300K ) to observe a relatively low conservation of the native side-chain
2 43 H-bonds. Different side-chain H-bond interactions, not present in
E 9- -ﬁ' the native structure, were formed during the simulations. In par-
gui ? T - el — ticular those between residues Thr49 and Asp46 show high occur-
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 rence values even at high temperatures.
Time (ps) Percentages of occurrence of salt bridgesing a 0.5 nm cut

off ) between the opposite, charged side-chain groups of Lys50 and
[]Coil B8 B-Sheet & B-Bridge iy Bend [ | Turn Asp47 are 70, 36, 39, and 54 at 280, 300, 350, and 450 K, respec-
tively. The charge groups of the terminal Gly41 and Glu56 residues
Fig. 5. Secondary structure during the 300, 350, and 450 K simulations. 5|sg form salt bridges during the simulation with percentages of
occurrence of 62, 38, 44, and 66 at the same temperatures.

method$ having large twisting and coiling deformations are re- Essential dynamics analysis

ported. The values obtained from the two strands are in the rang€he analysis of the trajectory using the mean-squared inner prod-
of those observed for other crystallograpidairpin fragments.  uct (MSIP) index (see Materials and methgdwas performed as
The MD configurations have an average backbone RMSD fronfollows. The 280 K simulation was divided into three parts of 1 ns
these structures lower thafess than 0.164 njrthat of the native  each, and an ED analysis was performed for each of them. The
B-hairpin Il structure(up to 0.212 nm In Figure 7 the backbone eigenvectors obtained from this analysis were compared with those
superimposition of the selected fragments with those g8thairpin ~ obtained from the last two 4 ns sections of the 300 K simulation.
II'is shown. In Table 5 the results of these comparisons are reported. The high-
In Table 3, the average valuesa@fobtained from conformations est MSIP value is obtained from the two 4 ns sections of the 300 K
of the different simulations, compared with the native one, aresimulation. This indicates that a rather good convergence in the
reported. The alternation of positive and negative values gives assential subspace definition can be reached within 4 ns. The MSIP
clear indication of the presence of coiling in the structuf@s  values of the different 280 K trajectory parts with the 300 K sec-
expected for strongly twisted antiparalgktrandgChothia, 1983. tions increase from the first to the last. This means that the peptide
In the same table, the; values for the selected-hairpin frag- is slowly changing toward a conformation with motions very close
ments are reported. The valuesanda, of the fragments are, for to those of the equilibrated 300 K simulation. It has to be noticed
both strands, closer to those of the MD configurations than to thoséhat in general the obtained MSIP values are quite high, and hence

Table 2. (¢ + i), obtained from residues 42—46 (strand 1) and 51-55 (strand Il), and backbone RMSD values
(calculated on residues 42-55) of the MD configurations at the different temperatures (average values),

the fiveB-hairpin fragment having backbone RMSD values, with respect to the three sets of MD
configurations, less than 0.15 nm and the nafB+gairpin Il conformation (1pgb)

zZRMSD RMSD RMSD RMSD

Strand | Strand I (300K) (350K) (450 K) (cry)
PDB code (deg (deg (nm) (nm) (nm) (nm)
2bbk 19 32 0.164 0.136 0.123 0.164
1bpi 31 36 0.160 0.130 0.139 0.212
laoc 31 30 0.159 0.130 0.133 0.190
2ebn 20 25 0.155 0.129 0.121 0.184
1clc 27 26 0.147 0.114 0.104 0.174
1pgb 14 14 0.290 0.265 0.230 0.00
300K 43 36 0.000 0.080 0.110 0.290
350K 40 31 0.080 0.000 0.092 0.265

450K 37 23 0.110 0.092 0.000 0.230
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Fig. 6. Ramachandran plots of the backbafe) angles of sampled conformations frdi) the last 8 ns of the 300 KB) the last
5 ns of the 350 K, andC) from the 450 K simulations. The regions in the plots are approximately defined according to Efigev
Sibanda et al., 1989

that also in the case of the lower overlép64), where the first  from the 300, 350, and 450 K simulations using the essential dy-
nanosecond of the 280 K simulation is compared with the two 4 ngiamics method. Essential dynamics has already been used to ex-
sections of the 300 K simulation, there is still much similarity in the tract information from a collection of crystallographic structures
structural fluctuations. For the 350 K and 450 simulations, the com{van Aalten et al., 1997 We use the same methodology to com-
parisons with the two sections of the 300 K simulation show valuegare the MD essential subspaces with that obtained from the analy-
larger than 0.7, indicating a very high overlap of the essential subsis of the ensemble of the crystallographic fragments. Also in this
spaces, and the lower overlap of the 450 K trajectory could be duease we limited the analysis to 14 of the 16 residues, eliminating
to a slight change of the dynamical behavior at very high temperthe terminal ones. The first three eigenvectors obtained from the
ature(large fluctuations Interestingly, the comparisons of the first ED analysis of the fragments contain 67% of the overall structural
part of the 280 K simulation with the 350 and 450 K simulations givefluctuations. We compared these eigenvectors with the first ten
higher MSIP values than those obtained from the comparison witkeigenvectors obtained from the 300, 350, and 450 K simulations.
the 300 K simulation. The reason for this behavior is probably theln Figure 8 the values of the inner products of the three crystal-
large fluctuations observed in the 350 K and especially in the 450 Kographic eigenvectors with the first ten of the three simulations
dynamics. These fluctuations allow the peptide to sample more corare reported. From Figure 8 it is clear that the first two crystallo-
figurations close to the crystal structure, which are mostly presengraphic eigenvectors are mostly within the essential subspace ob-
in the first part of the 280 K simulation. tained from the MD trajectories. Interestingly, as the temperature
The B-hairpin fragments extracted from the PD&e Material increases, the similarity of the first two crystallographic eigenvec-
and methodswere compared with structural fluctuations obtained tors with the first two eigenvectors obtained from dynamics be-
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Fig. 7. Stereo view of the superimposition of the average 300, 350 and 450 K conformétimtied lineg, native crystal structure
(bold solid ling, and the fiveB-hairpin protein fragmentg&hin solid lineg having low RMSD(see Table 2

comes remarkable high. In Figure 9 the crystal structure with lowresponding trajectories and the native structure are also shown.
RMSD from the average MD conformation have been projected=rom these last figures, it is clear that the ensemble of structures
onto the planes defined by the first two eigenvectors from the MDobtained from the dynamics at 300 and 350 K are close to the five
trajectories at the three temperatures. In the same planes the cawisted 8-hairpins conformations reported in Table 2.
At the highest temperatur@50 K), the ensemble of structures
obtained from MD is enlarged and encompasses most of the crys-
tallographic configurations, including even the natBAaairpin I1.

Table 3. Averageq; values, obtained from th¢ and ¢ values
of residues 42-46 (strand I) and 51-55 (strand II), of MD

configurations at the different temperatures, the five 1.0 T v T T ' . T T T
B-hairpin fragment having backbone RMSD values, 0.8 450 K
with respect the three set of MD configurations, 0.6 1
less than 0.15 nm and the natigehairpin I 04 | .
conformation (1pgb) 02 - .

w 0.0 =

Strand | Strand Il 3]
£ 06 . 1
a® a as ay az as g 0.4 X ]

PDB code  (deg (deg (deg (deg (deg (deg i

202 r . 1
2bbk -117 178 —-125 -131 183 114 E T . e
1bpi —116 185 -106 —112 161  —101 0.0 T T T ctallaraotie cemvecton
1a0c —99 176 -134 -120 166 -114 04 | crystafiographic eigenvector
2ebn —-122 156  —131  —137 159 -97 0.3 - 300K 1
1clc -129 168  —115  —113 167  —132 0.2 [ .
1pgb -165 178 -157 -162 184 —162 0.1 T

0.0 < =

300K -122 130  -90 -103 141  -108 0 . ) 8 9 10
350K -111 150  —107 -97 157  -116 eigenvectors index
450K -111 147  -117 -108 157  —-130

Fig. 8. Inner product of the first three crystallographic eigenvectors with
the first ten of the 300, 350, and 450 K simulations.
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Table 4. H-bonds occurrencés

%

%

%

Donor Acceptor (300K) (350K) (450 K)
Glu42 HN Thrs5 O 5 9 11
Thr44 HN Thr53 O 81 92 65
Asp46 HN Thr49 O <5 <5 <5
Asp46 HN Thr51 O 86 89 69
Ala48 HN Asp46 O™ <5 38 15
Lys50 HN Asp47 O 6 5 11
Thr51 HN Asp46 O 8 6 18
Thr53 HN Thr44 O 86 99 64
Thr55 HN Glu42 O 71 83 51
Glu42 HN Thrs5 Ot 55 42 16
Trp43 HN Glu42 ot 7 10 7
Trp43 HN Glu42 02 12 11 7
Thr44 HN Thr51 O <5 <5 <5
Thra4 Ht Glu42 O 14 12 7
Ala48 HN Asp46 O? 15 15 18
Ala48 HN Asp47 Ot 11 <5 <5
Thr49 HN Asp46 Ot 10 65 34
Thr49 HN Asp46 2 53 25 40
Thr49 H* Asp46 O* 52 43 40
Thr49 H? Asp46 O? 58 19 43
Lys50 HN Asp46 O 17 20 24
Lys50 HN Asp46 2 32 <5 7
Lys50 H1.23 Asp47 O 26 17 20
Thr51 HN Thrd4 O <5 <5 <5
Thr51 HN Asp46 O 56 <5 11
Thr51 HN Asp46 2 16 <5 8
Thr51 H? Asp46 O* 74 <5 12
Thr51 HN Thr49 O <5 36 <5
Thr51 Ht Thr49 O 13 20 29
Thr53 HN Glu42 O <5 <5 <5
Thr53 H? Asp46 O* 28 6 5
Thr53 H? Asp46 O? <5 20 <5
Thr53 Ht Thr51 O 31 9 <5
Thrs5 H* Thra4 O* <5 20 <5

aThe residues in bold characters indicate native H-bond interactions.

Table 5. MSIP values for different parts of MD trajectories
at different temperatures

300K 280K 280K 280K

Simulation Il | 1l 1 350 K 450 K¢
300K 12 0.89 0.64 0.68 0.72 0.79 0.70
300K 1P 0.65 0.71 0.74 0.76 0.71
280K I° 0.87 0.76 0.74 0.78
280K 119 0.82 0.76 0.79
280K Il1¢® 0.78 0.75
350K’ 0.83

a2-6 ns

b6-10 ns.

¢0-1 ns.

41-2 ns.

€2-3 ns.

flast 5 ns.

92.5 ns.

D. Roccatano et al.
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Fig. 9. Projections of samples of the MD trajectories at 300, 350 and
450 K onto the planes defined by the first two eigenvectors of each trajec-
tory (dotted points Squared points: the projections of five selected crys-
tallographic 8-hairpin fragmentgsee Table 2 The arrows indicate the
position of the native3-hairpin Il structure.

This last result indicates that although the essential subspace does
not change significantly with temperature, the structural fluctua-
tions in it can be extremely different at different temperatures.
Such large structural fluctuations at higher temperature may be
associated with an initial unfolding process that slightly changes
the essential coordinates definition.

Comparison with experimental data

Experimental data on the stability of tiBhairpin Il in solution
were obtained by different authofBlanco et al., 1994; Blanco &
Serrano, 1995; Mufioz et al., 199First, Blanco et al(1994 and
Blanco and Serran@l995 have assessed, with NMR techniques,
the tendency of the peptide to maintain gvbairpin conformation

in solution. Later, Mufioz et al(1997) have performed kinetic
studies of the foldingunfolding rate of the same peptide confirm-
ing the NMR data and providing the value for the folding
unfolding rate constant.
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300 K 350K volved in the stabilization of the peptide were identified as the
0.38 e fe e e 0.38 . . L ) .
036 | Phe~Tyr 1t 10.36 main-chain H-bonds and the hydrophobic interactions among side
034 | 1t 0.34 chains(Prévost & Ortmans, 1997In our simulations, the partial
z 032 ‘MWWMWWW 032 2 conservation of the main-chain H-bonds and the agreement of the
£ 030 10 { 10.30 = distances of H-contacts of hydrophobic residue side chain with
g g'gﬁ i TR NOE measurements indicate that these factors play an important
£ 080 L W 11080 2 role also in the present case. Preliminary results on the simulation
2 070 M W\N 0.70 =) at 350 K of one mutant having all the aromatic residues substituted
§ 0.60 | Tyr—Trp | 5 with alanines have shown an evident destabilization of the struc-
E 050 ‘v = % ‘ * % —0.60 ture and the starting of unfolding after only 800 ps. In Figure 11
é g'gg i Phe-Trp r :g'ggé the backbone RMSD with respect to the native conformation and
0:40 M 1 W 0.40 the secondary structure during the simulation are reported.
030 | j 1030 The nine residug-hairpin studied by Constantine et 81996,
0.20 ! 20 using long time scale MD simulatiorfd0 n9 at low temperature

L 1 L 1 I L L 0‘
0 2000 4000 6000 8000 0 2000 4000 6000

Time (ps) (278K) is less stable than our peptide, as it unfolds after about

2 ns. The authors explain this lack of stability as a possible con-
Fig. 10. Minimal distances between aromatic side-chain H-atoms alongs€quence of a not well-optimized force field. We are investigating
the 300 and 350 K simulations. The curves are running averages for claritthe effect of the force field and MD protocols performing long
time scale simulations of both the peptides. In the cagkludirpin
from barnase preliminary results are in good agreement with sim-
ulations reported in the literature.

The nuclear Overhauser effect spectroscONPESY) experi-
ments, in fact, revealed the presence of Io_ng-range nuclea_r Ovebensity distribution of the water molecules around
hauser effect§ NOES among the side chains of those re5|duesthe peptide at the 300 K simulation
(Blanco et al., 1994; Blanco & Serrano, 1995urthermore, the
increase of the fluorescence of the Trp43 residue in the MufioZhe average number of water molecules inside a 0.35 nm thick
et al.(1997 experiments is due to the stabilization of this residueshell (first hydration she)l was 89+ 5, and they form 75t 3
in a hydrophobic cluster formed by three other resid(iBg45, H-bonds on average with the peptide. The average positions of the
Phe52, Val54 water molecules involved in these H-bonds were obtained by cal-

In our simulations we have investigated the behavior of theculating the local density of water molecules around the peptide.
hydrophobic cluster to find a possible correspondence with thelhis approach was recently used by other authors to study the
experimental results. In Figure 10 the minimal distances betweeRydration of an helical peptidetHummer et al., 1996; Garcia
the hydrogens of the aromatic side chains during the 300 an€t al., 1997 and gB-hairpin from bovine pancreatic trypsin inhib-
350 K simulations are reported. The minimal distance between th#or in MD simulations(Hummer et al., 1996 The average num-
aromatic H atoms in the Trp43 and Tyr45 residues is in agreemerfter of bulk water molecules at 300 K & 1 Agrid is po = 0.033
with the absence of NOE contacts observed experimeri@lanco ~ molecules. In the high density regions, the water density was up to
& Serrano, 1995; Blanco et al., 1996Furthermore, the small
distances between the Trp43 and Phe52 and Phe52 and Tyr45 agree
well with the presence of long-range NOEs between these couples
of residues. The short distanoes4 A) between Trp43—-Val54 and
Tyr45 and Phe52 Catoms occurring during all the simulations are
also in agreement with the observeg,(i,j) NOEs.

In the central region of the peptidé\n(i,i + 1), NOEs of
medium intensity were found. We verified the distances of these
contacts: up to 350K these distances weré A for more than .
90% of the simulation timéthe only exception at 350 K was the 0.0 . ! .
Thr49NH-Lys50NH distance being4 A for 60% of the time. 0 500 1000 1500 2000

Time (ps)

Comparison with other MD simulations gfhairpin peptides

Our results can be qualitatively compared with those from simu-
lations with explicit solvent of differeng-hairpin peptides. In the
case of theB-hairpin comprising residues 85-102 of barnase
(Pugliese et al., 1995the short time scale simulatiori300 p3
cannot be used to draw any conclusions about the long-term ste Time (ps)

bility of the peptide. However, it is interesting to note that at 450 K . ]

the peptide has a backbone RMSD comparable to that observed ID Coil . B-Sheet & B—Bndge- Bend]:l Turn

our simulationsPugliese et al., 1995Furthermore, the refolding Fig. 11. A: Backbone RMSD deviation fror-hairpin Il crystal structure

simulations of the samg@-hairpin (Prévost & Ortmans, 1997  quring the 350K simulation of a mutant with all the aromatic residues
provides B-hairpin like conformations and the main factors in- changed into alanine®: Secondary structure during the simulation.

0 400 800 1200 1600
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four times larger tharpg. In Figure 12 the stereo plot of the conserve part of the strand conformation in the aromatic residues
isosurfaces of the regions having densitie®.5 times larger than  region. Furthermore, the topological properties of the stréindst-

the bulk, together with the average peptide conformation, is showning and coiling are similar to those of highly twiste@-hairpin

It is possible to identify four different large blobs. The first and fragments of the same type present in other proteins. The aromatic
third are located in the part of the molecule where the aromatiside chains of the residues in this region show H-contacts in agree-
side chains are exposed; the water molecules interact with the Nishent with NOE measurements.

groups of the Phe52 and Val54 residues. The second is localized The hydration analysis of the 300 K equilibrium conformation
close to the loop region and involves interactions with the sideshows that the threonine rich region maintains its solvation state as
chains of residues Thr49, Thr51, and Asp46. Finally, the fourthin the crystal structure. Finally, the essential dynamics analysis
blob is localized in the groove formed by the coiling of the struc- showed that the dynamical behavior of the peptide at the different
ture between the Thr44 and Thr53. The other smaller blobs aréemperatures, once equilibrated, is very similar and characterized
close to polar side-chain residues. In the crystal structure, th&y large motions of the turn and end residues. Remarkably, up to
B-hairpin presents two high resolution water molecules localized450 K the essential subspace is basically unaltered although with
in the threonine-rich outer surface of tBesheet(Gallagher et al., larger eigenvalues. The comparison with the sgé-bfirpin crys-
1994. The presence of water molecules with long residence timesal fragments showed that these are mainly distributed in such
around this region was shown by NMR studi€ore & Gronen-  essential subspace, but in a region which is reached only by the
born, 1992. The stability of these water molecules is a conse-high temperaturé450 K) dynamics of the3-hairpin studied. This
guence of the favorable interactions with the main-chain H-bond®bservation can be considered a sort of further indication of the
and the @ atoms of the three threonines. The blob structures inB-hairpin character of the peptide in solution.

Figure 12 indicate that these hydration sites are present in the The results of these simulations provide further evidence of the
simulated peptides. importance of H-bonds and hydrophobic interactions on the sta-
bility of B-hairpin forming peptides. These results are in agreement
with the experimental datéBlanco et al., 1994, 1996; Mufioz

et al., 1997 and theoretical model on the same peptitiuiioz
Molecular dynamics simulations of the 41-Béairpin from pro- et al., 1997, 1998 However, many open questions have to be
tein GB1 at different temperatures showed that the peptide iranswered. In particular, the effect of mutations on the stability of
solution loses its crystal conformation as a consequence of ththese structures could be studied to assess the role of the residue
excision of the peptide from the protein. The new equilibrium type on the stability in analogy to the MD study of the whole
conformations observed at the different temperatures are very sinprotein GB1(Ceruso et al., 1999 Furthermore, the characteriza-
ilar. These structures are more compact than the native one aritbn of the unfolding pathways also can provide further insights to

Conclusion

Fig. 12. Stereo view representation of the water density isosurfaces of the regions having an average density 2.5 times the bulk one
together with the average peptide structure from the last 2 ns of the 300 K simulation.
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the mechanism governing the peptide stability. In this sense, these All the MD runs and the analysis of the trajectories were per-
long time scale simulations can be used as a reference for futufermed using the GROMACS software packa@gan der Spoel
investigations of these questions. et al., 1994 on a Silicon Graphics Power Challenge.

The local density of the solvent molecules around the peptide
was calculated in a cubic grid with 0.1 nm grid spacing. The
analysis was performed using the last 2 ns of the 300 K simulation.
The procedure consisted of a translational-rotational fit of the
a-carbon atoms of each peptide configuration with a reference
The starting structure for our simulatiofBig. 1) was taken from  configuration(we used the first configuration of the trajectory used
the 0.18 nm resolution refined crystal structure of the protein GBIfor the analysis Then the obtained rotation matrices were applied
(PDB entry 1pgh (Gallagher et al., 1994The C-terminal part of  to all oxygen atoms of the solvent molecules surrounding the pep-
the protein GB1, starting from the residues Gly41 was cut out. Theide conformations inside a 0.5 nm thick shell. Finally the oxygen
fragment was protonated to give a zwitterionic famith N-terminal ~ positions of the selected water molecules were registered with
NH3* and C-terminal COO groups to reproduce the experimen- respect to a cubic grid centered on the geometric center of the
tal conditions at which the peptide was stud{&bnco & Serrano, reference peptide. The density matrix obtained was analyzed using
1995; Blanco et al., 1996 The peptide was solvated in a rectan- the program SciAr{Pepke & Lyons, 1993a, 1998b
gular box with water, by stacking equilibrated boxes of solvent
molecules to form a box of 3.X 3.6 X 3.9 nm, large enough to
contain the peptide and 0.8 nm of solvent on all sides. All solventEssential dynamics
molecules with any atom within 0.15 nm of the peptide were

Materials and methods

Molecular dynamics simulations

The conformational space spanned by a macromolecule during its

reemtqzj/sd.. Sel':;etc:; Tcrﬁ:ru'grgepgtgnig'zg snt?:?cf’ni -Oe(rJé ;Zede q equilibrium dynamics can be evaluated performing a principal
peptide giv 9 ’ u u : w component analysis on the atomic coordinates, ED analysisa-

by replacing water molecules at the most negative electrical PO%ei et al. 1998 This method allows the characterization of a
tential to provide a neutral simulation cell. The resulting system .

, configurational subspace, the “essential subspace,” in which the
was composed of the peptide, 1,414 water molecules, and thr 9 P P

. . . - - rincipal protein motions occur. The essential subspace obtained
sodium counterions subjected to perlo_dl_c pounda_ry conditions. Th fom this analysis is defined by an orthonormal set of vectors,
system was subsequently energy minimized with a steepest d?/\?hich are the eigenvectors with the largest eigenvalues of the
scent method for 100 steps. . . . atomic positional fluctuations covariance matrix. In proteins and

To compare the d)_/namlc_:al behavior of the peptide at dlfferer]Eeptides, the first 10 eigenvectors give a good representation of the
temperatures, four simulations at 450, 350, 300, and 280 K wer ssential subspa¢amadei et al., 1993; de Groot et al., 1996he

carried out. All the MD simulations were performed using an comparison of essential subspaces of different simulated systems

|1§rc])thtermal-|s§)chonc s:(mu!{aﬂon ?Ig(t);ltr;(hrBerePdsen et a:., 1924 c%n provide a valid method to assess their dynamical similarity. A
€ temperature was kept constant fo the relerence vaiues ywez od estimate of the overlap of two essential subspaces can be

coupling to an external temperature bath with a coupling constan . . .
of 0.1 ps. The peptide and the rest of the system were couple btained by using the MSIRle Groot et al., 1996defined by

separately to the temperature bath. The Gromos87 force(fiah
Gunsteren & Berendsen, 198Was used with modification as 1N
suggested in van Buuren et 681993 and explicit hydrogen atoms MSIP = N Z 21: (&-&)% 2)
in aromatic ringgvan der Spoel et al., 1996For the solvent the
SPC/E (Berendsen et al., 198 avater model was used. The SHAKE
algorithm (Ryckaert et al., 197)7was used to constrain all bond
lengths. For the water molecules, we used the SETTLE algorith
to constrain the bond lengths as well as the bond afdigamoto
& Kollman, 1992. A dielectric permittivity,e = 1, and a time step
of 2 fs were used. The cutoff radius for the nonbonded interaction
was set to 1.2 nm. All atoms were given an initial velocity obtained
from a Maxwellian distribution at the desired initial temperature. . - .
The density of the system was adjusted performing the first equil-SeleCtIon Of-hairpin peptide fragments from PDB
ibration runs at NPT condition by weak coupling to a bath of The equilibrium average peptide backbone conformations obtained
constant pressuré?, = 1 bar, coupling timerp = 0.5 pg (Ber- from the simulations were compared with those of analogous pep-
endsen et al.,, 1984In the case of the 450 K simulations, the tide fragments present in the crystal structure of different proteins.
density was fixed to a 10% lower value to reduce the increase oThe searching procedure of those peptides was performed using
pressure that could affect the results of the simulatDaggett &  the WHATIF program. Using the SCAN3D option of the program,
Levitt, 1993; Finkelstein, 1997 all possible fragments having the same lendih residues strand

All the simulations, starting from the crystallographic structure, conformations at residues 3-5 and 13-15, turn or bend conforma-
were equilibrated by 50 ps of MD runs with position restraints ontions at residues 8—10, and arbitrary conformation at the remaining
the peptide to allow relaxation of the solvent molecules. These firstesidues, were selected. This first selection resulted in 142 struc-
equilibration runs were followed by other 50 ps runs without po-tures. Then we refined the search results, eliminating all fragments
sition restraints on the peptide. The production runs, after equilithat did not have g3-hairpin structure. After this selection, 47
bration, were 4, 6.5, 10, and 3 ns long for the 450, 350, 300, andhairpins were obtained. Table 1 reports a summary of these
280 K simulations, respectively. fragments.

whereé; andé&j are thel th andj " eigenvectors of the two sets and

n[|\I is the essential subspace dimension. The ED analyses were
performed on the Cartesian coordinates of theafbms as de-
scribed elsewheréAmadei et al., 199B8using the WHATIF pro-
gram (Vriend, 1990.
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Note added in proof Dobson CM, Sali A, Karplus M. 1998. Protein folding: A perspective from
theory and experimenAngew Chem Int Ed 3869-893.

Two recent papers have appeared in the literature describing m®yson HJ, Wright PE. 1993. Peptide conformation and protein foldigr

lecular dynamics and Monte Carlo simulations of the 41-56__ Opin Struct Biol 360—65.

B-hairpin from protein G: Pande SV, Rokhsar DS. 1999. MoIecuIarF'mgztel'gQXé_lgf; Can protein unfolding simulate protein foldifyetein

dynamics simulations of unfolding and refolding ofgahairpin  Gallagher T, Alexander P, Bryan P, Gillland G. 1994. Two crystal structures of

fragment of protein GProc Natl Acad Sci USA 98062-9067, the B1 immunoglobulin-binding domain of streptococcal protein G and
; FH ; comparison with NMRBiochemistry 334721-4729.
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