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ABSTRACT Molecular vibrations, especially low frequency motions, may be used as an indication of the rigidity or the
flatness of the protein folding energy landscape. We have studied the vibrational properties of native folded as well as random
coil structures of more than 60 polypeptides. The picture we obtain allows us to perceive how and why the energy landscape
progressively rigidifies while still allowing potential flexibility. Compared with random coil structures, both «-helices and
B-hairpins are vibrationally more flexible. The vibrational properties of loop structures are similar to those of the corresponding
random coil structures. Inclusion of an a-helix tends to rigidify peptides and so-called building blocks of the structure,
whereas the addition of a B-structure has less effect. When small building blocks coalesce to form larger domains, the protein
rigidifies. However, some folded native conformations are still found to be vibrationally more flexible than random coil
structures, for example, B,-microglobulin and the SH3 domain. Vibrational free energy contributes significantly to the
thermodynamics of protein folding and affects the distribution of the conformational substates. We found a weak correlation
between the vibrational folding energy and the protein size, consistent with both previous experimental estimates and
theoretical partition of the heat capacity change in protein folding.

INTRODUCTION

The funnel shape energy landscape theory has been succetisn of the protein and its properties are derived from the
fully used to describe the folding and binding behavior inredistributions of the populations under different environ-
proteins. The energy landscape in protein folding has beements. That is, protein function derives from a dynamic
depicted in terms of hills, corresponding to high energyenergy landscape. Hence, the protein folding energy land-
conformations, and valleys, having more favorable conforscape is not a mere abstract concept; it is also a powerful
mations than those in their energy-landscape vicinityway to relate the static, dynamic, and biological properties
Around the bottom of the valley there is a population of of a protein (Tsai et al., 1999; Kumar et al. 2000a).
conformations. If the landscape is smooth, the native protein vibrational free energy contributes substantially to the
may be expected to have small fluctuations, with only smalkhermodynamics of protein folding and binding. The stabil-
changes in the conformations. However, if the energy landity of a native protein is a delicate balance between the
scape is rugged, the ensemble of structures would includgnthalpic and entropic contributions of the polypeptide
conformations which may be quite different, depending onghain and the surrounding solvent. The most significant
the extent of the ruggedness. The energy landscape theopyntributions derive from the conformational degrees of
has elegantly shown a way out of the long-standing bafflingreedom of the chain, its vibrational modes, and the hydra-
Levinthal paradox. The old view of protein folding implies tjon of the chemical groups. Sturtevant (1977) and Kanehisa

a rigid and unique structure of the folded protein. However,, 4 Ikegami (1977) pointed out that changes in the fre-

the new the'ory., along with the recent. experimental ?V"quency of internal vibrational modes also contribute to the
dence, has indicated that folded proteins can be flexibl

i . ; heat capacity change. The unfolded chain was proposed to
with many conformational substates. The existence of CONE-ve more soft (low frequency) modes than the native

formational substates has important biological implications. rotein, and a larger vibrational heat capacity. For two

The properties of a protein are decided not only by the stati . . . i
folded three-dimensional structure, but also by the distribu-gecades' this suggestion has been accepted without ques

. . . : tion, and the vibrational contributions to protein folding
tion of its conformational substates. In particular, the func- . . . ! : .
were either ignored or simply estimated, mainly by empir-
ical models developed by Sturtevant (1977). Yet the notion
that the unfolded chain has more soft (low frequency)
Received for publication 21 March 2000 and in final form 27 June 2000. modes than the native protein is not fully consistent with the
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well. Recently, we (Ma and Nussinov, 1999) have found
that B-hairpin formation in a peptide also has a favorable Energy
vibrational entropy.

The assumption that upon binding flexibility is uniformly
restricted conflicts with emerging data showing that in
molecular complexes, motion can increase, decrease, or
remain unchanged (Zidek et al., 1999; Lee et al., 2000). It
was found that the stability constants for individual residues
do not exhibit the same change in magnitude upon binding
(Todd and Freire, 1999). Experimental investigations of the
entropic contributions from the dynamics at specific posi-
tions in a complex suggest that an increase in motion can
dominate the free energy of association in certain cases.
Recently, two important experimental results regarding the
entropic contributions to protein binding have been pub-
lished (Zidek et al., 1999; Lee et al., 2000). In the calmod-
ulin-peptide case, Lee et al. (2000) have observed that the
dynamics of side chains are significantly perturbed, indicat-
ing an extensive enthalpy/entropy exchange during the for-
mation of a protein-protein interface. Interestingly, Zidek et
al. (1999) have shown an increased protein backbone cont
formational entropy upon hydrophobic ligand binding.
Here, we investigate changes in vibrational entropy during
protein folding, a process postulated to be similar to protein-
protein binding.

A study of the vibrational change during the folding
process may also have implications for the protein folding
energy landscape. The outline of the protein energy land-
scape is frequently inferred from molecular dynamics sim-
ulations using either on-lattice or off-lattice models (Laz-
aridis and Karplus, 1997; Bozko and Brooks, 1995; Troyer
and Cohen, 1995; Kitao et al., 1998). Here, we depict the
protein folding energy landscape by studying the vibrationaf'GURE 1 An illustration of the vibrational level and the energy land-

. . . cape. ¢ The traditional Levinthal landscapeb)(The landscape for
properties of proteins in both the folded and the l‘lﬂfomeiecondary structure formation. This drawing reflects the finding that both

states. The general theory underlying this approach is thathelices andg-hairpins generally have softer vibrational motions than
flexible proteins have more available vibrational statesheir corresponding random structures.

whereas fewer vibrational states are available to a rigid
conformation. corresponding to higher vibrational entropy. Thus, the vi-

The energy landscape theory of protein folding is a stabrational entropy of a given protein in a particular confor-
tistical description of the protein potential surface (Onuchicmation indicates the shape of the potential energy surface
et al.,, 1997). Although the overall energy landscape of aear the respective local minimum. A change in the vibra-
foldable protein can be described by a few parametertional entropy of the folding polypeptide chain reflects a
characterizing its statistical topography, in reality the num-change in the shape of the folding energy landscape. Note
ber of degrees of freedom of a polypeptide is hug¢-36, that Fig. 1a corresponds to the Levinthal concept of protein
whereN is the total number of atoms. Not all degrees offolding, in which the folded state is unique and rigid,
freedom contribute to the folding reaction coordinates,whereas the denatured states are in the shallow flat potential
which are mainly torsional motions of the polypeptide back-wells. The new concept of folding funnel-like energy land-
bone. Nevertheless, characterizing the energy landscape ssape, as in Fig. b, predicts different vibrational features
still an extremely difficult task. in protein folding.

Fig. 1aillustrates the concepts of sharp and flat potential In this study, we examine the vibrational properties of
energy surfaces and their corresponding vibrational levelgrotein folding in a systematic way. We start from protein
In a rigid potential well, a molecule has a high vibrational secondary structure formation by studying short peptides.
frequency at room temperature, with a concomitant lowele proceed to study larger building blocks in protein fold-
vibrational entropy. In contrast, a flat potential energy sur-ing and, finally, we examine large protein domains and
face allows more vibrational states at room temperaturesmall proteins.

Vibrational states

Folded secondary structure
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THEORY AND METHODS lations of effective normal modes from solvated molecular dynamics
simulations.

Arrigorous description of protein folding must consider the solvation effect.  Kitao et al. (1998) have shown that the energy surfaces of individual

However, the presence of solvating water molecules in the vibrationaprotein conformational substates are nearly harmonic. Furthermore, we

frequency calculation will produce considerable noise, with motions thatexpect that small anharmonic corrections present in both the native and the

are not related to the protein vibration. Hence, in our calculations, werandom states will cancel out (Tidor and Karplus, 1994). In this study we

consider only the vibrational contributions from the peptide chains, usingfocus mainly on the vibrational correction of the folding energy and the

a dielectric constant of D= 15*r to approximate solvent screening. The steepness and flatness of the energy landscape. Accurate description of the

hydrophobic effect is ignored in the calculations. energy landscape needs to consider the solvation effects. Thus, we only
All computations are performed using the Discover Molecular Model- report the vibrational free energy rather than compare the relative free

ing System, version 2.98 (BIOSYS/MSI, San Diego, CA) with the CFF91 energies of random and native conformers.

all atom force field (Maple et al., 1998). All van der Waals interactions and

electrostatic interactions are included in the energy minimization and

second order derivations calculations, i.e., no distance cutoff is applied. RESULTS AND DISCUSSION

Native polypeptide conformations are taken from the PDB database

without crystal waters. Hydrogen atoms, if missing in the deposited StrUCChange of vibrational frequency in protein folding
ture, are added using the biopolymer module in INSIGHTII package

(BIOSYS/MSI, San Diego, CA). Random structures are generated by higtOne interesting vibrational feature of peptides/proteins is
temperature molecular dynamic simulations at 1000 K. the amide 1 mode and the N-H stretch mode. The amite |
Before calculating the vibrational frequencies, each conformation i, e arises predominantly from the vibration of the car-
minimized with the conjugate gradient method with up to 30,000 iterations . . L. .
or to a gradient less than 16kcal/mol*A. With this level of minimization, bonyl C=0 stretch. This bond is sensitive to environmental
it is sufficient to produce six zero-frequency modes (Max 0.02%nand ~ change and is often used to monitor secondary structure
no negative eigenvalues are observed, i.e., each conformation leala  formation. A rigorous assignment of the protein amide |
minimum. The vibrational normal mode analysis has been carried outbyyands from equilibrium infrared (IR) spectra to specific

solving the second-order derivations of the potential energy surface. AI%econdar structure elements is currentlv an active area of
vibrational modes are included in our calculations, with harmonic approx- y y

imations. research (Williams et al., 1996). N-H stretch modes were
The vibrational contribution of the enthalpic and entropic componentsalso used to monitog-hairpin formation (Haque et al.,
of the free energy are obtained in the standard way: 1996). In the present work, the CFF91 force field repro-
duces the amidé band in the 1600—1700 cm region, and
N6 11 1 the N-H stretch around 3400 crh Experimental IR shift is
Hip = > [2 + th/KT_l:| hy, also approximately reproduced. In this regard, we focus on a

i=1 small 21-residuex-helical peptide, AAAAA(AAAARA)A.
Experimentally, a similar peptide, the so-called syck-

IO hy/KT peptide: Suc-AAAAA(AAAARA)A-NH2, was well charac-
Sib= > {[eh”““—l —In[1- eh”’KT]} terized (Williams et al., 1996). The IR spectra for the unfolding

i=1 of the suc-E 21-peptide shows a sharp decrease of the peak at
1633 cm* and a slight increase of the peak at 1672 ¢m
(Williams et al., 1996). Consistently, our computed IR spectra
show that the peak around 1606 chrdecreases sharply and

whereN is the total number of atoms in the peptidejs the vibrational
frequencyhis Planck’s constank is the Boltzmann constant, afids the

temperature. S '
The vibrational free energy for a given conformation is: the peak around 1697 crh increases slightly upon the un-
folding of the peptide AAAAA(AAAARA)A (Fig. 2). The
Guip = Hup — TS +20 cm ! deviations between computed and experimental

peak position are expected within the force field accuracy.
All calculations are carried out at room temperature (298 K). We partitionNote that our calculations use only a distance-dependent di-
the vibrational free energies into three contributions. First, we examine theeleCtI‘iC constant to approximate the solvation effect. It is

vibrational free energies contributed from alN3- 6) vibrational modes. . that tud d th tt fth
The vibrational frequencies of proteins/peptides range from low frequen-encouraglng at our study reproduces the patiern or ineé ex-

cies (a few cm?) to very high frequencies (3800 crhfor bond stretching ~ Perimental IR spectra for the folding-unfolding of the suc-F
involving hydrogen atoms). The vibrational free energies mainly derive21-peptide. Therefore, even though the present force field and
from entropic contributions of low vibrational frequencies, i.e., less thanthe computational methods available are insufficient for an
100 cm*. However, these low frequency vibrational modes are very accurate comparison of the computations with spectroscopic
sensitive to solvation effects. In solution, except for fibrous proteins, the - . .
low frequency vibrations may be easily lost and transformed into fluctu-da‘ta for proteins (E_Iber’ 1996)’ the fo_rce f'eld we used St'_"
ating stochastic motions. Second, therefore, we are also interested in tfe@ptures the essential features of the vibrational change during
vibrational free energies contributed from modes higher than 20'@nd,  the peptide folding process.

third, those contributed from modes higher than 50 ¢nvibrational free Fig. 3aillustrates the vibrational frequency shift for the
energies not including motions below 20 thmay represent the vibra- folding of the leucine zipper (c—Myc-Max heterodimeric
tional properties of polypeptides in a more consistent manner. It should b . . . .

noted that these lowest modes are important and may couple to large sc Sucme z|p_per,_2a93, La\”gn? etal, 1998)‘ We have calcu-
conformational transitions. A better approach toward removing the noisd@ted the vibrational frequencies for the average NMR struc-

introduced by the presence of solvent molecules might be through calcuiture and for six individual NMR structures. The native states
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FIGURE 2 Comparison of the theoretical and
experimental IR spectra of the suc-Fs 21-peptide.
The theoretical spectra is constructed from a
function of [l;, = SR I3N6 [, €%9%(1- X))
where |;, is the vibrational intensity of fre-
quency X, X is a grid with a 0.1 spacing between
1 and 1800 cm?, v, is the normal mode vibra-
tional frequency obtained from the second deriv-
ative calculation, and] is its vibrational intensity.
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have similar vibrational spectra, with a small degree ofa low frequency region (0—-200 ciy) might be the more
variation. The random structures are generated by highelevant ones. As shown in Fig. 3, vibrational frequency
temperature molecular dynamics simulations. Figa @nd  shifts for the folding of different random structures of the
b, shows that the different random structures have veryeucine zipper differ mainly in the region of less than 100
similar folding patterns. On the other hand, the dimerizationrcm . Vibrational motions of less than 100 crhcontribute

of the leucine zipper monomer (blue line) illustrates asubstantially to vibrational thermodynamic changes in pro-
different shift. As is evident from Fig. 3, the vibrational tein folding.

frequencies do not shift uniformly downward or upward in
the folding process. Depending on the vibrational motion, it
could be either an upshift or a downshift.

The vibrational frequency shift in protein folding is sen-
sitive to both the three-dimensional folding pattern and toTo investigate the vibrational properties of short peptides,
the protein sequence. Fig. & shows that, as expected, we compute the vibrational frequencies of 40 peptides (with
different proteins have different folding frequency shifts. fewer than 30 residues for each peptide) in both the folded
Fig. 4 b indicates that the same folding domain (the SH3and the random states. Available x-ray crystal and NMR
domain in our case here) may also have different foldingstructures of the peptides are extracted from the PDB data-
frequency shifts, depending on the sequences of this proteibase. For the crystal structures, we compute the vibrational
However, the variation in the vibrational shift for the samefrequencies for the native structure. For the NMR structures,
domain with different sequences is smaller than that ofwe calculate the vibrational frequencies for several folded
different 3-D folds. conformers and average their vibrational free energies. The

In general, there are two sources for vibrational frequencyandom structures are generated by high temperature mo-
shifts in protein folding, i.e., local and global. Local factors lecular dynamics simulations at 1000 K. Five random struc-
include torsional changes in the backbone conformationtures are generated for each peptide, and their vibrational
breakage or formation of hydrogen bonding, and local elecspectra are subsequently calculated. The larger the number
trostatic effects. Local effects involve strong interactionsof random structures, the more representative would be the
and reflect shifts in both high and low frequency regions. description of the unfolded structure. However, we found

The global factors may include long range electrostatidhat using five random structures already gives a good
interactions and cooperative interactions between differentepresentation and is computationally efficient. The vibra-
regions. These effects are likely to be involved mainly intional free energies of the five random structures are aver-
low frequency motions. As for a measure of the rigidity or aged and taken as a measure of the energy landscape of the
flatness of the folding energy landscape, vibrational shifts imandom states. This allows us to compare the relative vi-

Secondary structures of peptides
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brational free energies of the native and random states. If thef the folded secondary structures have lower vibrational
random structures have higher average vibrational free erfree energies than random structures. Hence, bdiblices
ergies than the native states, the folded states are likely to kend B-hairpins are vibrationally more flexible than random
more flexible than the random structures. And, converselystructures. The traditional view of the vibrational properties
if the native structures have higher average vibrational fre®f peptide secondary structures concerns mainhelices.
energies than the random structures, then the native foldedompared with random structuresshelices can gain low
states are more rigid than the random states. vibrational frequencies for longitudinal modes, explaining
Table 1 reports three types of vibrational free energies fothe low frequency motions ai-helices. FoiB-hairpin struc-
sevena-helices, eleverB-hairpins, and ten loop structures tures, it appears that the opening and closing of the
(Ishikawa et al., 1999). Interestingly, we observe that mospB-strands also correspond to low frequency vibrational mo-
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tions. There is, however, a significant difference between If both a-helices and3-hairpin structures have favorable
the vibrational spectrum at-helices and that oB-hairpin  vibrational free energies, what is the situation for loop
structures. For am-helix, the contribution oAG,;, comes  structures? Looped peptides usually do not have well de-
exclusively from motions less than 20 ¢ the contribu-  fined structures in solution. However, some small peptides
tions from the modes higher than Sbaverage to be-0.1  with disulfide bonds have NMR structures. We have studied
kcal/mol. However, forB-hairpin structures, one-third of nine such small peptides, and the results are reported in
the AG,,, comes from vibrations higher than 50 cm Table 1. “Native” loop structures do not have favorable
(Table 1, average vibrational free energy corrections for alvibrational free energies. Among the peptides, only 1scy
modes is 4.2 kcal/mol, and 1.5 kcal/mol for the modes(neurotoxin scyllatoxin, Martins et al., 1990) has a well
higher than 50 cm?). defined secondary structure (Fig. 5). As Table 1 shows, 1scy
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TABLE 1 Average vibrational free energy corrections (Kcal/mol) for short peptides

Number of RMSD'

Pdb/sequence* residues Secondary N) All modes* 20 cmt cutt 50 cmt cutt
lale 18 a-helix 7.5 12.4 -3.9 -0.7
1dep 15 a-helix 45 5.0 14 -1.2
lodr 20 a-helix 6.8 6.1 2.9 -0.5
1btr 21 a-helix 7.9 3.7 0.1 1.6
1sol 20 a-helix 5.9 6.1 -0.9 -1.0
1fac 21 a-helix 6.0 3.6 2.7 0.5
1pei 22 a-helix 6.5 8.2 1.7 0.9

Average 6.4 0.6 -0.1
lazu (gIn107-lys128) 22 B-hairpin 6.7 5.3 2.0 0.7
1cac (leu57-phe70) 14 B-hairpin 5.0 0.8 2.7 2.8
1cac (asp75-gIin92) 18 B-hairpin 5.7 55 1.6 15
lcac (trp192-val211) 20 B-hairpin 6.8 7.3 4.7 3.0
2act (gly168-vall80) 13 B-hairpin 4.8 3.7 -1.7 1.4
2alp (phn45-gly59) 18 B-hairpin 7.2 7.0 2.4 1.2
2alp (thr87-serl07) 16 B-hairpin 6.2 3.8 -13 1.9
2alp (leul19-ser124) 16 B-hairpin 6.0 10.2 15 1.8
2alp (arg138-gIn158) 9 B-hairpin 4.3 —-2.3 1.6 0.8
2apl (val167-gly170) 12 B-hairpin 5.3 15 2.8 0.8
2lyz (gIn41-trp62) 22 B-hairpin 7.2 3.0 0.5 0.0

Average 4.2 1.5 1.5
Iwbr 17 loop 5.3 -1.1 3.0 14
1pao 18 S-loop 5.2 3.2 0.3 15
ledp 17 S-loop 4.5 15 -1.4 -1.3
1fge 20 S-loop 5.9 -19 -3.7 0.2
1ter 21 S-loop 5.0 1.8 0.8 1.0
lomg 25 S-loop 4.7 1.0 0.3 2.4
lans 27 S-loop 5.6 -2.3 1.0 0.5
2eti 28 S-loop 6.0 0.8 5.8 15
1mmc 30 S-loop 6.6 0.8 0.9 0.4
1scy 31 a+ B 6.9 4.0 1.0 1.0

Average 0.8 0.8 0.9

Vibrational free energy correctiork G, = G, (random)— G, (native). PositiveA G, indicates a flexible native state.

*Pdb code and real sequences were used in calculations.

TRMSDs are the average of RMSDs between the random conformers from the simulations versus the native conformer.

*All modes: all vibrational (8l — 6) modes are used in calculation of vibrational free energy. 20'aut: Only the frequencies higher than 20 chare
included in the calculation. 50 cm cut: Only the frequencies higher than 50 chare included in the calculation. These notations are the same for rest
of tables.

is one of the two peptides with favorable vibrational freefoldons, also corresponds nicely to the building blocks
energies. concept.
Starting from the native structure, a protein is progres-
sively cut into smaller units, culminating in a set of building
Building blocks and domains blocks. The sizes of the building blocks range from 15 to
Folding is a hierarchical process (Baldwin and Rose,>100 residues. The smaller usually involve a few secondary

1999a,b), involving a combinatorial assembly of a set sztruct_ure Aelemg_nts,t atrLd the Iarg?r usuz;ll;(/j forrrr]] z. s_tepara(tje
conformationally fluctuating building blocks (Tsai et al., 29Main- According to the compaciness, hydrophobicily, an

1999a). A building block is a fragment of the protein, with 'Solatedness (Tsaiand Nussinov, 1997), a score is computed
a transient, highly populated conformation. Building blocks O €ach building block to indicate its stability. The higher
associate into hydrophobic folding units, which further as-the cutting score, the more stable the building block is
sociate to form domains and, subsequently, entire proteingUPPosed to be. Based on the cutting score, we picked 14
(Tsai and Nussinov, 1997). The initial formation of “mi- building blocks with the scores ranging from 1.4 to 8.2
crodomains” in protein folding in the collision-diffusion (Table 2, Fig. 6) and computed their vibrational properties.
model is also characterized by features similar to the forRandom structures are again generated by high temperature
mation of building blocks. The foldon approach (Panchenkamolecular dynamics simulations. We divide the denatured
et al., 1996), where a protein is built from an assembly ofsimulated structures into two groups, one with low RMSDs
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than the random structure. However, with respect to the
higher frequency smaller scale motions, the native struc-
tures are more flexible.

Is there a correlation between the cutting scores of the
building blocks and the vibrational free energies? The
higher the cutting score, the more compact and the more
stable the building block. Consistently, we observe a cor-
relation between the cutting scores and the vibrational free
energies. However, this correlation may be due to a corre-
lation between the sizes of the peptides and the vibrational
frequencies.

Conventional wisdom suggests that the unfavorable vi-
brational free energy contribution to protein folding in-
lige Imme lomg creases with the size of the peptide/protein. Fig. 7 illustrates
that this is the case here, too. Khechinashvilli et al. (1995)
have used an empirical partition method to fit the experi-
mental heat capacity change for protein unfolding. The
trend they obtained is similar to that shown in Fig. 7.

It is interesting to compare Fig. & with Fig. 7 b. If we
do not include the contributions from the low vibrational

1ter 1pao 1scy motions 20 cm ), we notice that the trend in the change
in the vibrational free energies is opposite to that observed
FIGURE 5 An illustration of the conformations of folded peptides with When we include all vibrational motions. This indicates that
disulfide bonds. motions under 20 cit still contribute significantly to the
thermodynamics of protein folding in solution, even though
these low frequency motions are vulnerable to the solvation
as compared to the native structures and the other with higéffects. This is also an indication of the sensitivity of the
RMSDs. The low RMSD structures are close to the nativeenergy landscape to a change in the environment (Kumar et
on the energy landscape, whereas the high RMSD structureéd., 2000a). Changes in the viscosity and other solvent
represent structures further away from the native states. dynamic properties can affect the low frequency vibrations

Table 2 lists six building blocks with cutting scores underand thus affect the energy landscape.

5.0 (Fig. 6a). Five of these small building blocks (except
1shc, Martins et al., 1990) are combinations of shete-

lices. A comparison of the vibrational properties of theseFoI dina enerav landscape: from small seaments
five building blocks with straight-helices (Table 1) indi- g energy pe: 9

cates a profound change in their energy landscape. Thteo large domain and protein

average vibrational free energy difference between the ranfFhe formation of a building block can be described by a
dom and the native state for straigithelices is 6.4 kcal/ microfunnel-like energy landscape. At the bottom of the
mol (Table 1). It decreases t60.9 for this group of pep- microfunnel there is an ensemble of conformations of build-
tides. However, the contributions from the higher frequencying blocks. Via combinatorial assembly, building blocks
motions (larger than 20 cn) is still the same (0.6 kcal/mol  bind to form a stable, higher-population time conformation,
for a-helices in Table 1, 0.5 kcal/mol for the distorted i.e., the hydrophobic folding unit. In terms of the folding
a-helix blocks in Table 2). funnel landscape, the entire folding/binding process may be
Moving down to the second half of Table 2, there are 8viewed as sequentially fusing and modifying individual
building blocks/domains with cutting scores above 5.0 (Tafunnels (Tsai et al., 1999a). Therefore, a study of the shape
ble 2, Fig. 6b). The vibrational properties of these 8 differ of the microfunnel-like energy landscape of the building
both from those of the small building blocks and from thoseblock is informative with respect to the energy landscape
of the simple secondary structures. Table 2 shows that oduring the folding process.
average, for all vibrational motions, large building blocks/ Starting from a random structure, the formation of a
domains have more rigid native structures compared witlsecondary structure (as-helix or a -sheet/hairpin) is an
random structures. However, if we discard the low fre-important step in protein folding. The microfunnel-like en-
quency motions (those under 20 C¢H), native structures ergy landscape for this step (Fighlis characterized by a
have lower vibrational free energies than random structureglat bottom. This type of microfunnel is deduced from the
Hence, this suggests that with respect to the large scale loawverwhelmingly favorable vibrational entropy for both
frequency motions, the native structures are less flexiblex-helices andB-sheet/hairpin structures, and is consistent
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TABLE 2 Vibrational free energy (kcal/mol) for building blocks/domains

Number of Cutting RMSD

Pdb/sequence* residues scores AT All modes 20 cm* cut 50 cm * cut
1shc (A: gly13-gly37) 26 1.4 48 -5.1 -0.8 2.1
6.9 —-8.1 -1.8 2.1

1sra (met150-lys187) 38 2.3 5.8 11.5 0.5 0.6
9.5 8.7 -15 -3.0
1bmt (A: glu653-ala682) 31 2.4 4.9 -2.1 3.1 1.0
6.3 -2.3 31 1.0
locc (F: pro7-pro30) 24 2.4 45 7.4 1.2 0.2
7.2 -04 -0.2 -1.3
laab (metl2-ser52) 41 3.3 6.5 6.1 -14 0.0
9.4 —-4.7 15 1.6
1qrd (A: ser51-ser81) 31 35 4.8 —2.2 14 2.6
8.2 —-45 1.3 1.4
Average -0.9 0.5 0.7
1ryt (vall47-ile189) 43 5.7 4.0 7.1 0.2 -0.9
105 -3.8 35 0.4
1div (metl1-gln55) 55 5.9 6.2 -7.7 0.9 2.8
11.0 -2.1 0.4 —-3.6
lefu (A: lys9-gly41) 33 6.2 7.6 -2.3 3.9 1.0
8.8 -2.9 3.9 25
luxd (metl-his48) 48 6.2 6.0 0.4 3.7 -0.7
10.0 —4.2 1.8 -1.5

2abl (SH3 domain) 68 6.3 55 0.2 4.5 55
12.4 —4.8 4.8 5.6
1pre (B2: glu2-asn79) 78 8.0 4.7 -9.0 3.0 5.4
12.6 —-14.9 2.7 3.7
lamm (gly1l-leu80) 80 8.0 5.1 —4.8 111 25
134 -8.2 8.0 -1.1

1llmk (val2-ser127) 126 8.2 6.5 2.6 16.3 2.7
16.7 —-5.0 18.8 1.3
Average -3.7 55 1.6

Vibrational free energy correctiotk G;,, = G,;, (random)— G, (native). Positivel G, indicates a flexible native state. The first small building blocks

have small cutting scores and are supposed to be less stable. The second set is about larger building blocks with large cutting scores and are supposed t
stable.

*Pdb code, the chain, and the real sequences used in calculations. 1shc (A: gly13-gly37) refers to pdb code 1 shc, chain A from gly13 to gly37.
TRMSDs are the average of RMSDs between the random conformers from the simulations versus the native conformer.

with the flexible nature of the secondary structures. In thdices. Fig. 8 shows ten leucine zipper conformers and their
next step of the folding events, secondary structures maselative vibrational free energies. The leucine zipper dimer
combine, merging the microfunnels to form small building is formed by connecting monomeric leucine zippers by a
blocks. Here we observe a variable behavior: wheeehs-  disulfide bond. Therefore, there is no rotational and trans-
lices appear to strongly rigidify the resulting building block lational change in the dimerization. The linear leucine zip-
(Fig. 6 a, Table 2),B-hairpin assembly to form @#-sheet per monomer has the lowest vibrational free energy. Highly
still allows soft vibrational motions. The formation of large coiled random structures are about 35 kcal/mol higher in
building blocks, or of isolated protein domains, generallyvibrational energy. Therefore, the formation of the leucine
locks and rigidifies small building blocks. The present studyzipper monomer corresponds to a change from a narrow
provides such examples, e.g., protein G (1gbl), ubiquitirenergy microfunnel (the coiled random structures) to a
(1ubq), and the prion protein (1ag2; Fig. 9). Table 3 illus-broad flat bottom (the monomeric leucine zippers). The
trates that these proteins have higher vibrational energie®rmation of the dimer strongly rigidifies the funnel, since
than the average random structures. However, certain typeke coiled coil dimer has a much higher vibrational free
of protein structures still allow a flexible funnel bottom, for energy. The rigidification has two reasons: First, several
example, B,-microglobulin (1bmg) and the SH3 domain salt-bridges are formed between the twelices (Lavigne
(1b07). Hence, although the vibrational properties of pro-et al., 1998). And second, the binding of twehelices
tein/peptide folding may progressively rigidify the energy makes it difficult for the twoa-helices to vibrate in phase,
landscape, they may also enable flexibility. and hence, they lose their low vibrational frequencies for
The formation of the leucine zipper dimer is a good longitudinal modes. Similar types of merging of microfun-
example to illustrate the formation and assemblyxdie-  nels are observed for the small building blocks in Fig. 6
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1sra locc
FIGURE 6 Backbone conformations of building 1grd 1she

blocks. @) Building blocks with low scoresb) Build-

ing blocks with high scores. B 2‘§\ :

lefu Iryt 1div luxq

lamm lpre

The formation and assembly Bfsheet/hairpin structures m68, and the SH3 domain itself (1shg), we see that the
has been investigated by cutting SH3 domains. The SH#&icrofunnels of m4, m6, and m8 should have flat bottoms,
domain consists mainly g8-structures (for example, PDB since all have small vibrational free energies. Merging the
code 1b07 in Fig. 9). Viguera et al. (1996) studied themicrofunnels of twog-hairpins (m6 and m8) produces a
solution conformations of peptides that span the entiresimilar flat microfunnel of peptide m68. Finally, merging all
length of thea-spectrin SH3 domain. There are three sep-microfunnels yields the funnel of the SH3 domain, which
arate B-hairpins (peptides m4, m6, and m8, Table 4), andalso has a relatively soft (flexible) funnel bottom. We have
peptide m68, which is the composite of m6 and m8. The CDstudied three sequences of SH3 domains (1shg, 1b07, and
and NMR results indicate that none of the peptides populat€abl, Fig. 4b). Of the three, the funnel of 1b07 is the softest
to a large extent, a particular secondary structure conformgTable 3) and that of 2abl (Table 2) is semi-rigid.
tion. However, a careful analysis of the NMR data reveals Hence, unlike in the case of the leucine zipper dimer,
that peptides m6, m8, and m68 could adopt native-likewhose funnel rigidifies after the binding and fusing of the
conformations to some extent. Therefore, these peptidesvo flatter microfunnels of thex-helical monomers, the
could be small building blocks in the folding of the SH3 B-sheet domains appear likely to have soft funnel bottoms.
domain. In our vibrational analysis of peptides m4, m6, m8,In addition to the SH3 domains discussed aboveptsbeet
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A 20 TABLE 3 Vibrational free energy for large domains

~ No.of RMSD Al 20cm® 50cm?
g Pdb/sequence*  residues (A)T modes  cut cut

2 § 1gb1 (protein G) 56 98 -2.8 5.3 -0.7
§ 1b07 (sh3 domain) 58 8.9 2.0 77 -26

g 11.7 6.5 9.4 =17
= lubqg (ubiquitin) 76 57 -56 -2.1 -0.7
> 125 -51 -3.6 -45
5’;? 1lag2 (prion) 102 104 -8.7 2.6 2.9
" 14.0 1.3 -21 -0.5
& 1iz1 (lysozyme) 130 6.3 —-0.7 15.2 10.1
| 1bmg (microglobulin) 98 7.7 3.7 3.7 1.6
3 141 129 130 3.9
= Vibrational free energy correctios G, = G,;, (random)— G, (na-
2 tive). PositiveA G, indicates a flexible native state.

% *Pdb code, the chain, and the real sequences used in calculations.
e 20 TRMSDs are the average of RMSDs between the random conformers from

T he simulation r he nati nformer.
) 50 100 150 the simulations versus the native conforme

Number of residues

ing between 4.0 and 13.5 A, B. Ma and R. Nussinov,
unpublished manuscript) and 9 randomly generated con-
. formers (RMSDs ranging from 13.0 to 16.8). The change of
. the vibrational free energy with RMSDs from the native
conformations are plotted in Fig. 10. As seen in Fig. 10,
conformers that are far from the funnel bottom (larger
RMSDs) have considerably larger vibrational free energies
(more rigid) than the small RMSD conformers. The folding
funnel of 1bmg corresponds to an energy landscape with a
steep well and a flat bottom, illustrating its flexibility
around the native state.

20

= Contribution of vibrational free energy to
protein folding
-10 § . Previously, in a study of the relative conformational free
0 50 100 150 energies of aB-hairpin peptide, we (Ma and Nussinov,

relative vibrational free energy (20 cm-1 cut off, kcal/mol) [JOJ

Number of residues 1999) found thap-hairpin conformations for that particular
peptide generally have large vibrational entropy that con-
FIGURE 7 Correlation of the vibrational folding energy with protein tributes substantially to the stability of folde-hairpin
size. Large proteins are omitted due to insufficient data (indicated by bluestructures. The present study extends these results and il-
diamonds). &) Thfe vil?rational folding energy include§ al! vibrational | strates that botl-helices and3-hairpin secondary struc-
ﬁgﬁif;hgn%ecﬁ?,ra“(’"a' folding energy includes vibrational modes v, .e5 haye large vibrational entropies. Favorable vibrational
entropy may play a role in protein folding and unfolding.
Folded protein/peptide structures usually lose enormous
domain of B,-microglobulin (1bmg, Table 3) clearly sug- conformational entropy. However, it may be compensated
gests that it is a domain with a potentially flexible funnel by the gain of vibrational entropy. At room temperature,
bottom. We have simulated the unfolding trajectory ofthere may be a balance between the loss of conformational
1bmg by molecular dynamics simulations. The unfolding ofentropy and the gain of vibrational entropy. However, at
1bmg shows a nice picture of the opening and flipping ofhigh temperatures, the gain of vibrational entropy is out-
the building blocks (Kumar et al., 2000a; B. Ma and R. paced by the loss of conformational entropy, and the protein
Nussinov, unpublished manuscript). Thus, an examinatiotis unfolded. At low temperatures, the favorable positive
of the vibrational free energy change along the unfoldingvibrational entropy might, however, lose its effect. This
trajectory of thispB,-microglobulin (1bmg) might provide situation of low vibrational entropy at low temperatures might
information on its folding funnel. We calculated the vibra- relate to the interesting phenomenon of cold denaturation.
tional properties of 19 conformers along the unfolding tra- The results obtained here suggest favorable vibrational
jectory of thep,-microglobulin (Lbmg, with RMSDs rang- free energy corrections (i.e., positivs, ;) for both a-he-
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0.0 kcal/mol 12.1 12.5
FIGURE 8 Backbone conformations and rel-
ative vibrational folding energy for ten con-
formers of the c-Myc-Max heterodimeric -25.4 -7.3 -5.2 12.9 13.9

} fiss

lices andB-hairpin secondary structures. Since, for a smallOverall, the vibrational free energy favors unfolded random
peptide, the loss of conformational entropy is relativelystructures for large proteins, as indicated in the present
small, this result may be more relevant for a small peptidestudy and previous ones (Sturtevant, 1977; Kanehisa and
If we take the total configurational entropy lost upon folding lkegami, 1977; Khechinashvilli et al., 1995). For example,
to be about 41 J.K/mol per residue (Makhatadze andibiquitin has been shown to undergo both heat- and cold-
Privalov, 1996), this translates to about 60 Kcal/mol for ainduced denaturation (Wintrode et al., 1994; Ibarra-Molero
20-residue peptide. Thus, the vibrational correction is abougét al., 1999). Consistently, in the present study, we find that
10% of the conformational entropy which is lost. On thefolded ubiquitin (Lubqg) has unfavorable vibrational free
other hand, in large proteins, the contributions of vibrationalenergy. Experimental evidence (Wintrode et al., 1994;
free energies vary from case to case. In large proteins thiarra-Molero et al., 1999) indicates that there is an enthal-
loss of conformational entropy increases enormously, angic contribution to the cold denaturation of ubiquitin. In
make the vibrational contribution much less important.general, it has been suggested that cold denaturation is due

=

1gbl 1b07 lubq
FIGURE 9 Backbone conformations of several pro-
teins studied in this work.
lag2 11z1 1bmg
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TABLE 4 Vibrational free energy (kcal/mol) for SH3 domain Aleshkov (2000) found that heating the soluble Alzheimer’s
and fragments B-amyloid peptide (48) from 0 to 37°C induces a rapid
No.of RMSD Al 20cm®* 50cm?®  reversible transition to a random ceil B-strand structure.
Pdb/sequence* residues (A)"  modes  cut cut Unfortunately, no thermodynamic analysis of these peptides
M4 (tyr13-asp29) 17 5.72 2.9 2.1 1.0 has been reported.
M6 (asp40-ala55) 16 6.4 3.2 3.2 -0.5
M8 (asp29-asp48) 20 5.8 5.1 1.6 0.1
M68 (asp29-ala55) 27 8.4 4.3 3.0 20 CONCLUSIONS
1shg (all) 56 6.1 -0.7 9.1 1.2 . . . .
123  -05 9.2 0.9 Molecular vibration, especially low frequency motions, may
Vibrational free energy correction Go, — G.r, (random)— Guy (na- be us_ed as an indication of the rigidity or the flatness _of the
tive). PositiveA G,;, indicates a flexible native state. p_rotel_n folding energy IandS(_:ape. Here we have studied the
*Pdb code, the chain, and the real sequences used in calculations. 1shc (¢ibrational properties of native folded, as well as random
gly13-gly37) refers to pdb code 1shc, chain A from gly13 to gly37. coil structures of 40 peptides (with less than 30 residues for

'RMSDs are the average of RMSDs between the random conformers froragch peptide), 14 building blocks (ranging from 24 to 126
the simulations versus the native conformer. residues in length) and 7 small proteins (with sizes ranging
from 56 to 130 residues). The picture we obtain from this

to stronger energetic interaction of water molecules withSystématic study of the vibrational properties of protein/
amino acids previously buried in the protein interior (Gra-Peptide folding allows us to gain some understanding of
ziano et al., 1997). how and why the energy landscape progressively rigidifies
It is reasonable to assume that there is a hydrophobiwhile still allowing potential flexibility.

contribution to cold denaturation. However, there is still a Compared with random coil structures, bathhelices
possibility of vibrational entropic origin. It is interesting to @ndp-hairpin structures are vibrationally more flexible. The
note that there are some peptides with folded Secondar\{}brational properties of loop structures are similar to their
structures existing only at high temperatures which unfoldcorresponding random coiled structures. Furthermore, we
at room temperature. Lacassie et al. (1996) synthesized ffid that the presence of arhelix tends to rigidify peptides
series of shorter peptides. At low temperature, these pe@”d building blocks, whereas inclusion of3astructure has
tides and polypeptides are completely unordered. Upo,l\ess effect. When small building blocks assemble into large
heating, they undergo a reversible transition leading to &omains, the protein rigidifies. However, some folded na-

partly a-helical structure. In another example, Gursky andtive conformations are still found to be vibrationally more
flexible than random coiled structures (for exampBz;

microglobulin and the SH3 domain). Folding and binding
40 are similar processes. Consistently, our computational re-
sults for protein folding are in agreement with the recent
experimental finding that the backbone conformational en-
tropy may also increase upon binding of a hydrophobic
: ligand (Zidek et al., 1999).
201 v A Our study indicates that hierarchical protein folding
. should be thermodynamically advantageous. The negative
vibrational free energy change favors the formation of the
101 . _ .

. * local structures, such ashelices ang3-hairpins. The sub-
sequent assembly of the building blocks into larger units
0 rigidifies the protein structure. Thus, the process of coalesc-
g ing of the preformed building blocks involves both a smaller

. vibrational entropy cost and a smaller conformational en-
. tropy cost than nonhierarchical processes. Recent studies of
the transition-state ensemble indicate that the ensemble
-20 - might be relatively homogeneous (Alm and Baker, 1999).
This is consistent with the preformed building block con-
RMSD ( AD) formations that assemble into the native structure, or into
transient non-native contacts, in their trapped intermediate
FIGURE 10 Vibrational folding energies for microglobulin (1bmg). The states.
broad qistribution of the random confqr_mations are .expecteq to represent \/iprational free energies contribute significantly to the
the folding energy landscape. The positive numbers indicate rigid substat: . . . . .
and negative data indicate flexible conformations. Blue dots represent th ermOdynamICS_ of protein folding an_d to the dlStI’IbutIOIj]S
conformers along the unfolding trajectory, and the red dots are randon®f the conformational substates. We find a weak correlation
conformers. between vibrational folding energy with protein size, con-

301

-101

change of vibrational free energy (kcal/mol)
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