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Folding of small proteins using a single continuous potential

Seung-Yeon Kim
School of Computational Sciences, Korea Institute for Advanced Study, 207-43 Cheongryangri-dong,
Dongdaemun-gu, Seoul 130-722, Korea

Julian Lee

School of Computational Sciences, Korea Institute for Advanced Study, 207-43 Cheongryangri-dong,
Dongdaemun-gu, Seoul 130-722, Korea and Department of Bioinformatics and Life Sciences,
Soongsil University, Seoul 156-743, Korea

Jooyoung Lee?
School of Computational Sciences, Korea Institute for Advanced Study, 207-43 Cheongryangri-dong,
Dongdaemun-gu, Seoul 130-722, Korea

(Received 29 October 2003; accepted 2 February 2004

Extensive Monte Carléolding simulations for four proteins of various structural classes are carried
out, using asinglecontinuous potentialunited-residue force fiejdIn all cases, collapse occurs at

a very early stage, and proteins fold into their nativelike conformations at appropriate temperatures.
We also observe that glassy transitions occur at low temperatures. The simulation results
demonstrate that the folding mechanism is controlled not only by thermodynamic factors but also by
kinetic factors: The way a protein folds into its native structure is also determined by the
convergence point of early folding trajectories, which cannot be obtained by the free energy
surface. ©2004 American Institute of Physic§DOI: 10.1063/1.1689643

I. INTRODUCTION uses asingle continuous potential which includedl (native
and non-nativeinteractions, and yet allows us to carry out
Understanding how a protein folds is a long-standingfolding simulations starting from non-native conformations.
challenge in modern science. Computer simulatiofhave  We observe that all proteins fold into their nativelike confor-
been carried out to understand the folding mechanism. Howmations at appropriate temperatures. We find that the folding
ever, simulation of protein-folding processes with an atomis-mechanism is controlled by both kinetic and thermodynamic
tic model is a very difficult task. The difficulties come from factors: The way a protein folds into its native structure is
two sources(i) Direct folding simulations using an all-atom determined not only by the free energy surface, but also by
potential require astronomical amounts of CPU time, andhe convergence point of early folding trajectories relative to
typical simulation times are only about a few nanosecondsthe native state.
(i) Atomic pairwise interactions including solvation effects
may not be accurate enough. An extensive folding simulation
has been carried out for the villin headpiece subdoridP- Il. METHODS
36), where a 1us molecular dynamics simulation with an
all-atom potential has been performed, producing only can- We study the folding dynamics of proteins using a
didates for folding intermediatésFor this reason, direct ynited-residu®-17 (UNRES force field where a protein is
folding simulations have been mainly focused on Simp|erepresented by a sequencesstarbon (&) atoms linked by
models, such as lattice modéEmodels where only native virtual bonds with attached united sidechaif®Cs and
interactions are includetGo-type models*~" and a model  united peptide groups located in the middle between the con-
with discrete energy terms whose parameters are optimizesecutive C’s (Fig. 1). All the virtual bond lengths are fixed:
separatelyfor each proteiﬁ.AIternative indirect approaches the C*—C” distance is taken as 3.8 A, and-€SC distances
have also been proposed including unfoldingare given for each amino acid type. The energy of a protein is
simulationg*~* starting from the folded state of a protein. given by
However, it is not obvious whether the folding is the reverse
of the unfolding™’ Moreover, to the best of our knowledge, @ i . .
no one has yet succeeded in folding more than one protein E:Udis+i§<:j [Uel-loc("l)Jruss("J)]JF; Usliy])
into its native state using single potential, even with sim-
plified models
In this work, we propose a method to fold several of
small proteins using Monte Carlo dynamics. This method

+i<]_21 upp<i,j>+2i [Up(i)+U(i)+ U ()]

Here,U 4 denotes the energy term which forces two cysteine
dAuthor to whom correspondence should be addressed. Electronic mair:eSldues to form a disulfide bridge. The four-body interaction

jlee@Kkias.re.kr term U}, results from the cumulant expansion of the re-
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FIG. 1. United-residue representation of a protein. The interaction sites arelG. 2. Typical folding trajectories of betanova Bt=40 and HP-36 af
sidechain ellipsoids of different sizeSC) and peptide-bond centexs) =70 starting from non-native conformations. Only the first MCS are
indicated by shaded circles, whereas éhearbon atomsgsmall open circles shown among 1OMCS for clarity. RMSD,R,, andQ are plotted for every
are introduced to define the backbone-local interaction sites and to assist ifpo MCS in the early part and for every<2L.0° steps in the subsequent part.
defining the geometry. The virtual"e C* bonds have a fixed length of 3.8 The dotted lines represent the valuesRgfof the native states.

A, corresponding to a trans peptide group; the virtual-b@hdnd dihedral

(y) angles are variable. Each sidechain is attached to the corresponding

a-carbon with a different but fixed bond length, variable bond angle;

formed by SE, and the bisector of the angle defined by C C*, and  four proteins, but are transferable to other proteins to some
C' ., and yvith a variaple dihedral a'lng}ﬁ:.of counterclockwise rotation  axtent!® In Ref. 19 the procedures to obtain the optimized
about the bisector, starting from the right side of tife .G G, C, ; frame. parameters used in this work are described in detail.
In the UNRES force field there are two backbone angles
and two sidechain angleésee Fig. 1 per residue(no
stricted free energy of the proteitlg{i,j) represents the sidechains for glycingsThe values of these angles are per-
mean free energy of the hydropholiitydrophilic) interac-  turbed one at a time, typically about 15°, and the backbone
tion between the sidechains of residueand j, which is  angles are chosen three times more frequently than the
expressed by Lennard-Jones potentia|(i,j) corresponds sidechain angles. The perturbed conformation is accepted ac-
to the excluded-volume interaction between the sidechain ofording to the change in the potential energy, following the
residue and the peptide group of residiieand the potential Metropolis rule. Since only small angle changes are allowed
Up(i,j) accounts for the electrostatic interaction betweenone at a time, the resulting Monte Carlo dynamics can be
the peptide groups of residuésand j. The termsU,(i),  viewed as equivalent to the real dynamiés* At a fixed
U.(i), andU (i) denote the short-range interactions, corre-temperature, at least ten independent simulations starting
sponding to the energies of virtual angle bending, virtualfrom various non-native states of a protein were performed
dihedral angle torsions, and sidechain rotamers, respectivelyp to 16 Monte Carlo step$MCS) for each run, which we
The parameters of the UNRES force field wemnulta-  call long-time simulations. Hundreds of long-time simula-
neouslyoptimized®*® for four proteins of betanov&?° (20  tions were conducted for a protein.
residues, three-strandgdsheet, 1fsd(Ref. 21) (28 residues, During simulations the values of RMSD from the native
one B-hairpin, and oner-helix), HP-36(Refs. 1 and 12(36  structure and the radius of gyratiodRg) were calculated
residues, three-helix bundjeand fragment B of staphylococ- using C' coordinates. The lowest RMSD values from folding
cal protein A(Refs. 5, 7, 9, 10, 13, and 2246 residues, simulations are 0.78 A, 1.07 A, 1.58 A, and 2.07 A for bet-
three-helix bundle The low-lying local-energy minima for anova, 1fsd, HP-36, and protein A, respectively. The frac-
these proteins were found by the conformational space arions of the native contactd) and p) were also measured
nealing method®?*The parameters were modified in such aduring simulations, wher€ is calculated from the experi-
way that the nativelike conformations are energetically moranental structure. A native contact is defined to exist when
favored than the others. The global minimum-energy conforiwo C*'s separated more than two residues in sequence are
mations found using the optimized force field are of the rootplaced within 7.0 A. To defingy we first characterize the
mean-square deviatiol®RMSD) values 1.5 A, 1.7 A, 1.7 A, native-state conformations by performing simulations start-
and 1.9 A from theexperimentalstructures for betanova, ing from the experimental structures, at the same tempera-
1fsd, HP-36, and protein A, respectively. For betanova, theures where folding simulations were performed. We define
“native” structure is shown to be only marginally stable and as the fraction of native contacts weighted over their contact
is in equilibrium with less ordered structur&skor this rea-  probabilities in the native state simulation®*!Due to the
son, it might be more appropriate to call this structure as thdluctuation of the native conformation, the value®@fs usu-
“predominant” one. In this paper, we choose to use the ternally lower than that ofp. The time histories of the typical
“native” to refer to “predominant” for betanova, to be con- trajectories from the folding simulations of betanova and
sistent with the other three proteins. After the parameter opHP-36 are shown in Fig. 2. The trajectories for 1fsd and
timization, one set of the parameters is obtained for four protein A are similar to those in the figure. Distributions of
proteins. The optimized parameters are not overfitted to th&MSD, Q, p, andRy are also accumulated during the whole
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FIG. 3. The probability distributions of RMSDOia) The distributions of ten independent long-time simulations for betanova, starting from random confor-
mations atT=30. The glassy behavior is appare(ii RMSD distributions of betanova at various temperatures. As temperature decreases, the value of
prominent RMSD dramatically moves from 9.0 A to 2.5 (&) The distributions for 1fsd. The value of the most probable RMSD drops rapidly from 9.0 A

to 3.1 A.(d) The distributions for HP-36. The double-peak structure appeafB<d00, representing the cooperatiffiest-order-like two-state transition. In

(b), (c), and(d) the probability distribution at a temperature for the given protein was obtained by accumulating the results from ten independent long-time

simulations.

simulations. The distributions of RMSD are shown in Fig. 3 ~ We observe that collapse occurs at a very early stage
and those fop andR are shown in Fig. 4 as contour plots. (~10* MCS) for all four proteins, but the details of each
To investigate the early folding trajectories, 200 folding process appear to depend on the secondary structure

(10° MCS) independent simulations were also performed atontents. We now analyze the details of the folding behavior
a fixed temperature for a protein, which we call short-timeof each protein. For betanova at low temperatufes: 80),
simulations. The averages of early folding trajectories plottedhe probability distributions of various quantities such as
in Fig. 4 were obtained as follows. We divided the initial RMSD depend on initial conformations, showing its glassy
10° MCS into 19 intervals(ten 1¢ MCS and subsequent behavior [Fig. 3@]. At higher temperaturesTE40) this
nine 1¢ MCS), and took the average over conformations innonergodic glassy behavior disappears. It should be noted
each interval. These averages were again averaged over 1§{t nativelike structures are more easily found from the
independent simulations starting from random conformaximylation aff = 40 [Fig. 3(b)] than from the best of ten runs
tions. The same procedure was applied to 100 independegtT=30. When temperature decreases flbm80 to 60, the
simulations starting from a fully extended conformation.  |5cation of the RMSD peak dramatically movesrfr® A to

3 A. This demonstrates the cooperative folding characteris-

tics of betanova. For 40T=<60 betanova folds into its na-

IIl. RESULTS

The simulation of betanova af=40 (arbitrary units)

tivelike structure. The initial folding trajectories and the dis-
tribution of (p,Ry) at T=40 are shown in Fig. @ for

starting from an unfolded conformation demonstrates thabetanova. Regardless of its initial conformatigither ran-

rapid collapse occurs in about 4MCS; the value ofRy
decreases, whereas the value@femains below 0.3Fig.

2). During the next 1®MCS, more compact states appear,

dom or fully extendey the average pathways to the folded
conformation initially converge to g,Ry)~(0.35,8.5 A),
and then they move horizontally to the native structure. This

and the value o moves up as high as 1.0. There are twois consistent with the recent folding scenario for proteins

values of RMSD that are populat¢see also Fig. @)]: one
corresponds to less ordered structures (RMSDA) and the
other to nativelike structures (RMSER.5 A). This demon-

with B structure’ The populated stat¥s around p
~0.4-0.5 andj;~11-12 A are not from initial folding tra-
jectories, but from the fluctuation of nativelike structures.

strates that, although the nativelike structure is the mosthis kinetic information is difficult to be captured by free
stable one, thermal fluctuation can temporarily kick the pro-energy calculations alorté.Figure 5 shows snapshots of a

tein out of the native structure.

typical folding trajectory for betanova dt=50.
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FIG. 4. The initial folding trajectoriesfrom 200 independent short-time simulations at a fixed temperature for a pratainthe contour plots of the
population distributiongfrom 10 independent long-time simulations at a fixed temperature for a prage@function op andRy at appropriate temperatures.
The triangles represent the averages of 100 early folding trajectories starting from random conformations. The squares are from 100 eaalgétidieg tr
starting from a fully extended conformation. The color scale of the contour plots indicates the expaféhe population 105 at given values op and
Ry . (@) Betanova aff =40. (b) 1fsd atT=70. (c) HP-36 atT=70. (d) Protein A atT=80.

FIG. 5. Snapshots of a typical folding trajectory for betanovd at50. In the figures the left side is the N-terminal p&a. Initial random conformation:
RMSD=10.0 A,Q=0.08, andR,=12.2 A. (b) Conformation at 16MCS: RMSD=7.2 A, Q=0.21, andr,=10.7 A. This conformation corresponds to an

initially collapsed state where thg-hairpin structure is formed only in the N-terminal residués. Conformation at X 10* MCS: RMSD=5.3 A, Q

=0.33, andR,=8.8 A. This conformation has the same topology as the native state, but it is less ordered. In particular, it corresponds to the convergence
point of the early folding trajectories inQ,R,) plane.(d) Conformation at % 10° MCS: RMSD=1.4 A, Q=0.75, andR,=7.7 A. The conformation is

almost identical to the native state, and is one of the most populated conformations itaFig. 4
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FIG. 6. Snapshots of a typical folding trajectory for 1fsdTat 70. In (a) the upper left side is the N-terminal part. (b), (c), and(d) the left side is the
N-terminal part.(a) Initial random conformation: RMSB9.8 A, Q=0.03, andR,=14.4 A. (b) Conformation at 4« 10* MCS: RMSD=5.9 A, Q=0.18,
andRy;=9.5 A. This conformation corresponds to the convergence point of the early folding trajectori@sHp) (plane. Thes-hairpin is formed but the
a-helix is not yet initiated(c) Conformation at 19MCS: RMSD=3.7 A, Q=0.50, andR,=8.4 A. This conformation has the-helix formed and its
topology is that of the native state. It is one of the most populated conformations in (Big.(d Conformation at X 10° MCS: RMSD=1.9A, Q
=0.68, andRy=8.0 A. This conformation is almost identical to the native state.

For 1fsd the distributions of various quantities for ten prominently so compared to the case of betanova. Figure 6
independent runs (2aVICS each show glassy behavior for shows snapshots of a typical folding trajectory for 1fsd at
T<50. Again, the nonergodic glassy behavior disappears at=70.
higher temperaturesT& 70). Figure 8c) shows the RMSD For HP-36, the distributions of various quantities for ten
distributions at various temperatures. The strength of the cdndependent runs (2QMCS each again show glassy behav-
operativity for 1fsd is not as strong as that of betanovaior at T=60. At higher temperatures we have two RMSD
Again after initial collapse tof,Ry)~(0.3,9A), the aver- peakgFig. 3(d)]. At T=90 the peak near the native structure
age trajectories move horizontallfig. 4(b)], although less begins to dominate, and as temperature decreases it becomes

FIG. 7. Snapshots of a typical folding trajectory for protein Arat85. In the figures the lower side is the C-terminal pea.Initial random conformation:
RMSD=14.3 A,Q=0.21, andR,=16.9 A. (b) Conformation at 1.8 10°> MCS: RMSD=7.2 A, Q=0.28, andRr,=11.3 A. This conformation corresponds
to the convergence point of the early folding trajectories@R,) plane. The helix 11l is already formedc) Conformation at 1.018 10" MCS: RMSD
=10.0 A, Q=0.43, andR,=10.7 A. The RMSD value is larger than that of the conformation It should be noted that the helix Il is stably formed)
Conformation at 5.218 187 MCS: RMSD=2.6 A, Q=0.56, andR;=9.9 A. The conformation has the same topology as the native state.
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1y [

VY i.e., either horizontally or diagonally in the (R;) plane—is
\\ ‘\ A determined by the positioffor example, C or Cin Fig. 8
vy of (p,Ry) where early folding trajectories converge, relative
\\‘\ “ to the native state. It appears that slow folding process of
Ww C a-proteins occurs in a diagonal fashion compared to that of
\ proteins containing3-strands.
C

In conclusion, we successfully carried out direct folding
simulations of more than one protein usingiagle continu-
ous potential. In this study, we simultaneously optimiZéd
the parameters of the UNRES force field for four small pro-
FIG. 8. A schematic of the folding trajectories. The colored contour repre-teins and used this force field for the study of the folding

sents the free energy surface, which is an equilibrium property. Even fofechanism of these proteins. The results provide new in-
proteins with identical free energy landscape, the early folding trajectories

(dashed lingsmay converge into different point€ or C'). The solid lines Slghts into the fOIdIng mechanism.
represent the later part of the folding trajectories dictated by the free energy

landscape. The locatiofC or C') of the convergence point of the eary ACKNOWLEDGMENTS
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