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Kinetics of the coil-to-helix transition on a rough energy landscape
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The kinetics of folding of a fully atomic seven-residue polyalanine peptide in an implicit solvent are studied
using molecular dynamics simulations. The use of an implicit solvent is found to dramatically increase the
frustration of the energy landscape relative to simulations performed in an explicit sifrsist Rev. Lett85,
2637(2000]. While the native state in both implicit and explicit solvent simulations isarelix, the kinetics
of the coil-to-helix transition differ significantly. In contrast to the explicit solvent simulations, the native state
in the implicit solvent simulations is not kinetically accessible at temperatures where it is thermodynamically
stable and could not be brought into equilibrium with other conformational states. At temperatures where
statistical equilibrium was achieved, the conformational diffusion folding mechanism, found earlier to be
adequate for this peptide in an explicit solv¢Rhys. Rev. Lett85, 2637 (2000], is met with only limited
success. Issues relating to the evaluation of the quality of implicit solvent models on the basis of thermody-
namic criteria only are reexamined.

DOI: 10.1103/PhysReVvE.68.051901 PACS nuni)er87.15.He, 87.15.Cc, 87.15.Aa, 87.1@
[. INTRODUCTION at a microscopic level are still beyond our reach, even on the
most powerful parallel computers.
In the past decade, molecular dynamigtD) simulations In light of the computational obstacles associated with

have become an established and vital tool for the theoreticaxplicit solvent simulations, the use of implicit solvent mod-
investigations of proteingl]. Recent developments in com- els has emerged as a promising alternative for kinetic studies.
puter hardware technologies have allowed the study of inOver the past decade a large variety of such models have
creasingly complex protein systems on modern computerdieen developed and tested in biological applicatit®8].
In numerical studies of atomistic protein models, particularlyThe quality of these models is commonly evaluated by judg-
spectacular success was achieved in the understanding of theg how well implicit solvent models reproduce low-energy
thermodynamics of foldind2]. Recent advances in algo- protein structures observed in experime(ds explicit sol-
rithm developmentgsuch as generalized ensemble samplingvent simulations In the language of energy landscape
[3]), as well as the emergence of novel methods to analyztheory, the quality of an implicit solvent model is evaluated
simulation trajectorie$4] or even entire classes of protein based on how accurately it can predict the location of the
models[5], have enabled theorists to probe experimentallynative state in the multidimensional conformation space. The
relevant issues pertaining to the free energy differences bdecation of the lowest-energy state on the energy surface is,
tween unfolded and native states. Free energy maps cohoewever, only one ingredient to understanding protein fold-
structed as functions of a few selected reaction coordinatesg within the energy landscape perspective. Of equal impor-
can now be routinely generated for small single-domain protance is the time scale on which the native state can be
teins and peptides. By using special sampling techniques, ieached under physiological conditions, in other words, the
also becomes increasingly feasible to discuss folding mechdinetic accessibility of the native state. The issue of kinetic
nisms for larger proteins, such as dihydrofolate redudta2e accessibility is intrinsically tied to the degree of frustration in
In terms of protein folding kinetics, the success of directa protein model, or the relative roughness of its energy land-
computer simulations of fully solvated proteins remainsscape. The latter, by nature an abstract qualitative concept,
rather limited 6]. Due to the associated computational effort,can be quantified, among other means, by the thermody-
simulations of folding events on biologically relevant time namic ratioR=T; /T, of the folding temperaturd; to the
scales(1 ms or longer for systems containing thousands of glass transition temperatuig, [10]. The relevance of this
atoms are prohibitively costly. The recent “brute force” MD ratio for theoretical modeling of proteins lies in its ability to
investigation by Duan and Kollma¥] is representative of categorize protein models as fast or slow folders. The native
the complexity of the problem. The failure of a month-long state of a protein wittR<1 is not accessible at physiologi-
simulation carried out on a CRAY supercomputer to observesally relevant temperatures, despite having the lowest energy
a single folding event for a 36-residue peptide clearly dem-of all possible conformations. Such a system is frustrated and
onstrates that systematic numerical studies of protein foldings considered a poor, slow-folding protein model. Protein
models withR>1, on the other hand, are believed to fold
rapidly and may offer a more accurate representation of the
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seven-residue alanine peptide, we show that despite folding
to the native state predicted from simulations in an explicit
solvent[11], an oversimplified implicit solvent model pro-
duces unrealistic degrees of frustration in the underlying po-
tential energy surface. At temperatures where the native stat
is expected to be stable, simulations were dominated by lon¢
traps in misfolded conformations and failed to reach equilib-
rium over the time period of s, encompassing thousands
of folding events. Equilibrium was only achieved at higher
temperatures where the statistical weight of the native state i
less than 1%. Even at these temperatures, important aspec
of the kinetics observed with our implicit solvent model dis-
agree with those found in previous explicit-solvent simula-
tions. In particular, the kinetic mechanism of conformational
diffusion search, found to be adequate for this peptide in
explicit solvent simulation$11], is met here with only lim-
ited success. The theoretical mean first-passage time evall
ated by the diffusion-equation formula of Bryngelson and
Wolynes[12,13 is about five times longer than the folding
time estimated directly from simulations. Poor agreement be-
tween earlier resultgll], obtained in explicit solvent condi-
tions, and those obtained here for the same peptide in im-
plicit solvent, highlights the need to consider both kinetic FIG. 1. Nativea-helical state of the polyalanine model consid-
and thermodynamic criteria when assessing implicit solveng, . in the present study.
models (for example, through the calculation of long-time
correlation functiong14]) rather than relying solely on re- .
producing the native staf®,15). A. Polyalanine model
The paper is organized as follows. In Sec. Il we describe |n this paper we consider a seven-residue long alanine
the simulations methods as well as the all-atom model of thgolypeptide Ace-(Ala)-Nme. The CHARMM PARAM19
polyalanine peptide. The folding kinetics of the model pep-force field is used for interatomic interactions with all heavy
tide are discussed in Sec. lll. Conclusions are presented i&oms and hydrogens bound to nitrogen atoms considered
Sec. IV. explicitly. No cutoff distances are applied for long-range van
der Waals and Coulomb interactions. To model the presence
Il. MODEL AND COMPUTATIONAL DETAILS of solvent, we used a distance-dependent dielectric constant
e=r [9] in our simulations. It should be noted that setting
The structure, thermodynamics, and dynamics of alaning_y provides a very crude way to account for the electro-
polypeptides have long been a subject of great interest igaiic part of the solvation energy. Nevertheless, simulations
protein science. The high helical propensity of alanlne-basegmpbying this simplified implicit solvent have shown some

homopolymers makes these peptides ideal candidates to t‘h"e%couraging resul{®] with regard to the nature of the native

;/ha:?]ﬁi;-hc%?lnt? znzfiti% rr(%tleé]n g\lgp%ﬁén gz:tgggrd;hsec;g?;gstate and distance-dependent dielectric constants are widely
: P ' used nowadays in biological applicatiof3,24. Simula-

tion of helices in polyalanines and their stability have beentions using a distance-dependent dielectric constant do not
the subject of intense experimental studi&g]. Theoretical ) 9 ep . ;
quire more computational effort than simulations per-

approaches to this problem have involved a wide range o : : .
ormed in vacuum and in this respect compare favorably

methods and mode[d1,18-22. Atomistic models of poly- ; e )
alanines, solvated in explicit water, were studied by molecu!ith other implicit solvation models, such as those based on

lar dynamicg 11] and peptide growth methodi9] to eluci- the sur.face accessible area 'calcullatiE.B]s 'Sin.ce our aim is
date the details of the coil-helix transition. Kle@t al. [21] @ detailed study of the folding kinetics in implicit solvent
used simulated annealing methods with a solvent accessibf@nditions, it is imperative to keep the computational burden
surface area implicit solvent model to locate the native stat@f the simulations as low as possible.

of polyalanines and study their conformational statistics at To determine the native state of the considered polyala-
finite temperatures. An EEF1 implicit solvent model wasnine we launched a series of simulated annealing runs. The
used by Levyet al.[22] to investigate the effects of solvation computations were organized according to the logarithmic
on free energy surfacéwhich in turn reflect peptide confor- temperature protocdl; ;= «T; whereT;, , andT; are tem-
mational preferences for-helical or 8-sheet conforma- peratures at two consecutive cooling stages. By setting the
tions). The treatment of long-time dynamics in polyalanine parameterw in this protocol to 0.9 the temperature was re-
peptides, barely tractable in regular molecular dynamicsiuced from 800 K to 10 K, allowing POequilibration time
simulations, was addressed by Hebal. [20] using the re-  steps at each particular temperature. A total of 50 simulations
action path method. were launched, of which 17 reached the native bé&sirour
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TABLE I. The backbone dihedrals# ) for the studied polyalanine model in thehelical native state

conformation.

Residue no. 1 2 3 4 5 6 7

b (—62-42) (—63,-32) (—74,—39) (—62,—38) (—65-39) (—70,—34) (—68,—38)
definition, conformations with rms deviations from the na- Ill. RESULTS

tive state of less than 0.6)A

We found that the native state of the studied peptide _ _ _
model is ana he”X, as shown in F|g 1. Characteristic Over the course of the simulations the peptlde underwent
helical patterns of hydrogen bonds, formed between hydromultiple rounds of folding and unfolding. The rms displace-
gens of residué and oxygens of residuet 4, are readily —ment of a given conformation from the native state was taken
seen in the figure. The energy of the native helix-i84.6  t0 be the progress variable of folding. Conformations with
kCal/mol. The values of the seven backbore ) dihedral 'ms <0.6 A were considered to be folded. For the unfolded
angles of the native state compiled in Table | are consisteriitate there is no unique way to define its boundaries, since,
with those obtained in previous simulatiofid,21. We note  technically, every non-native conformation is unfolded. For
that recent experimental studies indicate that polyalanine séhe sake of comparison with theoretical calculations that fol-
quences with fewer than ten residues may preferentialbbow later in the text, we consider here conformations with

adopt polyproline Il rather than-helical structure§l8]. The ~ S:/> 'ms >3.6 A to be unfolded. A justification for this
higher helical propensity found in simulations may resuItChO'Ce’ as well as a discussion of the nature of the unfolded

from small errors in the force field@5]. state in determining folding rates will pe giv_en in a later
section. By analyzing the simulation trajectories, sequences

of folding (as well as unfoldingtimes were generated at the

six temperatures considered. To give an idea of the extent of
The CHARMM macromolecular modeling prograf@6]  data considered, we note that the sequence of folding times

was used to perform the molecular dynamics simulationstecorded forT=500 K contained 7582 entries. Comparable

Six canonical ensemble simulations at temperatufes Nhumbers were generated at each temperature. The sequences

=470, 500, 550, 600, 700, and 800 K were carried out usingvere used to construct distributions of the folding iR 7)

the velocity Verlet algorithm and the Nostoover[27] ther- @S well as the probability distributioR(7) for the protein to

mostat method with the friction parameter set to 50 ps. "eémain unfolded at timer, provided that folding started at

Throughout the work we employed the integration time Ster}ime zero(i.e., the survival probability The latter is shown

st=1 fs which was chosen such that the conformational sta!”! Fig. _2(a) for a range of temperatures. The trgnq for fol_ding
ynamics to slow down at low temperatures is immediately

Ez?cshgfr];ze nrgggsgglin\?vrhaetid sfri;r?ers ?rt]tg;gtr;r;pr)]e;ﬁ;lge; edrl)%pparent in the fi_gure. At thg _highest_simulated_ temperature,
were used. The length of the hydrogen-nitrogen baftls _00|K, .the surl\/lval pL(.)bab”'tyP(T) IS detgrrr}med by a ial
only bonds involving hydrogen atoms in the present sy)stemsmg(.a t|m_ewsca e. At this temperature, a single-exponentia
. . . functione™ ¢ can successfully fit the simulation data. As the
was kept co_nstant during the S|mulat|oqs thrpugh thetemperature decreases, the survival probability begins to
SHAKE algorithm([28]. The lengths of the simulations de- g, 0nq  Events occurring at longer times become increas-
pended on the temperature considered. The longest totgly), relevant at lowT and the relaxation processes in the
simulation time was 7us, at the lowest temperature consid- gysiem begin to split into two different time scales. This
ered, T=470 K. At the highest temperatuf=800 K the  feature already appears &t=700 K and becomes increas-
total physical time reached by the simulations was Qu55  ingly pronounced at lower temperatures where the survival
During the simulations, peptide conformations were storecprobability acquires slowly relaxing tails and becomes
into a file at a regular time interval aft=400 time steps. strongly nonexponential. Our attempts to R{7) at low
Special care was taken in selecting this value of the timeemperatures to the biexponential formpe™ *"+ (1
interval. Since our aim is to generate folding events, the time- ¢)e~#", characteristic for folding mechanism that splits
resolution with which conformations are saved along the trafolding pathways into slow and fast channels, were unsuc-
jectory should be no longer than the average time the proteinessful. We also failed to fit the long-time tails®fr) either
spends in the native state, here the time required to reaa a single or stretched exponential functibe (@?”. The
conformations differing from the native state by more thannature of the exact functional form & r) remains ambigu-
0.6 A in rms. Otherwise some of the folding events may passus. Although the low-temperature kinetics could be repre-
unregistered in the simulations, thereby distorting the finakented as a sum of more than two exponentials, it is unclear
results for the folding time. To avoid such situations we veri-how many exponents are required and, more importantly,
fied explicitly, by running short unfolding simulations, that what is the physical meaning of these exponents.
the model stays in the native state longer than 400 time steps As the temperature is lowered from 800 to 470 K, the
on average, at all temperatures considered. time scale of the relevant relaxation processes varies wildly,

A. Slow kinetics of folding

B. Details of molecular dynamics simulations

051901-3



A. BAUMKETNER AND J.-E. SHEA PHYSICAL REVIEW E68, 051901 (2003

10° | . * T=470K
100 r 500K |
+ 550K
> | 1 600K
- 10 v 700K
= 10° f 1
[
g 10 f =
o g 10°
Q —2
-2 10" r_ 4
10 r o E
E
s b
1041 10”‘ ,§ i
> —— RMSD=3.6A
107 ; .
4 0.0012 0.0016 0.002
10 N LTk ) )
19407 10° 107 10 10° 10'
time (ns)
10° F
FIG. 3. Survival probability for the folded state at different tem-
2 peratures. The solid line corresponds to the simulation data, while
E 10° | ] the symbols represent the fit of the data to an exponential function.
D&j 470K The unfolding time is plotted as a function of inverse temperature in
the inset. Conformations reaching an rms deviation of 3.6 A from
10° | ] the native state are considered to be unfolded.
- It is interesting to note that the kinetics of unfoldifige.,
—4 1 1 1

5 of the helix-to-coil transitiopy differ significantly from the
kinetics of folding. The survival probability function for the
folded state for a range of temperatures is plotted in Fig. 3.

FIG. 2. Probability distributiorP(7) of the studied polyalanine The kinetics are exponential at all temperatures considered,
model to remain in an unfolded state at timewhen folding is  although the fit becomes poorer at short times as the tem-
initiated at time zero. It is assumed that upon folding the proteinperature is increased. The unfolding time as a function of
cannot escape from the native sta@. P(7) at varying tempera- inverse temperature is plotted in the inset of Fig. 3. The
ture, (b) P(7) at two selected temperatures demonstrating the extentinfolding time increases with decreasing temperature and the
of statistical convergence of the data. The curves in both parts arkinetics appear to be Arrhenius at low temperatures.

shifted upward for visual convenience. The linear segment in the distribution of the first-passage

times could indicate a power-law dependence of the survival

almost over two orders of magnitudEig. 2(a)]. In dealing  Probability on time. This type of probability distribution, the
with slow processes of this nature, the statistics of the simuSC-called Ley distribution, was theoretically predicted for
lation data become a key issue and it is critical to ensure thairoteins on the basis of the random energy mg2@t-31. If -
statistical convergence has occurred in the properties of inffUe in the case of more realistic protein models, this finding
terest. We test the statistics by splitting the trajectories intdVill have profound consequences for the protein folding
five nonoverlapping parts and computing the distributionProblem, especially for the stability of the native state at low
P(7) for each of them separately. This allows us to locate thdémperatures. We illustrate our point with the following ex-
portions ofP(7) with poor convergence as those displaying @MPle. Let us assume that the folding timeatisfies a Ley
significant scatter in different parts of the trajectory. The re-Power-law distribution:
sults of this analysis are shown in Figb2for two tempera-

10° 10° 10’ 10
time (fs)

tures, 470 K and 600 K. It is clear from the figure that at the E(r)~ KTh oo (1)
higher temperature the survival probability is sufficiently f e’ '

converged at all times. At the lower temperature, on the other

hand, different parts of the same trajectory produce differentvhere the exponent <1 andr, specifies the time scale of
values forP(7). The same results were obtained for the secthe problem. For such statistical distributions, which we refer
ond lowest temperature studied in this paper, 500 K. As il4o as broad to distinguish them from the normal narrow dis-
lustrated in Fig. tb), with the exception of the short time tributions, the mean value of the relevant stochastic variable,
behavior ¢<2 ns), the survival probability cannot be reli- in our case the folding time, does not exist. The folding time
ably determined from the simulation data obtained in then this situation is characterized not by its mean value, but
present work at botf=470 and 500 K. In particular, it is rather by its most probable value which is accurate up to an
impossible to reach a definite conclusion regarding theorder of magnitude and not reproducible in repetitive experi-
buildup of the linear segment at long times in Fige)2as the  ments. Let us further assume, as suggested by the present
temperature decreases. results, that the unfolding time obeys a narrow distribution:
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_ 1 dimensional, characterized by a varialjeand the stochas-
Pu(m)~ € 7T, 1o, (2)  tic motion of the protein on the energy surface is considered
Y to be Brownian, such thg¢ satisfies the Smoluchowski dif-

fusion equation, it is possible to derive an explicit expression

i -defi ini i thel
with well-defined finite mean value, (which nevertheless or the mean first-passage time for foldiftg]:

can be fairly large at low temperatures below the meltingf
point). For refolding experiments carried out for a single 1 [ xtol .

protein that exhibits the above patterns of folding and un- =5 dx| dyeflVe-uvmi (5)
folding statistics, the time average of the probabikty to be Xunf 7 Xref

found in the native state is simply given by the ratio of thewhereU(X) is the free energy profile i, 3 is the inverse
time spent in the native stafg, to the total observation time  temperature, an® is the conformational diffusion constant

TntTy: which here is taken to be independentyof The integration
in Eqg. (5) is carried from the states corresponding to the

p :L 3) unfolded ensembley,,s to the native stategto . In the

N TN+ TY diffusion-equation terminology,; reflects the initial con-

ditions of the equationy;, is an absorbing boundarihe
where Ty, is the time spent by the protein in the unfolded protein cannot unfold once it has foldeaind x,.; denotes a
state. For a large numbét of folding/unfolding events oc- reflective boundary of the equation. The folding process of a
curring over a long observation tint®, the folding statistics  protein within this theoretical formalism is fully defined by
[Eq. (1)] implies that[32] Ty= & NY#, where¢ is a ran-  two terms: the free energy surfatd y) and the conforma-
dom variable of order 1. Likewise, the unfolding kinetics tional diffusion constanD. The free energy profiléJ(x)
[Eq. (2)] predicts that the time spent by the protein in its = —kgT In[P(x)] along the rms reaction coordinate as well
folded state isTy=r,N+O(y/N). SubstitutingT,, and T, as the related probability distribution functioR(y) are
into Eg. (3) one finds that in the leading order N the  shown in Fig. 4 for the studied temperatures. A detailed dis-

probability of the native state is cussion on the probability distribution will follow later in the
text.
b N Ty N Dl 0. © Recently, the validity of the conformational diffusion for-
-_— ~ —U, — 00, H H .
N TN+ EmNUE €7y Qlx malism as implemented on the basis of Eg), was tested

4) [11] in explicit solvent simulations on a five-residue alanine
polypeptide by using AMBER94 force field. By computing

In this expression we made use of the approximation for théhe free energy surfaces directly from simulations and ob-
observation timed ~ T, appropriate for stochastic processestaining a value of the conformational diffusion constant from
governed by [ey distributions[32]. Equation(4) predicts fits to the theoretical and simulation mean first-passage times
that the probability of the native state population vanishes atMFPT), the authors concluded that the conformational dif-
long ® when the exponent of the folding time distribution ~ fusion search adequately describes the folding mechanism of
P.(7) is lower than 1. In other words, due to the fact that!h® Polyalanine peptide. This result was supported by the
folding times are infinitely longer that unfolding times, an ob_servat|on of no_ne_xponentlal klnet|ps n th_e m_odel, which
isolated protein obeying the kg folding distribution [Eq. arise naturally within the conformational diffusion theory.

(1)] will spontaneously unfold if the experiment is allowed to Iﬂdeed,_accordlng to this th((jaory,dtrfansmons ml‘t_rf[\ %rote:cn Into
continue over a sufficiently long observation time. A similar t e hative state_are considered from a muititude ot non-
conclusion that proteins should denature when observed tive Coﬂfofmat"’”s that contribute to the folding time with
sufficiently long times can also be reached for an ensembl rol\zzdly d|str|bu|teo_l rates. N hat th tormational dif
of proteins[32]. The specific exponent characterizing the, ore refcfgnt yb't wassl ovgnt atlt € 303. ormla lonal dit-
time decay of the ensemble average of the native state pop ision coefficientD can also be evaluated directly in simu-
lation is different, however, from the one given above for the ations without res.o_rtlng to potentially 'unrel|able fitting pro-
time average. This disagreement is a direct consequence B?dures[13]f._lSpe((:;flt_:ally,D can bef ehstlmatec_J from thde free
ergodicity breaking in systems subject toweype statistics. €N€rgy profile and time course of the reaction coordinate
In such systems, time averages are not equal to ensemifiS the integral oveg(t), the time correlation function of,
averages and the rules of usual thermodynamics cease @'d the generalized force exerted on this variable]

apply. This holds true of the requirements for thermody-— —9U(x)/dx. The utility of this approach was demon-
namic stability of the native state, as can be seen from thétrated by calculating the MFPT of a smalsheet off-lattice
above discussion. protein. Here we employ the formalism of REE3] to evalu-

ate the folding time of the studied polyalanine, using the
RMS deviation as the reaction coordinate. The theoretically
calculated MFPT as well as the one obtained directly from
According to the energy landscape thedn0,33,34, our simulations are shown in Fig(®. The MFPT curve has
folding of a protein can be depicted as stochastic motion omthe characteristic V-shaped structure reported in earlier simu-
the statistically averaged free energy surface defined in termations[13] for the temperature dependence of protein fold-
of a few collective variables, or reaction coordinates. Whering times. The increase in MFPT at high temperatures arises
the space of the reaction coordinates is taken to be ondrom the low statistical probability of the native state, while

B. Conformational diffusion mechanism of folding
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FIG. 5. (a) Mean first-passage time obtained for the studied
0 : polyalanine model through the diffusion-equation form(Ba and
0 2 . 4 that calculated directly in folding simulationé) Conformational
RMS (A) diffusion coefficientD computed directly from simulation trajectory
) o and that obtained by fitting the theoretical MFP) to the one
FIG. 4. (@) Free energy profiles along the rms deviation from the 5y aineq in folding simulations. In the folding simulations the un-
native state(b) Probability distribution functions of rms computed ¢, |4ed state ensemble comprised conformations with=ri§ A.
for the seven-residue polyalanine model studied in the preser*(t)pen symbols refer to the statistically unreliable data.
work. For visual convenience the curves in both parts have been

shifted upward. the theory predicts MFPT at least five times longer than that
obtained from simulations. This discrepancy should be com-
the increase at low temperatures is a consequence of kinetiared to a difference of less than twofold obtained in two
trapping. Note that in the explicit solvent simulatiofsl]  previous applications of the conformational diffusion formal-
only the lower temperature part of the MFPT was reportedism[13,35 for different minimal protein models. With these
As mentioned above, our simulations failed to reach equilibpoints considered, we must conclude that the success of for-
rium for the two lowest temperatures considered. To reflectula (5) in predicting the folding time for the present model
this fact, the data for; at these temperatures are marked byis rather limited.
open symbols in Fig. ®). Also for these temperatures, and  When assumed to be correct for the rms deviation from
additionally for T=550 K, we failed to obtain convergent the native state, the formalism of Brownian dynamios
results for the time correlation functiof#(t). As a conse- equivalently the Smoluchowski equatifitil]) can be used to
guence, the theoretical data fer at these temperatures are evaluate conformational diffusion coefficieBt The diffu-
missing in the figure. The equilibration was successful asion coefficient represents clear theoretical interest as one of
higher temperatures where it affords an assessment of thibe ingredients involved in formul&) that allows direct
validity of the conformational diffusion folding mechanism evaluation of the folding time once the free energy profile is
for the present model. As can be seen from Fig),3here  known. It can be calculated by matching theoretically com-
are significant discrepancies between the theoretical resulmuted MFPT with that obtained from the simulation trajec-
calculated using formuléb) and those obtained directly from tory directly. Any disagreements between the diffusion coef-
simulations. In simulations, a conformation was consideredicient computed in the direct way and that obtained by the
to be folded when its rms deviation from the native state wadgitting procedure signify deviations of the dynamics of the
less than 0.6 A. Simulation and diffusion-equation foldingreaction coordinatérms) from the Brownian dynamics. Dif-
times agree well qualitatively, both predicting a decrease irfusion coefficientD computed directly in simulations and
folding time as the temperature is lowered. The quantitativahat obtained through fitting of the MFPTs calculated by us-
difference between the two methods, however, is fairly largeing conformations with rms 3.6 A as the unfolded en-

RMS=3.6 A
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semble, are plotted in Fig(B) as a function of inverse tem- size, but which are quite different in conformational nature
perature IT. As expected from Fig. (8), the two diffusion [39]. From a dynamical point of view, proteins in the un-
coefficients disagree rather strongly at temperatures wheffelded state do not display random coil dynamié§].
the direct evaluation ob is possible. Except for the quali- These experimental findings regarding the structure and
tative trend to increase with the temperature the diffusiordynamics of unfolded proteins emphasize the need for a the-
coefficients computed by the two different methods haveoretical investigation of how the nature of the unfolded state
little in common. As mentioned before, this disagreementaffects protein folding. Such an investigation may provide
provides clear evidence of the failure of the present theoretaseful insights into problems where the denatured state plays
ical formalism to describe the dynamics of the reaction co-a critical role. For example, one of the theories of chaperone-
ordinate. Another interesting finding following from Fig. assisted foldind41] asserts that the protein is mechanically
5(b) is that the temperature dependence of the diffusion counfolded upon binding to the the chaperonin ca{g]. The
efficientD does not obey the Arrhenius law at low tempera-nature of the unfolded state produced through this mechani-
tures as predicted theoreticall$6] and in computer simula- cal stretching is not known. It is also not clear how this
tions[11]. It should be noted, however, that our data at lowunfolded ensemble will affect protein folding times in com-
temperatures are not sufficiently reliable to allow any quanparison to unfolded ensembles generated by other means.
titative conclusions. Questions pertaining to the structure of denatured states
In addition to comparing the folding times from simula- and its influence on folding kinetics are most conveniently
tions with those from the diffusion-equation formil, we  addressed using computer simulations. The large number of
can also assess the validity of the conformation diffusiomon-native conformations generated in the simulations of the
approach for our model by investigating the influence of thepresent work allows us to probe the effects of the unfolded
initial folding conditions on folding time. More specifically, state on the folding time of the model. The probability dis-
we seek to determine how this influence is captured in Eqgtribution of rms calculated at different temperatures is shown
(5). This question brings up the more general and often overin Fig. 4(b). Recall from our earlier discussion that formula
looked matter of the role of the unfolded state ensemble if5) was derived by considering that the state of unfolded
protein folding. In the following section we discuss the in- conformations can be described by a single paramgter
fluence of the nature of initial folding conformations on the =rms. With the protein unfolded at high temperatures, it is
folding time of our peptide. apparent from the figure that the unfolded state cannot be
assigned a single value of rms. A rather broad distribution
Pi(x) over different values of rms characterizes the ther-
C. The role of the unfolded state ensemble mally denatured ensemble. Accordingly, folding time of

We briefly mentioned in an earlier section that, in contrastimulations initiated from this type of unfolded ensemble is
to the native state, the unfolded state does not consist of @iven by the expression
single conformation, or even of a few conformations. Strictly J

R0 0ds ®)

Xt

speaking, every non-native conformation belongs to the un- thh:
folded state and a statistical approach to defining the un-

folded state as an ensemble of conformations, or a distribu-

tion, is hence necessary. Parameters of such distributions anéere 7(x) is the folding time for simulations started from
expected to depend strongly on the conditions of the proteigonformations with rms xy. We note that previously-(x)
environment such as the temperature or chemical composias taken to represent the actual folding time of the protein
tion of the solvent. These conditions determine structural anvheny was set tgy,,¢. The folding timer(y) can easily be
dynamical properties of the unfolded, or denatured, state ergalculated in simulations when a sufficient number of trajec-
semble. Since the structure of the unfolded state can varipries started from unfolded conformations are available. It
with denaturant conditions, it is reasonable to assume thatan also be estimated within the conformational diffusion
the kinetics of folding will also be affected by the degree ofapproximation through formulés). The dependence on the
denaturation. unfolded state ensemble enters Eg). through bothP;(x)

The nature of the unfolded state has been a long-standingnd 7(x). Below we investigater(x) computed in the
although at times underappreciated, area of research in prpresent simulations for five different values of the initial con-
tein folding [37]. A number of important developments in ditions y;<rms<y;+Ay, i=1,5. The parametef y was
recent years have attracted a renewed interest in this prolshosen such that the ensemble of the initial folding confor-
lem. In particular, it was found that, contrary to well- mations is statistically meaningful. It was found that a value
established views, conformations of the denatured state adexy=0.2 is large enough to select at least 1000 entries from
not random coils but may possess a significant amount dhe available pool of unfolded states for g|linvestigated at
secondary structurl88]. The size of the unfolded conforma- all temperatures. The initial values of the rms deviation were
tions, as estimated by the radius of gyration, also appears taken to bey;=2.4, 2.8, 3.2, 3.6, 4.0 A. As seen from Fig.
be substantially smaller than would arise from completely4(b), conformations with rms 3.6 A enter the thermally de-
structureless statel88,39. The structure of the unfolded natured ensemble with highest probability at all tempera-
state ensemble has been shown to strongly depend on thares. This is why this value was chosen in the preceding
denaturing conditions. For instance, denaturation by differensection for the quantitative comparison of the folding times
chemical means produces unfolded ensembles of similasomputed using theoretical and simulation methods. In Fig. 6
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10 tion coordinate y, the conformational diffusion constant
drops out in folding time ratios. All the changes observed in
—— RMS=2.4 . -
o 8T . Fig. 6b) for 7(x) hence originate purely from the free en-
£ ergy surface contributions. As is apparent from Figp) 6the
@ 6l i qualitative trend of the theoretical folding time to increase as
2 the initial ensemble departs from the native state agrees with
E, 4l | the results forr(yx) obtained from direct simulations. A
3 quantitative comparison of Figs(l§ and Ga) clearly shows,
e however, that the two folding times are off by almost an
27 i order of magnitude. In agreement with our earlier observa-
tions, we conclude that on the basis of the data shown in Fig.
400 6, the conformational diffusion folding mechanism, as imple-
mented through formuléb), has only limited success in de-
16 scribing the folding kinetics of our polyalanine model.

IV. CONCLUSIONS AND DISCUSSION

—_
~
T
I

We find evidence of complex, strongly nonexponential ki-
netics in molecular dynamics simulations of an atomistic
(b) model of a seven-residue polyalanine peptide in an implicit
solvent. As the temperature of the peptide is lowered, the
distribution of folding time changes from the narrow distri-
bution characteristic of fast relaxation processes, to a broad
one, reflective of slow relaxation with long-time tails. Fold-
0.8 w w L w ing at high and low temperatures takes place on disparate
400 500 600 700 800 time scales, with the relaxational statistics of the model be-

T (K) coming increasingly dominated at low temperatures by

FIG. 6. Relative folding timer(x)/7 (y=2.4 A) computed for ~ Single events of trapping in misfolded conformations.
the polyalanine model studied in the present work as a function of ~1his onset of slow dynamics renders the quantitative char-
temperature(a) Results of direct simulationgp) data generated by ~acterization of kineti¢such as mean folding times well as
the diffusion-equation formulég). thermodynamic propertiedor instance, distribution of rms
highly problematic in computer simulations. We illustrate
we display the ratio of folding time calculated for differgnt  this point for our low-temperature simulations for which we
to the folding time for the smallest value of rm&.4 A. The failed to achieve full equilibration. The simulations carried
ratio 7(x)/7(x=2.4 A), plotted as a function of tempera- out at two lowest temperatur@s=470 K and 500 K covered
ture, is computed directly from the simulation trajectory in physical time of 7us, i.e., more than TOtypical relaxation
Fig. 6(a), as well as using the diffusion-equation formula in times. We consider a typical relaxation time to be on the
Fig. 6(b). Figure &a) clearly shows that the folding time order of 500 ps, the value of the folding time B&550 K
increases as the unfolded states depart from the native stathe lowest temperature for which reliable data were ob-
(as reflected by larger values of rmén indirect confirma- tained. Under conditions where the underlying stochastic
tion of this trend can be found in a paper by Fersthal. [43] process obeys the laws of normal distribution, averaging
which reports folding times as a function of initial tempera- over 1¢ independent events should be sufficient to ensure
ture andpH levels. The authors report an increase in foldingstatistical convergence of the data. Clearly, the failure to
time as the temperature is raised, which is in good qualitativequilibrate the system may be of technical nature, due to an
agreement with our simulations. Regrettably, the data colinsufficient number of integration steps performed in the
lected in the present work are not sufficient to compifte) simulations. But it may also be of conceptual origin, indicat-
on a dense enough mesh to allow full quantitative predictionéng the presence of unusual statistical laws governing the
of the folding time as a function of initial temperature. folding kinetics of the present model. For example, if the
We mentioned previously that in order to assess the applifolding time of the model obeys broad \e statistics[32]
cability of Eq.(5) to our system, it is not sufficient to merely with a power-law exponent smaller than 1, the system be-
consider a single value of rms for the initial folding confor- comes nonergodic and convergence in time averages cannot
mationsy; . Rather, it is necessary to test how this formulabe achieved no matter how long the simulations are run.
works wheny; is varied. A similar observation that initial Unfortunately, it is impossible to determine on the basis of
folding conditions should be varied in order to validate thethe available data whether this scenario is actually the case in
conformational diffusion folding mechanism was made inthe studied model. Additional simulations are required to
the recent experimental paper by @aial. [44]. Figure §b)  clarify this issue.
shows the variation in folding time, predicted by formui, Another important trait of the folding kinetics of the
as the rms of the initial folding conformations is increased.present model concerns the temperature at which slow dy-
We note that sinc® is taken to be independent of the reac- namics sets in. It is apparent from Figga2and 4b) that at

Relative folding time
(M)

=y
T
I
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temperatures wherd>(7) becomes broad, the statistical underlying potential energy surface may possess excessive
weight of the native state is negligibly smékss than 1% at amounts of frustratipn. In this respect, an approach qdopted
T=600 K). In other words, the folding reaction is slow at by Freedet al. [14], in which the aspects of conformational
temperatures for which the native state has an occupatiofiynamics are tested by calculating time correlation functions
probability greater than 0.5, i.e., becomes thermodynamiln implicit solvents and making comparisons to those ob-
cally stable. This folding scenario in which the protein lackstained in explicit water simulations, seems to be more appro-
fast kinetics pathways linking the unfolded state conformafriate. .
tions to the native one at physiologically relevant tempera- AN additional fact that lends support to the idea that both
tures has been predicté86] on the basis of spin glass theo- thermodynamic and kinetic criteria should be taken into ac-
ries. This was later confirmed in simulations using latticecOUNt in designing implicit solvent models is that our simu-
[45] as well as off-lattice protein modef&6], in which the lations carried out in an implicit solvent reach conflicting
slow pathways become preferentially populated when thgonclusmns from those performed_ ywth explicit water mol-
temperature drops. Within this scheme, glassy kinetics arisBCUles[11] in terms of the applicability of a conformational
from relative ruggedness, or frustration, of the free energyiffusion folding mechanism. The conformational diffusion
surface associated with the protein. The amount of frustraS€@rch envisions the folding reaction, which takes place in
tion in a protein is quantified by the thermodynamic ratio ofthe .multldlmensmnal conformatlonal space, as a dn‘fu.swe
the folding temperatur&; to the glass transition temperature rgotlondglong sorznfhappropr;ately c.?.ose?fprogress v%naple.
i ; epending on whether or not a significant free energy barrier
Tg. Depending on the nL_Jm(_a_rlcaI value_ of th_e_ rafd muZt be o?/ercome on the wa: tog[he native state tf?)e/ foldin
=T /T4 there are two possibilities for folding efficiency. If way : U 9
R>1 folding proceeds rapidly and displays predominantlym.aY be two state or multistate. R_ecent S|mylat|on In an ex-
exponential kinetics. Slow folders, on the other hand, hawfr)l'c.'t solvent[11] has shown that if the configurational dif-
ratiosR<<1 and are usually characterized by nonexponentia usion (ionsr:anD, Wh'crf‘ char?cterlzgs hO\év free:jy atprofteltr;]
folding kinetics. Considering this classification of proteins,can interchangé - conformations, 1S independent ot the
we argue that the model studied in this work belongs to thdrogress variable, the resulting theoretical folding formalism
class of slow folders. Accordingly, we associate the strongl an be qsed to study helix fo_rma_tion in alanine polypeptid.es.
nonexponential and slow kinetics observed in our study with N e_lpph.ed th|§ same formalism in our study toa polyalanlne
significant levels of frustration in the model peptide in an implicit solvent and found that its success is
The kinetic behavior observed here for polyalanine in ar"m'ted' _NOt c_)nly do we obtain large f.'VEfOId d|scr_epanC|es n
implicit solvent should be compared to the results of RefN€ f(_)ldmg_tlmes_computed theorenca_lly and dlrec'_tly fr_om
[11] in which a similar peptide was studied in an explicit th.e simulation trajectory, bl.Jt the behavior of the folding time
solvent. The folding time of 100 ps obtained in an explicitW'th respect to variations in the unfolded state ensemble is
solvent is comparable to 500 ps obtained here. In additior]°t satisfactorily captu'red by the dlffusmn—equanon_formula
nonexponential kinetics were also observed in explicit sol—.(5)' It can be stateq with certainty that c_iqe o the dlffgrence
vent conditions. A significant difference, however, lies in the'" levels of frustra_tlon_between t_he implicit a_no_l explicit sol-
fact that simulations in an explicit solvent were able to reach\f’erlt models the diffusive-dynamics formu@ in its present

equilibrium at physiologically relevant temperatures of 300 orm does not describe the folding kinetics of our peptide
K over much shorter time scalél0 ng [11] than in our model. Clearly, one would need to consider higher-level
implicit solvent simulations (7us). The discrepancy be- models, for instance one in which the diffusion constant de-

tween the kinetic patterns observed for essentially the sarﬁ%end.S on the reaction coord|_ni&9], or a_mult|d|men5|onal
protein model but in different solvents implies that the kinet-reaction coordlnat§47], to bring theoretical and computer
ics of folding is a major factor to consider when assessing o?'mUIat'on results in better agreement.

developing implicit solvent models. Indeed, as the present
model demonstrates, stating that an implicit solvent gener-
ates low-energy structures similar to those observed in ex- We thank Angel Gara, Jin Wang, and Karl Freed for
periments or an explicit solvef®] is not sufficient to assess helpful discussions. This work was supported by the NSF
the usefulness of the model for dynamical simulations, as th€areer Award 013504.
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