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Viscosity Dependence of the Folding Rates of Proteins

D. K. Klimov and D. Thirumalai

Institute for Physical Science and Technology and Department of Chemistry and Biochemistry, University of Maryland,
College Park, Maryland 20742
(Received 10 February 1997

The viscosity (n) dependence of the folding rates for four sequences (the native state of three
sequences is @ sheet, while the fourth forms aa helix) is calculated for off-lattice models of
proteins. Assuming that the dynamics is given by the Langevin equation, we show that the folding rates
increase linearly at low viscositie, decrease ak/n at largen, and have a maximum at intermediate
values. The Kramers’ theory of barrier crossing provideguantitativefit of the numerical results.

By mapping the simulation results to real proteins we estimate that for optimized sequences the time
scale for forming a four turre-helix topology is about 500 ns, whereas frsheet it is aboul0 us.
[S0031-9007(97)03573-4]

PACS numbers: 87.15.—v

Based on several theoretical studies of minimal modelsequences each with eithergasheet ora helix as the
of proteins, a novel conceptual framework for understandnative state, are as follows:
ing the folding kinetics of proteins [1-5] and, in general, (a) The folding ratekr for the formation of a8 sheet
biomolecules [6] has recently emerged. The basis of thisr ana helix increases linearly withy at low viscosities
new framework lies in the observation that the polymericreaching a maximum at moderate valuesnmofind starts
nature of proteins together with the presence of conflictio decrease ak/n at higher viscosities.
ing energies (arising from the differences in the structural (b) By assuming that the typical free energy barrier
preferences of hydrophobic and hydrophilic residues) leatb folding scales as/M kT, [5] (T, is the simulation
to topological frustration—a situation where structurestemperature andM is the number of beads in the
which are favorable on relatively short length scales, arsequence), we find that the Kramers' expression for
in conflict with the global free energy minimum, namely, barrier crossing [9] (with the frequencies at the bottom
the native state of the protein. Because of topologicaand at the barrier height of an appropriate reaction
frustration, the underlying free energy landscape has, be&oordinate as adjustable parameters) givegiantitative
sides the dominant native basin of attraction (NBA), sev{it of the simulation results. This implies that, at least
eral competing basins of attraction (CBA). Theoreticalfor small proteins with simple native state topology, a
studies of folding kinetics in such a complex energy land{ow-dimensional (or even one) reaction coordinate can
scape suggest that, in general, the folding of biomoleculeadequately describe the folding process [10].
takes place by multiple pathways rather than by a hierar- (c) For fast folding sequences, i.e., those that essentially
chical organization. Recent experiments lend support tdisplay two-state folding kinetics, the fraction of molecules
the “new view” [1-6] of the folding of biomolecules [7]. that reaches the native state rapidly without being trapped

One of the important theoretical predictions is that thein CBA, namely, the partition facto®, is close to unity
mechanisms of protein folding can be varied depending naind isindependenbf viscosity. For slow and moderate
only on the intrinsic sequence properties but also on exteffolders, ® depends ory, implying that viscosity can be
nal conditions (such agH, salt concentration, viscosity, used to alter the mechanisms of protein folding.
etc.) [3,5,6]. The theoretical studies to date have focused The polypeptide chain is modeled by a sequence of
on the temperature dependence of folding rates using mini¥ connected beads, each of them corresponding to,
mal models of proteins. The purpose of this paper is tgperhaps, a blob of actuat carbons [11]. The chain
examine the dependence of the rates of protein folding ononformation is determined by the vectofg}, i =
viscosity, n (or, equivalently, the friction coefficient), 1,2,...,M. Although real polypeptide sequences are
and to provide a picture of the folding process in terms ofmade from twenty amino acids, it has been shown that
the free energy landscape classified using NBA and CBAthree letter code sequences (i.e., sequences of residues of
Although there are a few experimental studies that havéhree types) can faithfully mimic certain properties of real
probed the dependence of the folding rates on viscositproteins [11]. Accordingly, we assume that the protein
[8], they have not been systematic enough to reveal theequence is made of hydrophokiB), hydrophilic (L),
underlying folding mechanisms. and neutralN) residues. In these models a sequence is

We use continuum minimal model representation of thespecified by the precise way in which tlie L, and N
polypeptide chain and Langevin dynamics to compute théeads are connected together.
folding rates as a function of viscosity. The major results Following our earlier work [11], the energy of a con-
of this study, which were obtained by examining fourformation is taken to be the sum of the bond-stretch
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potential, bond-angle potential, potential associated wittharge o have several CBA that act as kinetic traps [11].
the dihedral angle degrees of freedom, and nonbondetiwo of the sequences; and I, have relatively small
potential, which is responsible for tertiary interactions.values ofo [11] (0.20 and 0.14, respectively) and hence
The details of the potentials and the compositions of thare fast folders, which implies that in excess of 90%
three sequences labeldd] G, and I with a 8 sheet as of the molecules reach the native conformation on the
the native state are given elsewhere [11]. The potentidime scale in which collapse and formation of the na-
energy function and sequence composition for sequendéve state are almost synchronous [5]. SequehAcis a
H with the o helix as the native conformation are the moderate folder, whilef is a slow folder (witho =
same as in a previous study [12]. The parameters in th@.39 and 0.75, respectively). Since these four sequences
dihedral angle potentidl(¢) = A(1 — cos¢) + B(1 +  involve the two common structural motifs in proteins
cos3¢) + C(1 — sing) are takento bd = 1.0¢,, B = and span a range af, meaningful conclusions regard-
1.6€,, andC = 2.0¢;, respectively, where the parameter ing the viscosity dependence of small proteins can be
€, = 1-2 kcal/mol is the average strength of the hy- drawn.
drophobic interaction. These parameters differ from the We assume that the Langevin equation provides an
ones used earlier [12]. The native conformations for seadequate description of the polypeptide chain dynamics.
guenced and H, which are determined by the methods Since our goal is to study the dependence of the folding
described in [11], are displayed in Fig. 1. rate as a function of viscosity over a wide range, we
The choice of sequences was dictated by the followingre forced to use different algorithms, depending on the
considerations. It has been shown [11] that the kinetigprecise value of the viscosity or the friction coefficient
accessibility and the associated thermodynamic stability (= 677 na). In the low ¢ limit, corresponding to the
of the native conformation for minimal protein models energy diffusion regime, the inertial terms are important,
correlate extremely well withc = (Ty — Tr)/Ts(0 =  and we use the noisy molecular dynamics [11]. At higher
o < 1), where the two characteristic temperatures in-values of{ we use the Brownian dynamics algorithm of
trinsic to the sequencdy, and T, are the collapse and Ermak and McCammon [13]. We have verified that both
folding transition temperatures, respectively. Sequencesf the algorithms givedenticalresults for folding rates in
with relatively small values obr reach the native con- the intermediate range df. For the sake of consistency,
formation very rapidly without being trapped in any we measure time in units af, = (ma?/e;)"/2, wherem
detectable intermediates, whereas those sequences withthe mass of a bead andis the bond length between
successive beads.
= e The external conditions in the simulations afeand
| I | | H ' temperaturel’. Since we focus here on the variation of
the folding rate withZ, it is desirable to choose sequence
) dependent simulation temperaturgs so that the extent
)

. > of the native conformation (given by the structural over-
,(f L ) lap function y, which measures the similarity of a given

e conformation to the native state [11]) is the same for
J all sequences. The simulation temperatufg, is cho-
\ sen so that (i{; < Tr and (i) (x(T)) = a would be
) the same for all sequences with a given native topology.
. The conditionT, < Tr ensures that the native confor-
= J 2 mation has the largest occupation probability, while the
t g second condition (ii) allows us to subject the sequences
to similar folding conditions. With the assumption that
_ ) . a = 0.26, T, (measured in the units o;) turns out
e S _— to be 0.29, 0.37, and 0.41 for sequendesl, and G,
FIG. 1(color). The conformations of the native state forrespectively [11]. For sequencd we took a to be

sequences (B sheet, left panel) anél (a helix, right panel). 0.32, and the resultind@, is 0.24 (details to be published
The sequences consist of hydrophoticresidues (shown in  elsewhere).

blue), hydrophilicL residues (shown in red), and neutvsl The folding rate is calculated as

residues (shown in grey). In thg sheet, neutral residues

are near the loop region, where the dihedral angles can adopt Nmax

g7 (= 60°), t(= 180°), or g~ (= —60°) positions, wherg ", 1, kp = 1 L (1)
andg ™ are the three minima in the dihedral angle potential [11]. Noax & 71i

The dihedral angles in thg strands are in the conformation.

The B sheet is stabilized by the attractive hydrophoBicB s : ; : ;
interactions. All the dihedral angles in helical structure are inWhere 7y; 15 the first passage time (the first time a

g* positions. The number of beads (residues) in one turn ogiven trajectory reaches the native conformation) for

the helix is 3.9. These structural features are in accord witﬁhe_ trajeptoryi, af_'ld Nmax _iS the_ maximum number of
those seen in real proteins. trajectories used in the simulations. The valueNafax
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ranges from 200-600, depending frand the sequence, regime is given by [9,14]

which gives well-converged results fdrz.
we plot the ratiokr/krst as a function ofZ, where
krst is the transition state estimate of the folding rate.
The calculation ofkrst is described in the caption for

In Fig. 2

KR

= A §—2+w2—£
2rwp |\ 4 B9

Fig. 2. The top, middle, and lower panels correspondvhere AF is the typical barrier height that the protein
to sequences;, E, and H, respectively. It is clear that overcomes en route to the native state, andand wp

the folding rate increases (roughly linearly) at I@gwand

are the frequencies at the minimum and saddle (transi-

decreases as ! at higher viscosity. There is a maximum tion state [15]) points of @suitable undeterminedne-

at moderate values df.

dimensional reaction coordinate describing the folding

The remarkable similarity of the dependence of theprocess. One of us has argued that the typical free en-
rate of folding to the predictions of Kramers’ theory ergy barrier in the folding process scales\ds = /M T,
for barrier crossing [9] suggests that for proteins with[5,16,17]. If this result is used, then there are two pa-
simple native state topology a suitable one-dimensionalameters inkxr, namely,w,/wp and wg, which can be

reaction coordinate suffices.

In fact, the simple one-used to fit the simulation results. The solid lines in Fig. 2

dimensional Kramers’ theory can be used to analyze oushow the results of such a fit. It is clear that Eq. (2) fits
results quantitatively. According to Kramers’ theory thethe data quantitatively. The numerical valueswof and
rate for barrier crossing in the moderate to high viscositywp (see caption to Fig. 2) for the four sequences (data for

sequencd not shown) suggest that the barriers for slow
folders are, in general, flatter than for fast folders.
The quantitative description of the simulation results

10.0
ok 1 by the Kramers’ theory shows that (a) the assumption
: ® of a one-dimensional reaction coordinate for folding of
01 e * ] proteins with simple native state topology is appropriate
[10]. (Furthermore, it appears that in the energy diffusion
0.01¢ 3 regime an appropriate folding reaction coordinate couples
0.001 rather weakly to the other degrees of freedom. This is
e supported by the notion that in nearly all the sequences
L0k - 1 examined once a critical number of native contacts is
i o1 le ® i established a rapid acquisition of the native state takes
= place.) (b) The typical barriers in the folding process
~ o071} 4 scale sublinearly withi, the number of amino acids, and
0001 is adequately given by/M T,. (c) The transition state
estimate for the folding rate in the viscosity regime of
10 | o ] experimental interest is at least 2 orders of magnitude less
° ° than the actual rate.
01 k@ 3 In our earlier studies we have shown that, due to
0.01F ] topological frustration, the refolding of proteins follows
the kinetic partitioning mechanism (KPM) [5,6,11]. It
0.001

0.0010.01 0.1

FIG. 2. The ratio of the folding rate to that of the transition
state value as a function @f. The top, middle, and bottom

1.0 10.0 100.1000.
¢

is of interest to compute the partition factdr, which
gives the yield of native molecules that arrive rapidly
without being trapped in any intermediate, as a function
of £. Using the distribution of first passage timds,can
be easily obtained [11]. The partition factdr shows

Eigﬁ'esnggg;esﬁﬁé‘ O,Ig tﬁa\fng%ncﬁig{ ;”iﬂ’atﬁﬁngg'tf'ﬁnd no significant variation for the fast folding sequences
the native conformation for sequenég is an « helix. The G and I (data not shown). The dependence &f
solid lines are the fit using the Kramers’ expression for barrieron ¢ for sequenceE is displayed in Fig. 3. Similar
crossing [cf. Eq. (2)]. The free energy barrier in Eq. (2) iSresylts are obtained for the helix. This figure shows
taken t0 bey/M T, s thatws/w; and wp are used as fiting a1 4 suggested earlier [5,6], the generic feature of

parameters. From the best fit, the transition state estimate ;
the folding rate is calculated usingsr = w4 exp(—v/M)/2. PM, namely, that, for foldable sequences, a fraction
For sequencess and H, the fit is done using nine data Of molecules® (determined byo) reaches the native
points with ¢ = 0.16, while for sequenceE ten data points conformation rapidly, remains valid for all values of
are used with/ = 0.05. The most accurate least squares fit/ Just as the rate of folding itselfp also shows a
for sequencess, E, and H give [1.86 (0.01), 2.47 (0.01)], ~nonmonotonic behavior. Although there is no systematic

[1.95 (0.08), 1.43 (0.03)], and [3.78 (0.02), 0.75 (0.002)], . bel ;
respectively. The set of the numbers in the square bracket§€nd in the variation o with /, the sequence tends to

corresponds ta, and w, and the numbers in parentheses arePehave as a fast folded = 0.9) at the higher and lower
error estimates. Viscosity for water givés—= 50. values of¢.
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1.00f ' ' ' ' ' ] in our study is not well optimized, since = 0.75 is
: ] relatively large. Well-optimized sequences havgalues
0.90F o in the range of 0.3 or less [11]. If we assume that folding
‘e time scales roughly as> [5], then we predict that an
0.80F @ ° E optimized helical sequence with four turns would fold in
o e oo | almost 500 ns 00.5 us. 3 _
o070k PO ) ] Our theoretical predictions can be verified by experi-
B o ] ments on folding kinetics in the viscosity regim@aier =
: ) ] n = 10myaer. The prediction that the yield of the fast
0-60¢ ° ¢ E folding process (namely®) for moderate and slow fold-
E ers can be drastically altered by changing viscosity is
0.50¢ ' ' ‘ ‘ ' ? amenable to experimental tests.
0.001 001 01 1.0 10.0 100. 1000.
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FIG. 3. The partition factord, which gives the fraction of
fast folding trajectories, as a function d&f for sequenceE
(a moderate folder). Folding pathways strongly depend/on
leading to a dramatic variation i. For example, at = 500
this sequence may be classified as a fast folder> 0.9),
while at all other{ it is a moderate folder. There is no
dependence ofp on ¢ for fast folding sequences (data not
shown).
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