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ABSTRACT: This paper presents a new method for calculating the folding-unfolding rates of globular
proteins. The method is based on solution of kinetic equations for a network of folding-unfolding pathways
of the proteins. The rates are calculated in the point of thermodynamic equilibrium between the native
and completely unfolded states. The method has been applied to all the proteins listed by Jackson [Jackson,
S. E. (1998)Folding Des. 3, R81-R91] and some peptides. Although the studied protein chains differ by
more than 1 order of magnitude in size and exhibit two- as well as three-state kinetics in water, and their
folding rates cover more than 11 orders of magnitude, the theoretical estimates are reasonable close to the
experimentally measured folding rates in midtransition (the correlation coefficient being as high as 0.78).
This means that the presented theory (having no adjustable parameters at all) is consistent with the
experimental observations.

Many proteins fold and unfold without any visible
intermediates, by a simple two-state transition (1). Many
other proteins exhibit a more complicated three-state transi-
tion, if all the range of conditions is taken into account; close
to thermodynamic equilibrium between the native and
unfolded states, however, they also demonstrate no visible
intermediates and a simple two-state transition (1, 2). Some
basic correlation between the protein size and its folding rate
has been suggested during recent years (3-6), but this
correlation is not as high (2). Recent empirical and theoretical
studies of proteins that undergo a simple two-state transition
have instead indicated that topology largely determines the
folding rates (7-10). It has been shown also that theoretical
investigations of folding/unfolding pathways are able to
outline the residues of key importance for protein folding
(the “folding nucleus”), provided the 3D1 structures of native
proteins are given (11, 12).

Theoretically, folding and unfolding are most simple in
the vicinity of the point of thermodynamic equilibrium
between the native and unfolded states (2, 5, 6). This paper
presents a new method for calculating the folding-unfolding
rates of globular proteins in this point, where the folding
and unfolding rates coincide. The method is based on solution
of kinetic equations for a network (similar to that studied in
ref 12) of the folding-unfolding pathways of the protein
three-dimensional structure. The method has been applied
to all the set of proteins listed in the review (1) and to some
peptides. The studied polypeptides differ by more than 1
order of magnitude in size and exhibit two- as well as three-

state kinetics in water, and their folding rates cover more
than 11 orders of magnitude. Nevertheless, the theoretical
estimates are reasonable close to the experimentally measured
folding rates in midtransition (the correlation coefficient
being as high as 0.78). This means that the presented theory
(having no adjustable parameters) is consistent with the
experimental observations.

MATERIALS AND METHODS

Network of the Folding-Unfolding Pathways.Following
the earlier developed theory (5, 12), we consider a simplified
stepwise unfolding (Figure 1), at each step of which a “chain
link” (i.e., a chain fragment of one or a few residues) is
removed from the native 3D structure. A semifolded protein
with some given residues fixed in their native positions and
the other residues being disordered can be described as a
“microstate”, since a disordered link corresponds to an
ensemble of many conformations. The removed links are
assumed to form the random coil; they lose all their
nonbonded interactions and gain the coil entropy (except that
spent to close the disordered loops protruding from the
remaining globule; see Figure 1 and eq 9 below). We assume
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FIGURE 1: Unfolding (and folding) semifolded intermediates (only
a small part of them shown) and a network of unfolding pathways.
Each arrow corresponds to an elementary step, i.e., to the transition
of one “chain link” (of several residues) from the globular,
nativelike part of the intermediate (bold line against the background
of a dotted cloud denoting the globule) to the coil (dotted line).
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that the links remaining in the globule keep their native
positions and that the unfolded regions do not fold into
another, non-native globule. Thus, we actually neglect non-
native interactions, which makes our model similar to that
of Goj (13). The next simplification is that we concentrate
on the stability (actually, on the instability) of partly unfolded
intermediates, rather than on a detailed description of the
chain motions. Further, to facilitate the computations, we
divide theN-residue chain not intoN residues but intoL
“links” of a few (N/L) residues each. Then the network of
the folding-unfolding pathways (Figure 1) includes 2L

microstates; the takenL e 18 ensures a sufficiently rapid
computation.

Kinetic Equations.Let us consider an ensemble of protein
molecules. The numberni of the molecules having microstate
i (i ) 0, 1, ... ,M, M + 1, whereM ) 2L - 2, “0” is the
native state, “M + 1” is the coil state, and “1”, ..., “M” are
the semifolded intermediates; see Figure 1) changes with time
t according to the usual kinetic equation

wherekij is the rate of transition from theith to thejth state.
These equations can be solved in a quasi-stationary ap-
proximation (14), i.e., under the assumption that

for all the intermediates “1”, ..., “M”.
This approximation is correct when all the semifolded

intermediates (“1”, ..., “M”) have a high free energy and
therefore a low statistical weight (i.e., they are present in a
very low quantity) as compared with the initial and final
states (14). Thus, it is valid for the “all-or-none” (in
thermodynamics) folding and unfolding, which is typical of
proteins (15) close to thermodynamic midtransition (in
kinetics, it is called the “two-state transition”).

Taking into account eq 1, system 2 can be represented as

whereA is anM × M matrix with the elementsAij )

where 1e i, j e M, B is a vector with the componentsBi )
k0i (1 e i e M), C is a vector with the componentsCi )
kM+1,i (1 e i e M), n0 is the population of the initial, native
state “0”, nM+1 is the population of the final, coil state
“M + 1”, andn is a vector with the componentsni (i ) 1,
...,M). The changes in the populations of the final and initial
states are

where C* is a vector with the componentsCi
* ) ki,M+1

(1 e i e M).
The vector

is a solution of system 3, and from eq 4, the decrease in the
population of the initial state is

The vectorX ) A-1B is obtained from the solution of
equationAx ) B by Zeidel’s iteration method (16). Thus,
Ku ) C*X is the rate constant for the unfolding, i.e., the rate
of transition from “0” (the native state) to “M + 1” (the
coil) through the network of the unfolding pathways. Then
the time of protein unfolding is 1/Ku. At the same time,
Kf ) ∑p)1

M kM+1,p - C*A-1C is the rate of folding. At the
equilibrium between the native and unfolded state (i.e., when
their free energiesF0 andFM+1 are equal),Ku ) Kf.

For the elementary transition rates, we use the approxima-
tion given by eq 7, which is usual (17) for the Metropolis
scheme of kinetic simulations based on the Monte Carlo
method (18):

(Transition is “possible” whenj is obtained fromi by
removing one link from the nativelike part ofi or by adding
one link to this nativelike part.)Fi is the free energy of
microstatei, R is the gas constant,T is the temperature, and
k0 is the rate constant for a downhill (in free energy) step.

Such estimates of the elementary transition rates are
certainly rough, but they can be used when the rate of the
overall process is determined by the instability of the
transition state(s) (as in the problem we solve now) rather
than by a detailed description of the chain motions.

Since we use “chain links” ofλ ) N/L residues (whereN
is the number of residues in the chain andL is the number
of the links),k0 must depend onλ: the unfolding of a chain
link of 10 residues is certainly slower than unfolding of one
residue. It is reasonable to assume that propagation of the
unfolded region by a downhill sequential unfolding ofλ
residues takes, on the average, approximatelyλ times more
time than a downhill unfolding of one residue. Thus, the
elementary transition time is proportional to the numberλ
of residues in the chain link. Since unfolding of a residue
may be considered as a two-step unfolding (unfolding of the
backbone and of the side-chain), we estimatek0 as

whereτ0 ) 10 ns is the experimentally measured time of
unfolding of oneR-helical residue (19) (where only the
backbone unfolds). However, the theory-to-experiment cor-
relation virtually does not change (see below) when we use

dni

dt
) - ∑

j)0

M+1

kijni + ∑
j)0

M+1

kjinj (1)

dni

dt
) 0 (2)

dn
dt

) -An + Bn0 + CnM+1 ) 0 (3)

{ ∑
p)0

M+1

kip i ) j

-kji i * j

dnM+1

dt
) -∑

p)1

M

kM+1,pnM+1 + C*n ) -
dn0

dt
(4)

n ) A-1Bn0 + A-1CnM+1 (5)

dn0

dt
) -[C*A-1B]n0 + [∑

p)1

M

kM+1,p - C*A-1C]nM+1 (6)

kij ) k0 ×

{0 if transitioni f j is physically impossible
1 if transition i f j is possible andFi g Fj

exp(-
Fj - Fi

RT ) if transition i f j is possible andFi < Fj

(7)

k0 ) 1/(2τ0N/L) (8)

9958 Biochemistry, Vol. 40, No. 33, 2001 Ivankov and Finkelstein



a link size-independentk0 ) 1/(10 ns)) 108 s-1, as it should
be when the overall rate of a process is determined by
instability of the transition state(s) rather than by a detailed
description of the chain motions.

Free Energy Estimate.The free energy of microstatei
(havingνi disordered residues and the givenN - νi residues
keeping their native positions and conformations) is taken
(12) as

The first double sum is taken over all nonneighbor residues
R, â keeping their native positions ini. The second sum is
taken over all the closed disordered loops protruding from
the globular, nativelike part ofi (e.g., the intermediate given
in the middle of the lower row of Figure 1 contains one

Table 1: List of Proteins and Polypeptidesa

no. protein ref PDB length ln(t)w ln(t)mt ln(t)t

1 R-helix of 21 residuesb 21 b 21 -15.5b -15.5b -13.7
2 â-hairpin from Ig binding protein (41-56) 22 1PGB 16 -12.0 -12.0 -14.5
3 monomericλ-repressor (λ6-85), WT 23 1LMB 80 -8.5 -6.5 -1.8
4 monomericλ-repressor (λ6-85), G46A;G48A 23 c 80 -11.4 -4.9 c
5 ACBP bovine 24 2ABD 86 -6.6 1.2 -4.9
6 ACBP rat 25 c 86 -6.0 1.5 c
7 ACBP yeast 25 c 86 -8.3 0.2 c
8 cytochromec 26 1HRC 104 -7.9 -2.3 3.4

cytochromec [horse, oxidized (FeIII )] 27 -6.0 d
9 cytochromec [yeast, oxidized (FeII)] 27 1YCC 103 -9.6 d 0.8

10 tendamistat 28 2AIT 74 -4.2 5.0 1.7
11 CspB (Bacillus subtilis) 29 1CSP 67 -7.0 -3.2 -6.7

30 -6.5 -2.7
12 CspB (S. caidolyticus) 30 c 66 -7.2 -0.1 c
13 CspB (Thermotoga maritima) 30 c 68 -6.3 2.6 c
14 CspA 31 1MJC 69 -5.3 -1.7 -3.4
15 SH3 domain (R-spectrin) 32 1SHG 57 -2.1 1.8 -0.8

33 -1.4 3.0
16 SH3 domain (src) 34 1SRL 56 -4.0 0.3 -1.0
17 SH3 domain (PI3 kinase) 35 1PKS 76 1.1 4.8 4.9
18 SH3 domain (fyn) 36 1SHF 59 -4.5 3.2 -2.9
19 9FN-III 37 1FNF 90 0.9 d 8.2
20 twitchin e 1WIT 93 -0.4 5.8 8.5
21 tenascin (short form) 38 1TEN 89 -1.1 4.2 7.4
22 tenascin (long form) 38 c 92 -1.8 6.7 c
23 10FN-III 38 1FNF 94 -5.0 d 7.2
24 Ci2 39 2CI2 64 -3.9 3.7 -1.3
25 activation domain procarboxypeptidase A2 (ADAh2) 40 1AYE 78 -6.8 -1.4 0.8
26 arc repressor (dimer single chain)f 41 c 121 -9.3 -2.5 c
27 IgG binding domain of streptococcal protein L 42 2PTL 62 -4.1 1.9 2.2
28 spliceosomal protein U1A 43 1URN 96 -5.8 2.7 5.3
29 Hpr (histidine-containing phosphocarrier protein) 44 1HDN 85 -2.7 3.0 4.7
30 FKBP12 45 1FKB 107 -1.5 5.4 7.1
31 muscle-AcP 46 1APS 98 1.5 7.5 7.1
32 villin 14T 47 2VIK 126 -6.8 0.2 5.9
33 ubiquitin, WT*g V26A 48 c 76 -4.6 0.4 c
34 ubiquitin, WT*g 48 1UBQ 76 -5.9 1.6 -6.3

ubiquitin, WT* + 0.4 M Na2SO4
g 48 -6.8 1.0

35 barstar 49 1BTA 89 -3.4 1.4 1.6
36 CD2, pH 7.0 50 1HNG 97 -1.8 3.4 3.8

CD2, pH 4.5 50 -2.6 d
37 barnase 51 1BNI 108 -2.6 4.3 7.9
38 suc 1 e c 113 -4.2 d c
39 lysozyme (hen egg white) 52 1HEL 129 -1.3 7.4 4.4
40 CheY 53 3CHY 128 -1.0 1.6 -1.2
41 p16 e c 148 -3.5 d c
42 GroEL apical domain (191-345) 54 1DK7 146 -0.8 2.1 8.8
43 ribonuclease H (Escherichia coli), pH 5.5 55 2RN2 155 0.5 7.6 6.5

56 -1.4 3.5
44 N-terminal domain from PGK 52 1PHP 175 -2.3 1.2 9.1
45 C-terminal domain from PGK 57 1PHP 208 3.5 8.5 9.1
a List of proteins (refs23-57) is taken from ref1. If some protein was investigated at different temperatures, the experiment at the temperature

closest to 25°C is presented here. The midtransition point was defined by crossing of the extrapolated branches of the chevron plot. If several 3D
structures (i.e., several PDB entries) are available for some protein, the X-ray structure is used in our calculation; otherwise, the averaged NMR
structure; otherwise the NMR structure, model 1. The proteins numbered from 3 to 33 exhibit the two-state folding within the whole range of
experimental conditions; from 34 to 45 exhibit the three-state folding when the native state is much more stable than the denatured one.b There is
no PDB entry for the Ala-rich 21-residueR-helix studied; the ideal (Ala)21 R-helix was used in our calculation of the transition time. Both ln(t)w

and ln(t)mt values refer to 25°C. c There is no PDB entry; consequently, no calculation of the transition time has been done.d The lowest part of
the chevron (the midtransition) is not defined; consequently, there is no experimental estimate of the folding/unfolding rate in the midtransition.
e Only a personal communication or unpublished observations are cited in ref1. f Two Arc repressor monomers (of 53 residues, PDB entries 1ARR
and 1PAR) have been connected by a glycine-rich linker in the folding experiment; there is no PDB entry for such a construction.g WT* is F45W
mutant; the PDB entry 1UBQ was used in our calculations of the transition time. The experimental data from the Table 2 of ref1 are used since
it has been shown that ubiquitin folds via three-state kinetics in water (49).

Fi ) ε ∑∑
(R<â-1)∈nat.i

δRâ - T[νiσ1 + ∑
loops∈i

Sloop] (9)
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closed loop and one tail, and the next one in this row has
both the N- and C-terminal tails and one closed loop).δRâ

is the number of atom-atom contacts (at the distance of<5
Å) between residuesR andâ in the native 3D structure,ε is
the energy of one atom-atom contact,T is the temperature,
andσ1 is the entropy difference between the coil and native
states of a residue (according to ref15, we takeσ1 ) 2.3R,
R being the gas constant). The native state (withν0 ) 0)
and the coil (withνM+1 ) N) have equal free energies at the
midtransition; i.e.,ε andT are connected here by equation
ε/T ) -Nσ1/∑∑1eR<â-1eN δRâ. Thus, theε/T value is indi-
vidual for each protein and refers to its midtransition (cf.
ref 10). Note that the rate constants (eq 7) depend just on
the ε/T ratio rather than onε or T separately. The entropy
spent to close a disordered loop between fixed residuesR
andâ is estimated (6, 12) as

HererRâ is the distance between the CR atoms of residuesR
andâ, a ) 3.8 Å is the distance between the neighbor CR

atoms in the chain, andA is the persistent length for a
polypeptide (according to ref20, we takeA ) 20 Å).

RESULTS AND DISCUSSION

To compare the developed theory with experiment, we
took (Table 1) all the proteins from the list of Jackson (1)
and two short peptides [R-helix (21) and â-hairpin (22)]
studied by Eaton’s group (21, 22). For all the proteins we
took [or computed, from ref1 or from the original papers
(23-57)] the rates of their folding/unfolding in the point of
thermodynamic equilibrium between the native and the
denatured forms. The theoretical unfolding rates were
computed, as described above, from unfolding the 3D protein
structures, taken from the PDB (58) according to their codes
listed by Jackson. The computed unfolding times refer to
L ) 18 except for theâ-hairpin which consists of 16 residues
(thus,L ) 16 is used here). This number of chain links was
taken to obtain the most detailed model of unfolding, on one
hand, and to have a reasonable time of calculation, on the
other. However, the results forL ) 15 andL ) 12 are nearly
the same as forL ) 18 (data not shown). The elementary
transition ratek0 is estimated from eq 8. However, the
correlation with experiment virtually does not change when
the simplest estimate,k0 ) 108 s-1, is used for all proteins
and peptides (data not shown).

Figure 2 presents a comparison of theoretical and experi-
mental data. One can see that the points in Figure 2 gather
around the diagonal of the plot, which means a rather good
approximation of the experimental folding times by their
theoretical estimates. The coefficient of correlation is as high
as 0.78 (0.57, if the short peptides are excluded from the
comparison). This correlation is significant for the following
reasons: First, we did not use any adjustable parameters in
our theory; second, the theory is based on very simple
estimates of kinetic constants and free energies and on a
straightforward analysis of the folding/unfolding pathways.

The presented theory is general. It works nearly equally
for small peptides, middle-size two-state folding proteins,
and larger three-state folders (the coefficient of correlation

is 0.78 for all the set of peptides and proteins listed in Table
1, 0.59 for two-state folders, and 0.44 for three-state folders).
In contrast, the well-known “order parameter” (CO) of Plaxco
and Baker (7) was developed for the two-state folding
proteins only and correlates with their folding times at the
level as high as 0.8-0.9 (7, 59). But the CO fails to correlate
with folding times of short peptides (10) and of the three-
state folders: for the latter, the correlation is even negative,
-0.55, according to the data taken from ref1.

However, it should be noted that the coincidence between
theory and experiment is still far from being perfect: at
extreme, some experimental values differ from the theoretical
estimates by 3 orders of magnitude. This requires the farther
development of a more accurate theory and, in particular, a
more accurate estimate of the free energies of the semifolded
intermediates and the kinetic constants.
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