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Abstract—Statistical analysis of protein folding rates has been done for 84 proteins with available experimental data. A sur-
prising result is that the proteins with multi-state kinetics from the size range of 50-100 amino acid residues (a.a.) fold as
fast as proteins with two-state Kinetics from the same size range. At the same time, the proteins with two-state kinetics from
the size range 101-151 a.a. fold faster than those from the size range 50-100 a.a. Moreover, it turns out unexpectedly that
usually in the group of structural homologs from the size range 50-100 a.a., proteins with multi-state kinetics fold faster than
those with two-state kinetics. The protein folding for six proteins with a ferredoxin-like fold and with a similar size has been
modeled using Monte Carlo simulations and dynamic programming. Good correlation between experimental folding rates,
some structural parameters, and the number of Monte Carlo steps has been obtained. It is shown that a protein with multi-
state kinetics actually folds three times faster than its structural homologs.
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The nature of protein folding is an important con-
temporary problem in biophysics. Besides of its funda-
mental significance, the understanding of the mechanism
of protein folding is of great importance for many practi-
cal tasks such as development of drugs and design of de
novo artificial proteins with given properties [1, 2].
Misfolding of proteins in vivo is often concomitant with
their aggregation and can be in relevant to many diseases
[3, 4].

Today theoretical and experimental investigations of
the mechanism of self-organization of globular proteins
yield qualitative understanding of protein folding [5-12].
However, the details of the protein folding process are still
unknown. The few models of protein folding [13-16]
allow us to describe more or less correctly only the fold-
ing of small one-domain globular proteins (less than 200
amino acid residues (a.a.)).

The time of folding of different proteins varies over
many orders of magnitude, from microseconds to seconds
and even hours. Small proteins usually fold quickly and
without intermediates of folding (i.e. the process occurs
in one stage, and “one-stage” kinetics are observed).
Larger proteins fold slower, and during folding metastable
intermediates are often observed (i.e. the process of fold-
ing occurs in many stages, and “multi-state” kinetics are
observed) [11].

One of the first analytical theories of folding of one-
domain globular proteins was that of Finkelstein and
Badretdinov [7, 10]. In the framework of this theory
developed on the base of a nucleation mechanism, it has
been shown that the rate of protein folding at the point of
the thermodynamic equilibrium depends on the border
between two phases in the transition state, and loops pro-
truding from the folded part of the protein create addi-
tional surface tension slowing the process of protein fold-
ing (Fig. 1). This implies that since the border between
two phases depends for a spherical globule on the number
of amino acid residues in the protein chain as L??, then
the rate of protein folding should depend on the number
of amino acid residues in protein L in the same way:

Ink,, ~ —L*", ey

where Ink,,, is the logarithm of protein folding at the point
of thermodynamic equilibrium of two states of the pro-
tein, the native and the denatured ones. However, the
correlation between Ink,, and L3 does not reach unity
(see Table 1). This makes us take into account other fac-
tors that can additionally affect protein folding rate as
well as the length of the protein chain.

Simultaneously, another analytical estimation of the
dependence of the protein folding rate on the protein
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chain size has been suggested on the basis that the native
state is more stable than the unfolded one [5]:

Ink} ~ —L'?, ®)

where Ink7 is the logarithm of the protein folding rate in
water. For this the correlation coefficient for a set of 69
proteins was 0.74 [17].

In computer experiments on folding of model protein
chains using a cubic lattice [6], it was found that when the
stability of the native state is maximal the natural logarithm
of rate should depend on the size of the protein chain as:

Ink ~ —InL, 3)

For this case the correlation coefficient was 0.78 for the
set of 69 proteins [17].

In a number of computer experiments it has been
shown [8] that the rate of folding of model proteins on a
lattice with simple potentials depends on the protein size
as Ink,, ~ —L**"**® This is in good agreement with
dependences found by both Finkelstein and Thirumalai
[5, 7, 10].

Despite the different views of dependences of the
rate of folding on the length of the protein chain, all ana-
Iytical theories are similar in that, as it intuitively seems,
the time of protein folding should grow with increasing
length of protein chain, it growing slower than exp(L).

Fig. 1. Sketch of the network of pathways of reversible folding/
unfolding of native 3D protein structure (/;). /; is coil where all L
links of the protein chain are disordered. In each of various inter-
mediates of type /,, the v chain links (shown by dashed lines) are
unfolded, while the other L — v links keep their native positions
and conformations (they are shown as a solid line against the back-
ground of a dotted cloud denoting the globular part of the inter-
mediate). The central structure in the lower line exemplifies a
microstate with v unfolded links forming one closed unfolded loop
and one unfolded tail; the central structure in the central line
exemplifies a microstate where v unfolded links form two closed
unfolded loops. The networks of pathways used in the calculations
are much more complex than this scheme: they include millions of
semi-folded microstates.
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Table 1. Correlation coefficients between logarithms of
folding rates in water and at the point of thermodynamic
equilibrium and structural parameters related or not

related (CO) with size of the protein

Parameter | Inkj, sec™ Ink/™" sec™! Ink/™, sec™

84 proteins 2& proteins 58 proteins

L —0.65+0.06 | —0.78+0.08 | —0.42+0.11
L' —0.70 £ 0.06 | —0.81 £0.07 | —0.50£0.10
L’ —0.69+0.06 | —0.80+£0.07 | —0.47£0.10
InL —0.71£0.05| —0.82+0.06 | —0.55+0.09
AbsCO | —0.77 £0.04 | —0.78 £0.08 | —0.71£0.06
L —0.65+0.06 | —0.78£0.08 | —0.42+0.11
co —0.01 £0.11 0.25+0.18 | —0.41£0.11
Parameter | Ink/”, sec™' | Ink/ ™", sec™ | Ink/™ "™, sec™

84 proteins 26 proteins 58 proteins

L —0.64£0.06 | —0.58+0.08 | —0.61=0.11
L' —0.73+0.05 | —0.61£0.12 | —0.71£0.06
L3 —0.69+0.06 | —0.60+0.13 | —0.67+0.07
InL —0.77+£0.04 | —0.64£0.12 | —0.76+0.06
AbsCO | —0.77 £0.04 | —0.65%0.11 —0.78 + 0.05
co 0.00£0.11 | —0.01£020 | —0.17+0.13

In 2003 it was demonstrated that the size of a protein
mainly determines the rate of folding of multi-state pro-
teins [18], their correlation coefficient being —0.80 for
the dependence Ink; ~ —LPwhen 0 < P < 1; at the same
time for one-stage proteins (having chains of about equal
size) correlation was not found (the correlation coeffi-
cient was —0.07 [18]). It should be noted that the case P=
0 corresponds to the dependence Inkf ~ —InL, so Lf=
exp(PInL) = 1 + PInL for P — 0.

Thus, both from analytical theories and from com-
puter experiments that resolved Levinthal’s paradox it
was concluded that the size of protein is one but not the
only defining factor in the description of protein folding
rate. Such dependence helps to understand the reason for
the difference in folding rates of proteins with significant-
ly distinct sizes, but cannot explain why proteins of about
equal sizes often fold with significantly different rates.

From the point view of prediction of folding rate, all
suggested dependences of folding rates on the number of
residues in a protein chain about equally agree with the
observed protein folding rates: the correlation coefficient
is about 65% (see Table 1).

Besides the size of a protein, there are more factors
that can additionally affect the protein folding rate. Thus,
from the nucleation mechanism of folding it follows that
the topology of a transition state — the path of a protein
chain in space — should be the same as that of the native
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structure [19]. This means that the larger is the number of
contacts in a protein between residues which are far along
the chain the more probable it is that the protein could
not avoid loops protruding from the native-like part of the
protein in the transition state (Fig. 1), and the folding will
be slower. Just this is observed on comparison with exper-
iment: for proteins of about equal size, the logarithm of
folding rate decreases with the growth of contact order
(CO), which is equal to the average distance (in amino
acid residues) along the chain between atoms that are in
contact in the native structure normalized by the number
of amino acid residues in the protein chain [12]. However,
topology itself cannot explain the difference in the folding
rates for some proteins with one and the same topology
(pathway of protein chain in space) (SH3-domains, cold-
shock proteins, domains of fibronectin, and proteins with
ferredoxin-like fold) [20-24].

Since CO does not depend on the protein size, it is
not possible to predict the folding rates of all proteins by
using this parameter. Integration of CO and the number of
amino acid resides in proteins in one equation gives
“absolute contact order” AbsCO = CO-L, including the
influence of topology and size of a protein. This parame-
ter better predicts the protein folding rates than CO and
L? taken separately [25].

There is one more consequence of Finkelstein—
Badretdinov theory about the influence of the protein
shape on its folding rate, which has been established in
[26-28]. Namely, under equal conditions a spherical pro-
tein independent of the pathway of folding cannot avoid
the large area of border between phases (Fig. 1). But an
oblong protein has a possibility to choose such a pathway
of folding in which the protein folding goes through the
small area of border, and consequently through a lower
barrier. Therefore, more spherical proteins should fold
more slowly. In [27, 28] it has been shown that proteins of
class a/P, on average, are more spherical than proteins
with other types of packing of secondary structure. It has
also been shown that o,/-proteins, again on average, fold
more slowly than proteins from other classes of about the
same size. We explained this as follows: under equal con-
ditions for more spherical proteins, which include a/f3-
proteins, the surface border of phases in the transition
state is larger and consequently the folding is slower.

Since the prediction of folding rate is in itself valu-
able, many parameters for prediction of folding rate have
been proposed in recent years [18, 25, 29-36]. Some of
them are modifications of CO [25, 31, 35], and in others
the prediction of folding rate uses secondary structure
[30, 32] and number of contacts in the native structure
[37]. Besides, dependences have been sought using bioin-
formatics methods [34, 36, 38]. It has been revealed that
there is different dependence of folding rate on the amino
acid composition [36] and physicochemical properties of
amino acids of proteins [34, 38] for proteins with one-
stage and multi-stage kinetics of folding in water.
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However, the bioinformatics methods cannot give a phys-
ical explanation of the results obtained.

The above rather contradictory data demonstrate
that the theory of protein folding requires further devel-
opment and subsequent search for factors affecting the
rate of folding. In this work the process of protein folding
of separate protein molecules and structural properties
connected with the folding have been investigated. The
dependence of rate of folding on size of a protein and the
number of stages in the process have been statistically
analyzed.

METHODS OF INVESTIGATION

Experimental data. Since in this work the kinetics of
protein folding is studied, we are interested in the follow-
ing values: Ink; is the logarithm of the rate constant of
protein chain folding in water, Ink,, is the logarithm of
rate constant of protein chain folding at the point of ther-
modynamic equilibrium between two protein states that is
reached upon addition of denaturant or increasing tem-
perature. Index “two” near the constant means that the
kinetics of protein folding is described by kinetics of two
states, and in this case one stage is observed and the pro-
tein folding is called “one-stage”. Index “multi” means
that three or more states of the protein chain are required
for describing the kinetics, and in this state more than one
stage is observed and the protein folding is called “multi-
stage”. When we consider the whole set of proteins with-
out division into types of folding, we will omit the index
of stages for the logarithm of protein folding rate.

A database of proteins with known experimental
folding rates has been used (http://phys.protres.ru/
resources/compact.html) [28]. Proteins with disulfide
bonds and large ligands are not present in this database.
The chosen set includes 25 proteins that fold with accu-
mulation of an intermediate state, 56 proteins that fold by
an all-or-none mechanism, and two peptides.

Conditions of modeling: point of thermodynamic equi-
librium and network of folding/unfolding pathways. Meth-
ods based on the modeling of folding of proteins with
known spatial structure are fruitful methods for predic-
tion of protein folding rate. The simplified network of
pathways of sequential unfolding of a protein is consid-
ered in elsewhere [14, 16, 30] (see Fig. 1). As described in
[7, 10], each step on the unfolding pathway consists of
transition of one chain link from the native spatial struc-
ture of the protein to the unfolded state. This link has lost
all the non-valence interactions but has acquired the
entropy of coil excluding the entropy spent on closing of
disordered loops protruding from the remaining part of
the globule. All possible transitions form the network of
pathways of protein folding/unfolding. The correlation
coefficient of calculated (without any adjustable parame-
ters) and experimentally investigated folding rates at the
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point of thermodynamic equilibrium for the set of 45 pro-
teins is 0.78 [14], but if two short peptides (a-helix and -
hairpin) are deleted from the set the correlation coeffi-
cient decreases to 0.56, and for the set of 17 proteins with
well-studied folding nuclei it is 0.73 [16]. Calculated fold-
ing rates in water correlate with the experimental data at
the level of 0.67 for the set of 37 proteins under analysis of
a similar model as reported in [15]. Although the neglect
of energy of non-native interactions distinctly coarsens
the protein folding/unfolding, the success of the above-
mentioned theoretical works suggests that the topology
characteristics (and sizes) of proteins play a more impor-
tant role in the folding process than the details of protein
structure and interactions occurring in the protein [10,
39, 40].

We have a possibility to analyze the full network of
folding/unfolding pathways though presented in a rather
rough resolution (the microstate can include no more
than two loops; the link includes several amino acid
residues) if the method of dynamic programming is used,
and we can analyze separate folding pathways without
restrictions peculiar to dynamic programming if the
Monte Carlo method is used.

In this work, the process of protein folding/unfold-
ing is modeled at the point of thermodynamic equilibri-
um between native and denatured protein states (that is
under conditions when free energies of native and dena-
tured states of protein molecule are equal; further we will
call these conditions the point of thermodynamic equilib-
rium). At the point of thermodynamic equilibrium small
proteins fold by a one-stage mechanism (“all-or-none”
transition) because in the thermodynamic [41] and kinet-
ic [42, 43] experiments only two states of protein mole-
cule are observed (native and denatured), but intermedi-
ate states are not observed to a significant extent. In other
words, under these conditions native and denatured states
have (at the point of thermodynamic equilibrium by def-
inition) equal free energies and other (including interme-
diates) states are destabilized. Therefore, by modeling the
protein folding and unfolding process at the point of ther-
modynamic equilibrium we cannot consider misfolding
structures (which under other conditions can be peculiar
“dead ends”, traps that in principle are able to strongly
affect the folding and unfolding of a protein molecule).
According to the principle of detailed balance [44], path-
ways of direct and reverse reactions coincide if both reac-
tions occur under the same conditions. Therefore, we can
present the process of protein folding and unfolding at the
point of thermodynamic equilibrium as a reversible
process.

As a basis, we take the three dimensional structure of
the protein in the native state from the database of spatial
protein structures (PDB) [45]. The process of protein
folding/unfolding is modeled as a process of reversible
unfolding of their native spatial structure. We consider the
network of unfolding pathways where each pathway is
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presented as a simplified sequential unfolding of the pro-
tein (Fig. 1).

Each step on the unfolding pathway represents the
removing of one link from the native spatial structure of
the protein (the “link” can consist either of one amino
acid residue or several residues along the chain without a
break). The removed links are assumed to form an indi-
gested coil, i.e. they loose all the non-bonded interactions
and gain coil entropy excluding its relatively small part [7]
that is spent for closing the disordered loops protruding
from the remaining globule (see semi-unfolded structures
in Fig. 1). The next simplification is the assumption that
the residues remaining in the globule maintain their
native position and that the unfolded regions do not fold
to another non-native structure. The last and general
assumption is that we concentrate our attention on the
transition sates, that is on the stabilities (or strictly, insta-
bility) of semi-folded structures rather than on the
detailed description of the chain movements.

For simplicity of calculations we restrict the number
of closed disordered loops protruding from the structure
(no more than two loops) and use “links” consisting of
not one but of several amino acid residues.

Thus, we obtain the network of folding/unfolding
pathways. Further we calculate the free energy of each
state in this network. This is done using the method of
dynamic programming. For modeling of the process of
protein folding by the Monte Carlo method, we start from
a fully unfolded state and for each step we try to put the
residue in their native position according to the coordi-
nates from the protein data bank (see below the section
“Modeling of folding by the Monte Carlo method”).

Estimation of free energy. The process of sequential
folding/unfolding of native structure of a protein chain
including L links is presented in Fig. 1. This chain has
fully folded native state /,, fully unfolded state /;, and an
ensemble of intermediate partly unfolded structures I,
consisting of v unfolded chain links and a native-like
globular part of L — v links (v = 0 for native state /,, v=
L for fully unfolded state /;, v=1, ..., L — 1 for partly
unfolded structures). As mentioned above, structures with
non-native-like globular parts are not considered.

The free energy of structure / is presented as follows:

FI)=nxe-T[v,xc+ ZSIOOP], 4)

loope!

where n; is the number of atom—atom contacts in the
native-like part of I (contacts between neighbors along
protein chain amino acid residues are not considered
because neighbor residues have contacts in the unfolded
state); ¢ is the energy of one atom—atom contact (all con-
tacts are considered to be equal in energy); 7 is the tem-
perature; v; is the number of amino acid residues in the
unfolded part of structure /; ¢ is the entropy difference
between the unfolded and the native state of an amino
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acid residue (for any residue we take o = 2.3R according
to the experimental estimation [41], where R is the gas
constant); Sy, is described by Eq. (6) (see below), the
entropy spent to close a disordered loop protruding from
the native-like part of structure / (the sum is taken over all
closed loops existing in structure /). Atom—atom contacts
are calculated from the three-dimensional structure: two
non-hydrogen atoms contact if the distance between their
centers is not more than 6 A. Under modeling with
accounting for hydrogen atoms, the limiting contact dis-
tance was taken smaller: 4 A for contacts of hydrogen
atoms with each other and 5 A for contacts between
hydrogen and non-hydrogen atoms.

All calculations of free energies in this work corre-
spond to the point of equilibrium between native state [
and coil /;. At this point F(I,) = F(I;), that is n, x € =
T[N x o], where n, is the number of contacts in the native
structure and N is the total number of protein chain
residues.

So, the energy of one internal protein contact £ and
temperature 7T at the point of thermodynamic equilibrium
comply with the relation:

e=—-TNo/n,. (5)

Consequently, we can express all free energies in RT
units knowing the native structure of protein and the sin-
gle experimentally determined parameter — the difference
in entropy between unfolded and folded states of amino
acid residue (o).

The entropy spent to close a disordered loop pro-
truding from the globule between the still fixed residues k&
and / is estimated [39] as:

ngx(r]j—az)

5 —%xRxln|k—l\— ©6)

00p=

2xAxax|k-1|’

where r,, is the distance between the C* atoms of residues
kand I, a = 3.8 A is the distance between the neighbor C*
atoms in the chain, and A is the persistence length for a
polypeptide (according to Flory [46] we take A = 20 A).
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We obtain the free-energy landscape by computed
free energies for each state in the folding/unfolding path-
way (Fig. 1), in which we can find “passes” corresponding
to the transition states.

RESULTS AND DISCUSSION

Comparison of folding rates for proteins with simple
(one stage) and complex (multi-stage) kinetics of folding. To
exclude the influence of length (number of amino acid
residues), we analyzed data on folding rate within a given
size range where the average size of proteins is nearly the
same. Therefore, the set of proteins was divided into two
groups where the number of proteins is sufficient for statis-
tical analysis: the ranges are 50-100 and 101-151 a.a. Inside
each range of length, the protein folding rate was averaged
to compare these values for each group of proteins.

The results of averaging are presented in Table 2. The
expected result is that the average folding rate for multi-
state proteins from 101-151 a.a. size range is lower than
for proteins with two-state kinetics from the same size
range. The unexpected result is that the proteins with
multi-state kinetics from size range 50-100 a.a. fold as fast
as proteins with two-state kinetics. On average, it turned
out that proteins with two-state kinetics from the size
range 101-151 a.a. fold faster than proteins from the same
group from the size range 50-100 a.a. Another unexpect-
ed observation is that among homologous proteins from
size range 50-100 a.a., proteins with multi-state kinetics
usually fold faster than proteins with simple kinetics of
folding (En-HD (homeodomain) vs. C-Myb, hTRFI,
and hRAP1; hypF-N (acylphosphatase-like domain) vs.
CT AcP (acylphosphatase) and mAcP (muscle acylphos-
phatase); see below). This result contradicts the general
opinion that multi-state folders should fold slower than
proteins with simple folding kinetics, and the occurrence
of intermediates of folding should decelerate the folding
process of protein chains. This opinion probably arose
due to the fact that multi-state proteins are usually larger
than proteins with a simple mechanism of folding [11]. In
the size range of 101-151 a.a., multi-state proteins indeed

Table 2. Average values of radius of cross section and the logarithms of folding rates in water for proteins with “all-or-
none” folding mechanism and with accumulation of an intermediate state

Mechanism of folding “All-or-none” With accumulation of intermediate state
Size of range 50-100 a.a. 101-151 a.a. 50-100 a.a. 101-151 a.a.
Number of proteins 36 proteins 7 proteins 9 proteins 8 proteins
Radius of cross section, Vg /S, A 3.54+0.03 3.77 £0.05 3.75 £0.05 4.14 £ 0.07
In(ky) in water, sec”! 4.98 +0.57 7.03 £ 1.50 5.12+£0.90 1.58 £ 0.84
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fold slower, but this is not due to the differences in their
length, so we consider the same-length proteins. Another
explanation of the fact is that proteins of the considered
class are more compact than proteins with simple folding
kinetics. This is revealed in that the surface of the bound-
ary between two phases (folded and unfolded) will be
larger for more spherical, compact proteins than that for
non-spherical proteins (see Table 2) [26-28].

Modeling of protein folding with ferredoxin-like fold.
One of the possibilities to study the influence of details of
the sequence on the folding process is to consider two
nearest proteins with similar topology from the same fam-
ily. Thus the transition states for four proteins with a
ferredoxin-like fold have been characterized and experi-
mentally studied: AcP (acylphosphatase), Ada2h (human
activation domain of procarboxypeptidase A2), UIA
(spliceosomal protein U1A), and S6 (ribosomal protein
S6) (two helices are packed on B-sheet with five or four
strands). These proteins have a symmetrical position of
secondary structure elements that is destroyed by connec-
tion of these elements in the chain. The transition states
of proteins Ada2h (human activation domain of procar-
boxypeptidase A2) and AcP (acylphosphatase) are similar
in structure despite the low sequence similarity (13%) and
different length of the secondary structure elements [47,
48]. For both proteins the second a-helix and the inside

1.0 -

0.8 1

0.6 1

0.4 1

0.2 1

Number of amino acid residue in a protein
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strands are more structured in the transition state than the
rest of the protein structure (see Fig. 2). An alternative
nucleus, which includes the first a-helix, has been found
for protein UlA and another nucleus with both o-
helices — for protein S6 [49]. However, the folding rates
of Ada2h and AcP differ by three orders of magnitude.
The authors explain such a result by the difference in the
relative contact order for these proteins [47]. A strong
correlation is observed between the relative contact order
and the logarithm of folding rate for some proteins with
similar topology (HPr, MerP, and U1A) [50].

Modeling of folding by the Monte Carlo method. The
process of protein folding is modeled as “travel” of one
protein molecule along the network of folding/unfolding
pathways [51]. The start is performed from the fully
unfolded state; the finish corresponds to the native struc-
ture of the protein (i.e. fully folded state). The state with
maximal free energy on the folding pathway is considered
as the transition state. Each step is modeled in the follow-
ing way. One residue from all amino acid residues is cho-
sen randomly. Then, if the residue is native it should
“unfold”, and if it is unfolded it should “fold”. The
changing of free energy in the case of such an elementary
step is calculated. If free energy decreases such an ele-
mentary step is accepted; if the free energy grows such an
elementary step is accepted with probability exp[—AF/RT]

AcP proC

Fig. 2. a) Profiles of ®4-values obtained from experiments for proteins with a ferredoxin-like fold. Investigated residues are shown by filled cir-
cles for U1A (spliceosomal protein), by open circles for S6 (ribosomal protein), by filled triangles for AcP (acylphosphatase), and open trian-
gles for proC (procarboxypeptidase A2). According to the model of native-like folding nucleus [35], ®; = 1 means that the given residue is
included in the folding nucleus, and ®; = 0 means that it is not involved in the folding nucleus. Interpretation of values ®;= 0.5 is ambiguous:
in this case the residue can be on the surface of the nucleus or there are several folding pathways (that means several nuclei) where the residue
is involved in one of the alternative nuclei. b-e¢) Schemes of three-dimensional structures of these proteins drawn according to their @; values
of the amino acid residues from white (®; = 0) to black (®; = 1). Triangles on the structure correspond to residues with @< 0 and ®;> 1.
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(standard criterion of Metropolis [52]). For each protein,
50 runs were performed with 108 steps.

To understand to what extent the model reflects real-
ity, it is necessary to obtain results based on the model
that can be compared with the experimental data. In this
work we will make a comparison with the rate of protein
molecule folding.

The Monte Carlo method allows us to obtain the
folding time of a separate molecule determined in Monte
Carlo steps (see Fig. 3). As theoretically calculated time
of protein folding we use time (%,,,), for which half of the
molecules fold (that is 25 of the 50 runs resulted in the
native structure formation [53]).

The typical folding kinetics for six proteins with
ferredoxin-like fold obtained using the Monte Carlo
method is presented in Figs. 3 and 4. The protein mole-
cule starts from the fully unfolded state, and for a rather
long time stays near the unfolded state; then it overcomes
the free energy barrier and quickly folds completely. One
can see for protein HypF-N (1gxt) that until 63,174,273
Monte Carlo steps the molecule stays near the unfolded
state, then quickly in 600 steps overcomes the general
barrier. After that the molecule stays for some time near
the native state (90% of amino acid residues are in the
native position) and then comes to the native state. The
same concerns the other proteins as well (see Table 3). It
should be mentioned that for both proteins near native
surroundings (106x, lurn) there are states that are more
favorable in energy than the native state. Usually such
states correspond to structures in which several residues
do not fold, and these residues have a small number of
contacts in the native structure.

Calculated (at the point of thermodynamic equilibri-
um) values 7, , for five proteins (excluding human activa-
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tion domain of procarboxypeptidase A2, the length of
which is 71 a.a., which is shorter than the other five pro-
teins, see Table 3) have a good correlation coefficient with
the experimentally measured time of folding at the point
of thermodynamic equilibrium: the correlation coeffi-
cient between the logarithm of folding rate and the loga-
rithm of number of Monte Carlo steps is —0.98, and
between the folding rate and the radius of cross section it
is —0.85 (see Table 3). This illustrates that for the given
protein family the size of cross section, which determines
the border between the ordered and disordered parts of
protein and thus the value of general folding barrier,
explains the difference in the folding time for the given set
of proteins with ferredoxin-like fold.

Estimation of protein folding rate using calculated
free energy of transition state. In the case when the analy-
sis of the network of folding/unfolding pathways has been
made using dynamic programming, we calculated the
effective value of the free-energy barrier:

F()-F,)

F(TS)=-RTIn ) exp[-
(7S) > expl 2T

IeTS

I, (7

where [; is the fully unfolded protein chain, 7.5 is the
ensemble of transition states. The calculated effective val-
ues of free energy barrier correlate with the logarithm of
experimentally measured folding times at the point of
thermodynamic equilibrium: the correlation coefficient is
—0.97 (see Table 3).

On the other hand, the values of free energy barriers
correlate somewhat worse with the logarithm of experi-
mentally measured time of folding in water, far from the
point of thermodynamic equilibrium: in this case the cor-
relation coefficient of the theory and experiment is —0.67.

Table 3. General characteristics of folding (experimentally obtained in water and at the point of thermodynamic equi-
librium constants of protein folding rates, calculated free-energy values of barriers on the folding pathway, and num-
ber of Monte Carlo steps) for proteins with ferredoxin-like fold

Number Radius In(k) | In k|t number F/RT, free energy value
Name of protein, PDB code of amino of cross in sec™! of Monte of barrier calculated using
acid section, water, Carlo steps dynamic programming
residuesin| V/S, A sec”

structure
HypF-N, Igxt 88 3.88 4.4 —0.8 | 24874862 21.07
Common-type acylphosphatase, 2acy 98 3.87 0.8 —4.4 | 65114308 24.83
Muscle acylphosphatase, laps 98 3.96 —1.6 —7.3 | 169227 106 25.39
Activation domain of human 71 3.27 6.8 1.5 384 761 18.37
procarboxypeptidase A2, 106x
Spliceosomal protein U1A, lurn 96 3.84 4.6 —0.4 | 22656530 23.086
Ribosomal protein S6, Iris 96 3.90 6.1 -39 | 84634031 25.53
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Fig. 3. a, ¢, e) Dependences of free energy on the fraction of amino acid residues fixed in the native position for one of the chosen folding tra-
jectories for proteins with a ferredoxin-like fold. b, d, f) The fragment of the same folding trajectory. The black curve is the dependence of free
energy on the number of the elementary step in the folding process by the Monte Carlo method. The gray curve is the dependence of the num-
ber of native amino acid residues on time (number of Monte Carlo steps).

BIOCHEMISTRY (Moscow) Vol. 75 No. 6 2010



IS PROTEIN FOLDING RATE DEPENDENT ON NUMBER OF FOLDING STAGES?

407 106x

30

207

10

507 qum

Free energy, F/RT

T T T 1
02 04 06 08 1.0

Native residue fraction

Step number

b
40 .| { — 1.0
Mwﬁ | A ik ‘J
R mh-""ﬁ 0.8
30
— 0.6
20
—0.4
107 0.2
o T |1|r[r[n" Ll | [|]| O
277000 278000 279000 280000
d
50 — 1.0
|
30 — 0.6
20 — 0.4
10 — 0.2
0 — 0
11696000 11712000
11704000
f
50 1 — 1.0
40 — 0.8
30 — 0.6
20 4 — 0.4
10 —0.2
0 | 0
99622000 99624000 99626000

Native residue fraction

725

Fig. 4. a, c, e) Dependences of free energy on the fraction of amino acid residues fixed in the native position for one of the chosen folding tra-
jectories for proteins with a ferredoxin-like fold. b, d, f) The fragment of the same folding trajectory. The black curve is the dependence of free
energy on the number of elementary step in the folding process by the Monte Carlo method. The gray curve is the dependence of the number

of native amino acid residues on time (number of Monte Carlo steps).
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The decrease in the correlation in the last case is not sur-
prising since the calculated values of free energy barriers
correspond to the point of thermodynamic equilibrium.

In this work, statistical analysis of protein folding
rates with known experimental data has been done. It has
been shown that proteins with multi-state kinetics from
the size range 50-100 a.a. fold as fast as proteins with two-
state kinetics. In their turn, these proteins fold not faster
than proteins with the same mechanism of folding from
the size range 101-151 a.a.

In the group of homologous proteins from the size
range 50-100 a.a., proteins with multi-state kinetics usu-
ally fold faster than proteins with simple folding kinetics.
Modeling of folding of six proteins of similar size with a
ferredoxin-like fold using Monte Carlo and dynamic pro-
gramming methods demonstrates that indeed protein
folding with accumulation of an intermediate state makes
this an order of magnitude faster than their structural
homologs.
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