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Abstract

The time it takes for proteins to fold into their native states varies over several orders of magnitude
depending on their native-state topology, size, and amino acid composition. In a number of previous
studies, it was found that there is strong correlation between logarithmic folding rates and contact order
for proteins that fold with two-state kinetics, while such correlation is absent for three-state proteins.
Conversely, strong correlations between folding rates and chain length occur within three-state proteins,
but not in two-state proteins. Here, we demonstrate that chain lengths and folding rates of two-state
proteins are not correlated with each other only when all-a, all-B, and mixed-class proteins are
considered together, which is typically the case. However, when considering all-a and all-f3 two-state
proteins separately, there is significant linear correlation between folding rate and size. Moreover, the
sets of data points for the all-a and all-$ classes define asymptotes of lower and upper limits on folding
rates of mixed-class proteins. By analyzing correlation of other topological parameters with folding
rates of two-state proteins, we find that only the long-range order exhibits correlation with folding rates
that is uniform over all three classes. It is also the only descriptor to provide statistically significant
correlations for each of the three structural classes. We give an interpretation of this observation in terms
of Makarov and Plaxco’s diffusion-based topomer-search model.
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Relationships between protein-folding rates and their
basic characteristics (e.g., chain length, topology, and
amino acid composition) have been considered for about
a decade due to the insight they provide into underlying
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folding mechanisms (Jackson 1998; Plaxco et al. 1998,
2000; Mirny and Shakhnovich 2001; Gromiha 2003;
Naganathan and Munoz 2005). The pioneering work of
Plaxco et al. (1998) demonstrated that a “‘relative contact
order” (RCO) parameter is linearly correlated to loga-
rithm of folding rates, k¢ of small two-state proteins.
Since then, a number of other measures of protein topology
and size have been analyzed (Grantcharova et al. 2001;
Gromiha and Selvaraj 2001; Mirny and Shakhnovich 2001;
Zhou and Zhou 2002; Ivankov et al. 2003; Ivankov and
Finkelstein 2004). An ‘““absolute contact order” (ACO) was
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shown to have stronger correlation with folding rates than
RCO when chain lengths vary over a wide range: from
about 16 (B-hairpin peptide) to 322 residues («-helical
protein) (Ivankov et al. 2003). In Gromiha and Selvaraj
(2001), a “long-range order” (LRO) parameter was also
found to correlate strongly with folding rates. Other
measures considered include the fraction of local contacts
(Mirny and Shakhnovich 2001), total contact distance
(TCD) (Zhou and Zhou 2002), chain length (Galzitskaya
et al. 2003), local secondary structure content (Gong et al.
2003), and effective chain length (Ivankov and Finkelstein
2004), and n-order contact distance (Zhang and Sun 2005).

A significant effort of the field has been to find the
most adequate descriptors of protein folding rates capable
of predicting them for proteins of any structural class
(i.e., all-a, all-B, and mixed class) that obey either two-
state or multistate (three-state) folding kinetics. One
of the most interesting, yet counterintuitive conclusions
from those studies is that for small proteins obeying two-
state kinetics, structure topology is the main determinant
of the folding rate, and that there is virtually no cor-
relation between chain length and the folding rate
(Galzitskaya et al. 2003). For proteins with observable
intermediates the opposite was found (i.e., chain length is
the main determinant of folding rates, while there is little
correlation between them and contact order [Galzitskaya
et al. 2003]). The lack of correlation between size and
folding rates of two-state proteins has been subsequently
reproduced and emphasized in a number of other analyses
(see, e.g., Makarov and Plaxco 2003), including several
very recent ones (Galzitskaya and Garbuzynskiy 2006;
Prabhu and Bhuyan 2006; Huang et al. 2007).

The aim of this paper is not to construct a new descrip-
tor of protein-folding rates, nor is it to provide improved
means for folding-rate prediction. Rather, we illustrate
how considerations of structural class within two-state
proteins drastically affect scaling between folding rates
and existing descriptors. Moreover, we attempt to use
these results to gain insight into the underlying protein-
folding mechanisms.

Results and Discussion

For our analyses, we have compiled a set of 56 non-
redundant two-state proteins with experimentally mea-
sured folding rates (cf. Table I in the Supplemental
material). Our set includes proteins whose chain length
varies from 16 residues (the C-terminal B-hairpin peptide
of the B1 domain of protein G) to 322 residues (4 a-helix
bundle of the VISE antigen protein [PDB id: 1L8W]). The
distribution of relative secondary structure content calcu-
lated using the DSSP approach (Kabsch and Sander 1983)
in our protein set, which was partitioned into structural
classes according to SCOP with two exceptions (cf.
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Figure 1. Distribution of a-helical and 3-like secondary structure content
in two-state proteins included in the data set. All-a proteins are shown by
red circles, all-B proteins by green squares, and mixed-class proteins by
blue triangles.

Materials and Methods), is shown in Figure 1. A key
point from Figure 1 is that the fractions of residues in the
B-like and helical conformations within all-o and all-3
proteins, respectively, are rather small. Moreover, mixed-
class proteins appear as an intermediate phase. Because
our data set cleanly partitions into all-o and all-
proteins, we expect that a correlation between In k; and
chain length L may exist individually, even though it does
not exist globally. Further, if linear correlations within
these two classes are revealed, it is likely that the slopes
in linear regression models for all-a and all-B proteins
would be substantially different. This is expected because
folding of helical and 3-like structures occur on signifi-
cantly different timescales, as folding of (3-like structures
involves a greater exploration of conformation space.

In the following, we have adopted the original defi-
nitions for all topological parameters. The relative contact
order (Plaxco et al. 1998) is defined by:

1
N.L

RCO = Y dy, (1)

contacting
atoms 7, j

where L is the chain length, N, is the total number of
contacting atoms (using a 6 A distance threshold), and
d;; is the number of residues separating those two residues
to which atoms i and j belong. The absolute contact order
(ACO) is defined as in Ivankov et al. (2003): ACO = L X
RCO. Long-range order (LRO) (Gromiha and Selvaraj
2001), is defined by:

1
LRO=~= Y 2
L contacting
residues i, j
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where

L=l >12
i = {0,otherwise : @)

Two residues are considered to be in contact if the closest
distance between their C, atoms is less than or equal to
8 A. The LRO parameter thus gives the average number
of structural contacts separated by 12 or more sequence
positions per residue.

We start by comparing the logarithmic folding rate,
Ink, to the simplest of the considered descriptors, namely
the chain length. Figure 2A demonstrates that in contrast
to the findings of Galzitskaya et al. (2003) and many
other subsequent reports, chain length is linearly corre-

lated to folding rates when considering all-a and all-f3
two-state proteins separately. These two sets of data
points are well described with high correlation (the
correlation coefficients are ry. = —0.80 and ry g =
—0.80) and statistical significance (the r-distribution
P-values are p,j.. = 5.7 X 10~* and Paig = 6.0 X 107°)
by two linear regression equations with two substantially
different pairs of regression coefficients. However, col-
lapsing the structural classes into one data set lowers the
correlation coefficient to r = —0.29. Further, it is clear
from Figure 2A that the sets of data points for all-a and
all-B classes serve as asymptotic lower and upper limits
for proteins of the mixed class, which can be naturally
expected. (We note that correlation between Ink; and
chain length of seven two-state mainly (3 proteins was
found in Kuznetsov and Rackovsky [2004], where it was,
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Figure 2. Correlation between natural logarithmic folding rates, In kg and basic structural and topological parameters for proteins belonging to three
structural classes. In regression equations, x and y stand for abscissa and ordinate axes quantities; r is the correlation coefficient. (A) In k/ versus protein
chain length, L (the t-test P-values are p,. = 5.7 X 1074, Paig = 6.0 X 107>, and Pmixea = 0.71). (B) In k; versus relative contact order, RCO (the #-test
P-values are pyj.o = 0.43, paig = 0.65, and pyixea = 0.021). (C) In k versus absolute contact order, ACO (the r-test P-values are pyy.q = 2.3 X 1073, Pall-p =

5.5 % 107° and Pmixea = 0.38). (D) In k; versus long-range order, LRO (the #-test P-values are pyj = 6.4 X 1074, Pang = 2.6 X 1073,

and ppixea = 1.5 X

107%). Structural classes for experimental data and regression lines are defined as in A.
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however, considered not statistically significant.) For
mixed-class proteins, there is almost no correlation
between chain length and Ink; (r = 0.10), which we
believe points to a higher complexity and variability of
their folding mechanisms. It should be pointed out that
the data point corresponding to protein 1L8W in Figure
2A has a relatively large Cook’s distance, d = 0.68, which
significantly affects the correlation for all-a proteins. The
leverage for this data point is large (0.85); however, its
standardized residual is small (0.5). While excluding
1L8W from the data set decreases the correlation to
—0.53, its effect on regression coefficients is not dramatic;
the regression equation becomes y,j.., = 12.4 — 0.04x,
compared with the original y,;, = 11.7 — 0.03x. The
second significant outlier, 256B, has a Cook’s distance of
0.19 with small leverage (0.075), but relatively large
residual (2.2).

The relative contact order, RCO, as reported previ-
ously, is capable of describing Ink; for small two-state
proteins of all three structural classes together (Plaxco
et al. 1998) and separately (Kuznetsov and Rackovsky
2004). It fails, however, when short peptides or large two-
state proteins are included in the data set (Ivankov et al.
2003). Note that in Kuznetsov and Rackovsky (2004), the
two linear regression lines describing seven mainly o-
and 19 B-sheet-containing proteins have similar slopes
and exhibit statistically significant correlation. In our
Figure 2B, however, use of the significantly expanded
data set resulted in the complete failure of the RCO,
similarly to findings of Ivankov et al. (2003). Specifically,
inclusion of the 20-residue Trp-cage miniprotein con-
struct TC5b (PDB: 1L2Y), of the 322-residue VISE
protein (PDB: 1L8W), as well as of several others, has
completely disrupted correlations among all-a proteins.
In the set of all-B proteins, inclusion of the 16-residue
C-terminal (-hairpin of protein G, of the 34-residue
subdomain of peptidyl-prolyl cis-trans isomerase (PDB:
1PIN), and a number of other proteins has also dimin-
ished the correlation.

On the other hand, the absolute contact order, ACO,
correlates with high statistical significance with the
folding rates of all-a and all- proteins (cf. Fig. 2C).
The slopes of the corresponding regression equations
are closer to each other than in Figure 2A, where Inky is
compared with the chain length. This indicates that, as
pointed out in Ivankov et al. (2003), both chain length and
structural topology significantly affect two-state folding
rates.

The situation is clarified even more by considering the
long-range order parameter, LRO (Gromiha and Selvaraj
2001) (cf. Fig. 2D). Remarkably, the linear regression
equations, separately describing each of the three data
sets, have almost identical coefficients. That is, of all
descriptors considered herein, only LRO provides a

uniformly accurate description of folding rates for pro-
teins over all three structural classes. The corresponding
correlation coefficients, 7. = —0.80, 4.3 = —0.82, and
Tmixed = —0.61 are, however, slightly lower than those for
the ACO. Nevertheless, LRO is the only topological
descriptor considered herein that provides statistically
significant correlations for all three structural classes.
Consistent with the results of Galzitskaya et al. (2003),
none of the topological parameters (RCO, ACO, or
LRO) correlate with Ink; for any of the structural classes
(data not shown) in proteins with multistate folding
kinetics.

We believe that the observed uniform correlation of
the LRO parameter with Ink¢ for two-state proteins stems
from (1) characteristic features of their folding kinetics
and (2) the similarity of description of Ink; in terms of
LRO to the one by topomer-search model (Makarov and
Plaxco 2003). On one hand, as Huang et al. (2007) have
recently pointed out, for two-state proteins of all three
structural classes, the rate-limiting step is the formation
of 3-sheet and loop structures, i.e., formation of contacts
that are long range in sequence, whose rate is limited by
cooperative diffusion (Makarov and Plaxco 2003). (In
a-helical and mixed-class, two-state protein formation
of helices is generally the fastest step of folding, while for
all- proteins, it is simply absent.) Therefore, by explic-
itly taking into account the number of long-range con-
tacts, the LRO parameter exhibits uniform correlation
with protein-folding rates of all three classes. On the
contrary, for proteins with multistep folding kinetics,
the fast step is the nonspecific hydrophobic collapse with
formation of loops, while formation of helical and 3-like
structures represents the rate-limiting step, so that Inkg
correlates well with the sum of numbers of residues in
a-helical and B conformations (Huang et al. 2007). It is
evident from Figure 3A that total chain length, L, can be
considered a proxy for the LRO within all-a and all-3
proteins. As in the case of Ink; versus L correlation (cf.
Fig. 2A), the linear models in Figure 3A have substan-
tially different proportionality coefficients. However, the
correlation of LRO with the number of residues in the
pB-like and coil conformations, Lg , coi1» i more uniform
(cf. Fig. 3B). Further, if five proteins with unusually high
folding rates (all-a: 1L8W; mixed class: 1LOP, 1KOS,
1E65, and 2VIK) are eliminated, the correlation between
LRO and Lg,c.i1 becomes uniform over all three structural
classes (data not shown). (Note: These five proteins were
not in the data set of Huang et al. [2007].) Finally, we find
that the correlation between Ink; and the number of
residues in the coil conformation is significant only for
all-a proteins. The correlation should be strong for all
three classes if all local secondary structure elements
folded fast, as suggested by a hierarchical view of folding
(e.g., Gong et al. 2003). We believe this again indicates
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Figure 3. Correlation of the LRO with total and partial chain lengths. (A) LRO versus the total number of residues (the r-test P-values are p., = 1.3 X
1074, Panpg = 1.3 X 107%, and Pmixea = 1.5 X 1072). (B) LRO versus the number of residues in the B-like or coil-like conformations (the #-test P-values are

Paita = 44 X 107, paip = 5.6 X 1077, and ppixea = 1.6 X 1072).

that the slow step of two-state folding is the organization
of B-like and coil structures, which are both likely to be
limited by diffusion.

On the other hand, the meaning of the LRO parameter
is directly related to the number of sequence-distant pairs,
Qyq, introduced in the diffusion-based topomer search
model that was found highly successful in describing
folding rates of 24 two-state proteins (Makarov and
Plaxco 2003). Within this model, the folding rate is
described by the relation:

Inks ~Inky+1InQp + QpInk, 4

~
~

where k ~ 10® 57! is the attempt frequency for forming
a single contact, y ~ 3.8 X 1073 accounts for the chain
entropy reduction associated with forming few first
contacts, and K is the equilibrium constant less than
unity (Makarov and Plaxco 2003). By noticing that Qp =
L X LRO, where L is the chain length (cf. Equations 2 and

3), we rewrite Equation 4 as follows:

Inkf ~ Inky+1InL+1InLRO+ (LInK)LRO.  (5)

Next, because in the 24-protein set in Makarov and
Plaxco (2003) the chain length variation is relatively
small, we replace L in Equation 5 by its average value
over the data set in Makarov and Plaxco (2003), L ~ 85,
and neglect the term In LRO , whose absolute value is
small compared with other terms in Equation 5. Finally,
by setting K ~ 0.97 and evaluating numerical values,
Equation 5 becomes:

Ink; =~ 12.68 —2.52 X LRO, 6)
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in excellent agreement with all three regression equations
in Figure 2D. We note that our value of the equilibrium
constant, K ~ 0.97, is comparable to the one obtained by
fitting to a smaller data set (K ~ 0.86) in Makarov and
Plaxco (2003).

To summarize, we have demonstrated that for two-state
all-a and all-B proteins considered separately, there is
significant linear correlation between logarithmic fold-
ing rates and chain length. The lack of such correlation
reported in many previous works exists only when
proteins of different structural classes are considered
together. Further, by analyzing correlation of folding
rates with topological parameters for two-state proteins
of three structural classes separately, we have found that
only the long-range order parameter provides a uniformly
accurate description of folding rates for proteins over all
three structural classes. First, this observation supports
the argument of Huang et al. (2007) that the rate-limiting
step in folding of two-state proteins is the formation
B-sheet and loop structural elements (i.e., of long-range
contacts). Second, it supports the hypothesis of diffusion-
limited folding for two-state proteins that is behind the
topomer-search model of Makarov and Plaxco (2003),
with which our regression equations for all three struc-
tural classes are in excellent agreement.

Materials and Methods

The protein set for our analyses contains 56 two-state proteins
and was compiled based on experimental data available in the
literature. In particular, it includes data two-state proteins
reported in Maxwell et al. (2005), where folding rates were
measured under ‘“‘standard” experimental conditions. Following
Maxwell et al. (2005), our goal was to compile a set containing
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exact structural information that was often lacking in pre-
vious reports. These data are included in the Supplemental
material.

Secondary structure assignment for all proteins in our set
(cf. Fig. 1) was performed using the DSSP approach (Kabsch
and Sander 1983). The secondary structure elements a-helix,
3,0 -helix, and m-helix were classified as an «-helical conforma-
tion; B-strand and B-bridge were classified as (-conformation;
hydrogen-bonded turns and loop structures were not included
in Figure 1. We note that performing secondary structure assign-
ment using the PROSS approach (Srinivasan and Rose
1999) that is based on binning a backbone dihedral angles’
plane, results in a similar distribution in which, however,
there are more overlaps between structural classes (data not
shown).

Structural class assignment was performed using the SCOP
database, with two exceptions. First, the protein domain CheW
(PDB id: 1K0S), annotated as all-B in SCOP, contains a nine-
residue C-terminal a-helix and a five-residue «-helix, and was
therefore assigned to a mixed class. We believe that the presence
of these a-helices may be partly responsible for the extraordi-
narily high folding rate of this 151-residue-long mainly
protein. (We note that the experimental folding rate value for
this protein reported in Maxwell et al. [2005] is the only one
available in the literature.) Second, a cyclophilin A protein
(PDB id: 1LOP), classified as all-f in SCOP, contains two
a-helices that are 13 and nine residues long, and has also been
assigned to the mixed class. The unusually high folding rate for
this 164 residue long protein has been attributed to its unique
hydrophobic core with a phenylalanine cluster (Ikura et al.
2000).

The presented P-values, Cook’s distances, leverages, and
standardized residuals were calculated using R and R
Commander statistical packages (R Development Core Team
2006). The r-test P-value gives the probability that in a sample
of data drawn from the #-distribution, the ratio of the slope to the
variance will be as high or higher than that observed in our data
set. Cook’s distance quantifies the effect of a single data point
on the regression model, and depends on both leverage and
residual. The leverage of a data point characterizes its distance
from the centroid of the data set along the independent variable
axis, while the residual characterizes its distance along the
dependent variable axis from the value predicted by the model.

Electronic supplemental material

Experimental data on folding rates of proteins in our protein set,
their structural information, and the corresponding calculated
topological parameters, can be found in Table I in the Electronic
supplemental material on the Protein Science Web site.
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