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Theoretical studies have suggested relationships between the size, stab-
ility and topology of a protein fold and the rate and mechanisms by
which it is achieved. The recent characterization of the refolding of a
number of simple, single domain proteins has provided a means of test-
ing these assertions. Our investigations have revealed statistically signi®-
cant correlations between the average sequence separation between
contacting residues in the native state and the rate and transition state
placement of folding for a non-homologous set of simple, single domain
proteins. These indicate that proteins featuring primarily sequence-local
contacts tend to fold more rapidly and exhibit less compact folding tran-
sition states than those characterized by more non-local interactions. No
signi®cant relationship is apparent between protein length and folding
rates, but a weak correlation is observed between length and the fraction
of solvent-exposed surface area buried in the transition state. Anticipated
strong relationships between equilibrium folding free energy and folding
kinetics, or between chemical denaturant and temperature dependence-
derived measures of transition state placement, are not apparent. The
observed correlations are consistent with a model of protein folding in
which the size and stability of the polypeptide segments organized in the
transition state are largely independent of protein length, but are related
to the topological complexity of the native state. The correlation between
topological complexity and folding rates may re¯ect chain entropy contri-
butions to the folding barrier.
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Introduction

Numerous theoretical studies have suggested
that the size (Wolynes, 1997; Finkelstein &
Badredtinov, 1997; Klimov & Thirumalai, 1997;
Gutin et al., 1996; Thirumalai, 1995), stability
(Finkelstein, 1991; Sali et al., 1994; Bryngelson et al.,
1995; Onuchic et al., 1995; Pande et al., 1997) and
topology (Doyle et al., 1997; Gross, 1996; Unger &
Moult, 1996; Wolynes, 1996; Abkevich et al., 1995;
Fersht, 1995a,b; Govindarajan & Goldstein, 1995;
Karplus & Weaver, 1994; Orengo et al., 1994; Dill
et al., 1993) of a protein in¯uence the rate and
mechanisms by which it folds. Unfortunately,
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attempts to demonstrate such relationships (e.g.
see Munoz & Serrano, 1996; Scalley et al., 1997)
have been hindered by the dif®culties associated
with analyzing complex, multiphasic folding kin-
etics and by the limited amount of experimental
evidence available. The recent characterization of
the refolding of a number of single domain pro-
teins lacking cis proline residues or disul®de
bonds, however, motivated us to re-investigate
these relationships. Here we report potentially sig-
ni®cant correlations between the folding kinetics
and the native, equilibrium properties of a set of
kinetically simple, single domain proteins.

Comparisons of the refolding of proteins under
differing experimental conditions, of mutant pro-
teins (e.g. Fersht, 1995b; Burton et al., 1996) and of
homologous proteins (Kragelund et al., 1996; Mines
et al., 1996; Plaxco et al., 1997, 1998) indicate that
minor changes in solvent or sequence can dramati-
cally alter the kinetics of folding. The large range
of kinetic behaviors exhibited by a single protein
under differing solvent conditions, or by multiple
# 1998 Academic Press Limited



Figure 1. The relationships between topology and fold-
ing kinetics. The correlation between the relative contact
order of the native state and (A) the natural logarithm
of the intrinsic folding rate (ln(k)) or (B) transition state
placement (ym) for the 12 protein test set. The lines rep-
resent linear ®ts with correlation coef®cients of 0.81 and
0.68, respectively. The error bars on the point corre-
sponding to the FynSH3 domain represent the scatter
(standard deviation) of values from the four SH3
domains for which the appropriate data have been
reported (listed in Materials and Methods). These hom-
ologues cover a broad range of sequence identities (from
28 to 70%) but share very similar native state topologies.
They therefore provide an indication of the magnitude
of sequence speci®c effects. Circles denote helical pro-
teins, diamonds mixed sheet-helix proteins and squares
proteins comprised predominantly of sheet structures.
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proteins adopting nearly identical folds, suggests
that the resolution of sequence and experiment
speci®c effects from the potentially more subtle
effects of size, stability and topology might prove
very dif®cult. Our solution to this problem is to
search for relationships in a large, diverse data set
so that the kinetic consequences of equilibrium
properties may be assessed despite this noise. Cau-
sal relationships should thus appear as statistically
signi®cant, albeit imperfect, correlations between
kinetic parameters and equilibrium properties.

Results

We have investigated the in¯uence of three gen-
eral equilibrium properties, the size, stability and
topological complexity of the native state, on the
folding kinetics of a non-homologous set of simple
single domain proteins. The size (length) and stab-
ility (�Gu) of the native state are easily quanti®ed
and were taken directly from the literature. Topo-
logical complexity is somewhat more dif®cult to
specify numerically. We have used relative contact
order, (CO), which re¯ects the relative importance
of local and non-local contacts to a protein's native
structure, as a measure of this property. Relative
contact order is the average sequence distance
between all pairs of contacting residues normalized
by the total sequence length:

CO � 1

L �N
XN

�Si;j �1�

where N is the total number of contacts, �Si,j is the
sequence separation, in residues, between contact-
ing residues i and j, and L is the total number of
residues in the protein.

There is a statistically signi®cant relationship
between protein folding kinetics and native state
topological complexity. The logarithm of the intrin-
sic refolding rate (the extrapolated folding rate in
the absence of denaturant: ln(k)), which is pro-
portional to the height of the transition state bar-
rier, is well correlated with relative contact order
(with a correlation coef®cient, r, of 0.81;
Figure 1(A)). The p-value associated with this cor-
relation, p � 0.001, is extremely low, suggesting
that the observed correlation is highly unlikely to
have arisen by chance in the 12 member test set.
That this strong correlation occurs despite the wide
variation in experimental conditions employed in
generating the data set (discussed more fully in
Materials and Methods) suggests that topology is a
very signi®cant determinant of protein folding
rates. The inclusion of eight homologous proteins
and two circular permutants into the test set (listed
in Materials and Methods) does not signi®cantly
alter this correlation but does improve its statistical
signi®cance (p-value; data not shown).

A statistically signi®cant relationship is also
observed between estimates of folding transition
state placement, ym, and relative contact order
(r � 0.68; p � 0.01; Figure 1(B)). ym is computed
from the ratio of the denaturant dependencies (m-
values) of the relative free energy of folding of the
native (meq) and folding transition states (m{

f ) and
is thought to re¯ect the fraction of solvent-accessi-
ble surface buried in the native state that is also
buried in the transition state. Thus, ym, which can
theoretically vary from near 0% for a highly
unstructured transition state to near 100% for a
transition state of native-like compactness, moni-
tors the placement of the transition state on a reac-
tion coordinate that describes the degree of burial
of hydrophobic surface area. The correlation



Figure 2. The relationships between stability or length
and folding kinetics. No signi®cant correlation is
observed between either the (A) equilibrium stability
(r � 0.13; p � 0.68) or (B) length of single domain pro-
teins (r � 0.20; p � 0.53) and the rates at which they
fold. (C) A potential, albiet weak correlation (r � 0.51;
p � 0.09) is, however, observed between length and ym.
It should also be noted that length may play a signi®-
cant role in de®ning the folding rates of larger proteins
which often contain multiple independently folding
domains and exhibit complex, multiphasic folding kin-
etics (Roder & ColoÂn, 1997). Symbols are as for Figure 1.
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between contact order and ym is perhaps some-
what less surprising than the correlation between
CO and ln(k) as, unlike ln(k), ym is largely insensi-
tive to changes in temperature (Scalley & Baker,
1997; Schindler & Schmid, 1996) or solvent con-
ditions (Viguera et al., 1994; V. Grantcharova, per-
sonal communication) and thus should be less
subject to scatter arising from differing experimen-
tal conditions. The inclusion of eight homologous
proteins and two circular permutants into the test
set (listed in Materials and Methods), while not sig-
ni®cantly changing this correlation, improves
somewhat its statistical signi®cance (data not
shown).

Contact order is related to secondary structural
content but the latter is a signi®cantly poorer pre-
dictor of folding kinetics. Because helices are
characterized by numerous i, i � 3 contacts the
contact orders of helical proteins tend to be low
and thus there is a signi®cant correlation between
contact order and helical content (r � 0.72;
p � 0.009). However, the correlations between heli-
cal content and both ln(k) (r � 0.48; p � 0.12) and
ym (r � 0.58, p � 0.05) are much less signi®cant
than the corresponding correlations with contact
order. This suggests that contact order is the more
important determinant of protein folding kinetics.

Relationships between the size or stability of
members of the test set and their refolding kinetics
are weak or non-existent. No statistically signi®-
cant correlation (r � 0.13; p � 0.68) is observed
between native state stability and folding rates for
the proteins of the test set (Figure 2(A)). Also not
apparent in the data set is any signi®cant corre-
lation (r � 0.20; p � 0.53) between the length of
single domain proteins and the rates at which they
fold (Figure 2(B)). Casual inspection of Figure 2(B)
suggests that the lack of a correlation could arise
from the potentially anomalous folding rate of
cytochrome c. After removal of this protein from
the data set (which cannot be justi®ed on statistical
grounds but may be justi®ed on the biochemical
grounds that it is the only member of the test set
with a covalently attached prosthetic group) a stat-
istically weak correlation (r � 0.56; p � 0.07) is
observed. Multivariable ®ts of the full data set to
contact order and length dependencies also suggest
that length may, after topology, be a secondary
determinant of folding rates (K.W.P & I. Ruczinski,
unpublished data) although with only a 12 mem-
ber data set this, too, remains dif®cult to justify
statistically. Thus, while there exist hints in the
data set of a length dependence to folding rates,
size is at best a signi®cantly less important deter-
minant of kinetics than topology. A statistically
weak correlation (r � 0.51; p � 0.09) hints that
length may be a determinant of ym (Figure 2(C)).
The inclusion of eight homologous proteins and
two circular permutants into the test set (listed in
Materials and Methods) increases the signi®cance
of this correlation while reducing further the stat-
istical signi®cance of the correlations between ln(k)
and both stability and length (data not shown).
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Analysis of the data set also suggests a potential
systematic error in one or both of two commonly
used descriptors of transition state placement. The
excellent correlation between equilibrium measure-
ments of the change in heat capacity upon folding
(�Cp) and the denaturant dependencies of protein
stability (m-value) of characterized proteins (Myers
et al., 1995) suggests that, by analogy, ym should
correlate well with the ratio of the relative heat
capacities of the transition and native states (yCp

).
The correlation of these values for the six simple,
single domain proteins for which data are available
is indicated in Figure 3. The correlation is poor and
appears to be systematically skewed from the pro-
portional relationship suggested by equilibrium
studies: for all six single domain proteins for which
we have data yCp

is less than ym. While the data
are admittedly limited, the probability of such a
systematic bias arising by chance is only 1/64 and
for several proteins the two quantities deviate dra-
matically from the expected equality (e.g. for
muscle acyl-phosphatase the values are 79% and
40% for ym and yCp

, respectively: F. Chiti, N. A. J.
van Nuland, N. Taddei, F. Magherini, M. Stefani,
G. Ramponi & C. M. Dobson, personal communi-
cation).

Discussion

Recent years have seen a large increase in stu-
dies of the refolding of simple, single domain pro-
teins. We have used this rapidly increasing data
base to investigate the roles played by general,
equilibrium properties such as length, topology or
stability in de®ning the rates and mechanisms by
which proteins fold. Due to the relatively small
size of the data set presently available the results
Figure 3. Measures of transition state placement. The
correlation between yCp

and ym is poorer than might be
expected from equilibrium studies which suggest that
both �Cp and m-values measure the burial of solvent-
accessible surface. The continuous line represents this
theoretical equality. That yCp

is always less than ym

suggests that there may a systematic error in the
method used to determine one or both of these values.
Symbols are as for Figure 1.
of these investigations should be considered pre-
liminary. However, several statistically signi®cant
relationships are already apparent and relatively
weak or non-existent relationships are observed
between several parameters that might have been
expected to be strongly correlated.

Both equilibrium �Cp and m-values are well
described as proportional to the change in solvent
accessible surface area upon folding (Myers et al.,
1995). In light of this strong correlation the non-
equivalence of ym and yCp

is somewhat surprising.
This discrepancy may simply arise due to dif®culty
in accurately measuring yCp

(Tan et al., 1996). How-
ever, that yCp

is smaller than ym for all six of the
simple, single domain proteins studied to date
suggests that there may be a systematic error aris-
ing from either experiment or its theoretical
interpretation. A potentially signi®cant contributor
to this discrepancy may be the solvent viscosity
dependence of protein folding rates. Several stu-
dies have indicated that the ``pre-exponential fac-
tor'' in the Arrhenius equation that describes
folding rates is inversly proportional to solvent vis-
cosity (Jacob et al., 1997; K.W.P. & D.B., unpub-
lished results). Since solvent viscosity increases
with increasing denaturant concentration and
decreases with increasing temperature this would
tend to cause ym and yCp

to over and underestimate
transition state compactness, respectively. Differing
temperature and denaturant-induced movements
of the folding transition state, which are observed
in an adaptation of Zwanzig's simple model of
protein folding (Zwanzig, 1995), may also account
for part of this discrepancy (R. Baldwin & D.B.,
unpublished results).

No statistically signi®cant correlation is observed
between the stability of a single domain protein
and the rate at which it folds. Studies of the dena-
turant dependence of protein stability and refold-
ing kinetics have demonstrated that there exists a
near-perfect correlation between the equilibrium
stability and folding rate of a protein under differ-
ing solvent conditions (Chen et al., 1989; Tanford,
1970). Additional experimental evidence suggests
that there is often a good correlation between the
stability and folding rates of pairs of homologous
proteins sharing the same topology (Mines et al.,
1996; Plaxco et al., 1997, 1998). Numerous theoreti-
cal studies have also suggested that native state
thermodynamics may be a signi®cant determinant
of protein folding kinetics (Finkelstein, 1991;
Bryngelson et al., 1995; Onuchic et al., 1995; Pande
et al., 1997), even to the exclusion of other proper-
ties such as topology (Sali et al., 1994). The appar-
ent lack of a relationship between the stabilities
and folding rates of the topologically diverse pro-
teins in the test set indicates, however, that top-
ology may be a much more critical determinant of
relative folding kinetics.

No signi®cant correlation is apparent between
folding rates and protein size, suggesting that the
relative free energy of the transition state is much
less dependent on the total length of the polypep-



Figure 4. Rate and transition state placement. ym and
ln(k) are poorly correlated (dotted line: r � 0.34;
p � 0.29) unless the anomalously behaving cspB (®lled
square) is omitted from the data set (continuous line,
r � 0.63; p � 0.04). The reasons cspB folds via such a
highly compact transition state are unknown (Schindler
et al., 1995; Schindler & Schmid, 1996). Symbols are as
for Figure 1.
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tide chain than on its topology. This would be con-
sistent with a nucleation-condensation model in
which the rate-limiting folding step is the for-
mation of a region of native-like structure, a ``fold-
ing nucleus'' (e.g. see Go, 1993; Fersht, 1995a), the
size and energetics of which may be independent
of protein length. The weak correlation between ym

and length might also be explained if the sizes of
these nuclei are independent of the size of the pro-
tein. Then the fraction of the polypeptide chain
organized in the transition state, which should
roughly parallel ym, would tend to be larger for
smaller proteins. Such a trend is observed, for
example, in the SH3 family of proteins. The three
characterized SH3 domains that are of similar
lengths exhibit near-identical ym values (ranging
from 69 to 71%). The PI3 K SH3 domain, which
exhibits a similar overall topology but contains an
18 residue insertion, exhibits a ym of only 61% (see
Plaxco et al., 1998, and references cited therein).
However, while this trend is apparent in a set of
homologous proteins sharing a common topology,
the strong correlation between ym and contact
order suggests that topology is also a major deter-
minant of transition state structure (see below),
which may partially obscure the correlation
between length and ym for proteins of differing
topologies.

There is a very strong correlation between the
relative contact order of a protein and the rate at
which it folds. While many theoretical studies have
predicted relationships between folding kinetics
and the relative importance of local and non-local
contacts, the exact nature of this relationship has
been the subject of much debate in recent years.
One theoretical camp has predicted that proteins
with predominantly non-local interactions should
fold more rapidly because signi®cant local inter-
actions increase the ``roughness'' of the energy
landscape (Govindarajan & Goldstein, 1995),
increase the stability of the unfolded state (Fersht,
1995b), or decrease the uniqueness of the native
state (Abkevich et al., 1995). The opposing camp
(e.g. see Dill et al., 1993; Karplus & Weaver, 1994;
Gross, 1996; Unger & Moult, 1996; Doyle et al.,
1998) predicts that proteins characterized primarily
by local interactions would be the more rapidly
folding. Our results provide support for this con-
clusion. Consistent with this is the experimental
observation that mutations that increase the pro-
pensity (if not number) of local interactions have
been demonstrated to signi®cantly accelerate the
folding of a simple, single domain protein (Viguera
et al., 1997).

A weak, but statistically signi®cant, correlation
is observed between native state CO and folding
transition state placement, ym. Proteins character-
ized by large contact orders tend to exhibit more
well-ordered transition states, presumably because
more of the polypeptide must be ordered to form
the requisite number of favorable contacts. This
correlation is also consistent with numerous exper-
imental studies demonstrating that topologically
similar homologues exhibit very similar ym values
(Kragelund et al., 1996; Mines et al., 1996; Plaxco
et al., 1997, 1998).

Somewhat surprisingly, as both parameters are
related to the relative contact order of the native
state, the correlation between ym and refolding
rates is relatively poor (r � 0.34, p � 0.29). Inspec-
tion of the data set (Figure 4), however, suggests
that this may be due to the rather anomalous beha-
vior of a single protein, the Bacillus cold shock pro-
tein (cspB). cspB exhibits the most highly collapsed
transition state of any protein characterized to date
and yet it folds very rapidly (Schindler et al., 1995;
Schindler & Schmid, 1996). The relatively simple,
all b-sheet topology of cspB (Gross, 1996) has an
intermediate contact order, and thus the protein
does not signi®cantly perturb the correlation
observed between relative contact order and ln(k).
However, the protein lies far from the best ®t lines
for relationships between ym and both contact
order (a Cook's distance of 2.5 suggests cspB is
extremely anomalous) and ln(k) (Cook's distance
1.5). Removal of cspB from the data set signi®-
cantly increases the statistical signi®cance of the
relationships between ym and ln(k) (r � 0.63;
p � 0.04) and between ym and contact order
(r � 0.87, p � 0.0005). No explanation for the unu-
sually high ym value of cspB is apparent.

Further insights into the relationship between
contact order and folding kinetics may be gained
from an adaptation of a simple model of folding
originally described by Zwanzig (1995). We have
used such a model to investigate the contributions
of local and non-local interactions to the thermo-
dynamics and kinetics of folding (Doyle et al.,
1997). A protein is modeled by N residues which
can each take on a number of possible orientations,
a particular one of which is adopted in the native



Figure 5. Relationship between contact order, folding
rate and transition state placement in a simple model of
folding. The calculations employed the adaptation of
Zwanzig's simple model of folding (Zwanzig, 1995)
described by Doyle et al. (1997) with a protein length
(N) of 60 residues. The kinetics and thermodynamics of
folding were computed for different models as described
(Doyle et al., 1997). Free parameters were ®xed wherever
possible to values obtained from the experimental pro-
tein folding literature (D.B. & R. Baldwin, unpublished
results). The energy was assumed to be directly pro-
portional to the average number of properly formed
contacts, a decreasing function of the number of incor-
rectly oriented angles (S) (described in the text). The

990 Topology and Two-state Folding Kinetics
protein. Provided that the energy is a function of
the number but not the identity of correctly
oriented residues, the very high dimensional free
energy surface can be collapsed into one dimension
where the number of incorrectly oriented residues,
S, serves as a convenient reaction coordinate. Two
residues are considered to form a contact if all the
residues between them are properly oriented. The
probability that any one residue is properly
oriented is [(N-S)/N], and the probability that the
average number of residues between contacting
residues are simultaneously properly oriented is
[(N-S)/N]CO �N, where CO is the relative contact
order. Taking, for simplicity, all contacts to be
equally favorable, the energy as a function of S is
then proportional to the number of contacts [(N-S)/
N]CO �N. The conformational entropy and the over-
all free energy as a function of S and the thermo-
dynamics and kinetics of folding may be readily
determined for different contact orders using the
methods described by Doyle et al. (1998). As indi-
cated in Figure 5(A), the transition state barrier
increases and moves towards the native state as
the average contact order increases. The depen-
dence of both rate (Figure 5(B)) and transition state
placement (Figure 5(C)) on contact order are simi-
lar to that of the proteins in our data set (Figure 1).

Theoretical models of folding dating to An®nsen
(1973) have emphasized the importance of the loss
of chain entropy upon folding as a rate determin-
ing factor. However, while a signi®cant body of
experimental evidence supports enthalpic folding
barriers even for simple, single domain proteins
(Alexander et al., 1992; Schindler & Schmid, 1996;
Tan et al., 1996; Scalley & Baker, 1997; Plaxco et al.,
1998; van Nuland et al., 1998), chain entropy contri-
butions to the folding barrier have remained dif®-
cult to verify experimentally. In part, this is due to
a lack of an accurate value for the con®gurational
diffusion constant (Socci et al., 1996; Dill & Chan,
1997), in the absence of which there is no currently
available experimental measure of the entropy of a
folding transition state. Moreover, even if the diffu-
sion factor were well established it would remain
dif®cult, if not impossible, to distinguish exper-
imentally the relative contributions of chain and
solvent entropy. We propose, however, that the
correlations reported here represent qualitative
experimental evidence for the contribution of chain
entropy loss to the free energy barrier of folding.
To wit, the available data suggest that proteins
constant of proportionality was chosen so that the over-
all free energy of unfolding was between 5 and 7 kcal/
mol. (A) Free energy as a function of S for different
average contact orders. The transition state barrier
increases and moves towards the native state as the
average contact order increases. (B) Correlation between
contact order and the logarithm of the folding rate. (C)
Correlation between contact order and transition state
placement. Both relationships are qualitatively similar to
those shown for real proteins (Figure 1).
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that fold via poorly packed transition states (i.e.
proteins that surmount the rate-limiting step with
smaller chain entropy losses) tend to fold more
rapidly than those characterized by highly orga-
nized transition states. Moreover, because the bar-
rier to folding in the simple model described above
is entirely due to loss of con®gurational entropy,
the similarity in the contact order dependencies of
the folding rate and transition state placement in
Figures 1 and 5 suggests that chain entropy losses
also contribute to the free energy barriers of the
folding of real proteins.

Conclusions

The recent characterization of the refolding prop-
erties of a number of simple, single domain pro-
teins has provided an opportunity to demonstrate
that the relative contact order of the native state is
a determinant of both the height and placement of
the folding transition state barrier. The in¯uences
of other factors, such as equilibrium stability and
chain length, are either not apparent or only
weakly supported by the test set presently avail-
able. No doubt the rapidly increasing protein fold-
ing data base will soon provide an opportunity to
more fully characterize the importance of such fac-
tors.

Materials and Methods

We are aware of 22 monomeric, single domain pro-
teins which lack disul®de bonds and cis proline residues,
which have been suggested to fold via two-state kinetics
under at least some conditions and for which most of the
appropriate structural and kinetic data are available.
Multiple members of homologous families were not
included in the test set in order to avoid over represen-
tation of a single topology or length. Thus, eight of the
22 proteins were excluded because they exhibit signi®-
cant (>25%) sequence identity with proteins already in
the set: three src-homology 3 domains (spectrin SH3,
Viguera et al., 1994; PI3K SH3, Guijarro et al., 1998; src-
SH3, Grantcharova & Baker, 1997), two ®bronectin type
III domains (9FN3 and 10FN3, Plaxco et al., 1997), two
acyl carrier binding proteins (rat and yeast ACBP,
Kragelund et al., 1996), and one cytochrome c (yeast
cytochrome c, Mines et al., 1996). The representative
family members included in the test set were either the
®rst published example (bovine ACBP and equine cyto-
chrome c) or the homologue for which the most com-
plete data set is available (FynSH3 and TnFN3). Also
omitted from the test set were two circular permutants
of the spectrin SH3 domain (Viguera et al., 1995, 1996).

The wide variety of experimental conditions under
which the folding data were collected generates ``noise''
which may obscure any underlying correlations. The
refolding data were collected within the pH range 5.0 to
7.2. Experiments with protein L (Yi et al., 1997), CI-2
(Oliveberg & Fersht, 1996), 9FN3, 10FN3 (Plaxco et al.,
1997; K.W.P. & C. M. Dobson, unpublished data) and
srcSH3 (V. Grantcharova & D.B., unpublished data)
suggest that pH changes over this range are unlikely to
alter ln(k) by more than 1 ln unit or to measurably affect
ym. Studies of cspB (Schindler et al., 1995) and protein L
(Scalley & Baker, 1997) indicate that ym values are also
unlikely to change signi®cantly over the 17�C tempera-
ture range over which the data were collected. Most of
the data were collected within an 8�C temperature
range. Experiments with protein L (Scalley & Baker,
1997), fynSH3 (Plaxco et al., 1998), CI-2 (Tan et al., 1996),
HPr (van Nuland et al., 1998), cspB (Schindler et al.,
1995), 10FN3 (K.W.P. & C. M. Dobson, unpublished data)
and AcP (F. Chiti, N. A. J. van Nuland, N. Taddei, F.
Magherini, M. Stefani, G. Ramponi & C. M. Dobson, per-
sonal communication) suggest that over this temperature
range folding rates are unlike to vary by more than 1 ln
unit. The data for l-repressor was collected 12�C above
the median experimental conditions. Investigations of a
double mutant l-repressor, which folds somewhat more
rapidly than the wild-type sequence (Burton et al., 1996),
indicate however that ln(k) is unlikely to vary by more
than 1.4 ln units over this temperature range (T. Oas,
personal communication), an amount which will not sig-
ni®cantly affect the observed correlations.

Intrinsic folding rates, kinetic m-values and folding
free energies were taken directly as reported (Table 1).
Data for folding free energies and kinetics were taken
under identical conditions in all cases. In cases for which
multiple values of a given parameter are reported the
more recently reported data was used. Lengths were
taken as the total length of the construct studied. Using
instead the total number of well-ordered residues does
not signi®cantly affect the reported correlations (data not
shown). For a two-state folding protein the equilibrium
m-value can be obtained from the difference between the
kinetic m-values of folding and unfolding. In order to
reduce the likelihood of any bias arising from systematic
errors in the direct determination of meq the ratio ym,
which is given by m{

f /meq, was calculated as m{
f /

(m{
f ÿ m{

u) (Jackson & Fersht, 1991). Equilibrium (Myers
et al., 1995) and kinetic (Plaxco et al., 1997; Clarke et al.,
1997; V. Grantcharova & D.B., unpublished data; T.
Schindler, personal communication) studies indicate that
ym values obtained using urea can be directly compared
to those obtained using guanidine hydrochloride and
thus we have made no distinction between the two. yCp

values were taken as reported and typically calculated as
the ratio �Cp

{(f) to �Cp(eq). The intrinsic folding rates
extrapolated from two-state folding conditions were
used as a convenient parameter for the comparison of
two-state refolding rates. It should be noted, however,
that under the conditions employed two proteins in the
data set (cytochrome c and ubiquitin) exhibit ``roll-over''
(Sosnick et al., 1996; Khorasanizadeh et al., 1993). Thus
the extrapolated intrinsic refolding rate may not accu-
rately re¯ect the actual folding rate in the absence of
denaturant.

Contact orders and helical content were determined
from structural coordinates recorded in the Brookhaven
Data Bank (Bernstein et al., 1977). Relative contact order
was calculated using the formula described in Results
(equation (1)). Residues were considered contacting if
they contained non-hydrogen atoms that are within
6.0 AÊ . Cutoffs from 3.5 to 8 AÊ were investigated but do
not signi®cantly affect the correlations described in this
work (data not shown). Limiting contacts to hydro-
phobic residues slightly reduces the signi®cance of the
correlations reported here and limiting contacts to poten-
tial backbone hydrogen bonding pairs increases some-
what the signi®cance of CO versus ym and decreases
somewhat the signi®cance of CO versus ln(k) (data not
shown). Helical content was calculated using the second-



Table 1. The non-homologous set of simple, single domain proteins used in this study

Name PDB code Length
�Gu (kcal

molÿ1) ln(kf)
ym

(%)
yCp

(%)
CO
(%)

Helix
(%)

Temperature
(�C)

A. Helical
l-Repressora 1LMB3 80 3.3 8.19 46 ± 9.4 73 37
Equine cyt cb 1HRC 104 8.2 8.76 40 ± 11.2 41 23
Bovine ACBPc 2ABD 86 7.0 6.55 63 ± 14.0 60 20

B. Mixed
Ubiquitind 1UBQ 76 7.2 7.33 59 ± 15.1 24 25
CI-2e 1CIS 83 7.0 3.87 61 51 16.4 17 25
ADA2hf 1PCA 80 4.1 6.80 74 ± 17.0 25 25
Protein Lg 2PTL 63 4.6 4.10 75 42 17.6 19 22
HPrh 1HDN 85 4.7 2.70 64 52 18.4 38 20
Muscle AcPi 1APS 98 4.5 ÿ1.48 79 40 21.2 18 28

C. Sheet
CspBj 1CSP 67 2.1 6.98 96 90 16.4 4 25
TnFN3k 1TEN 90 5.3 1.06 60 ± 17.4 0 20
FynSH3l 1SHFA 67 6.0 4.55 68 51 18.3 5 20

a Huang & Oas (1995a,b)
b Mines et al. (1996), Sosnick et al. (1996), extrapolated folding rate: J. Winkler & H. Gray (personal communication).
c Kragelund et al. (1995, 1996), Data at 20�C: B. Kragelund (personal communication).
d Khorasanizadeh et al. (1993).
e Jackson & Fersht (1991), Tan et al. (1996).
f Villegas et al. (1995), kinetics: human ADA; structure: porcine ADA.
g Scalley et al. (1997), Scalley & Baker (1997).
h van Nuland et al. (1998).
i F. Chiti, N. A. J. van Nuland, N. Taddei, F. Magherini, M. Stefani, G. Ramponi & C. M. Dobson (personal communication).
j Schindler et al. (1995), Schindler & Schmid (1996).
k Clarke et al. (1997).
l Plaxco et al. (1998).
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ary structure assignments of the dictionary of secondary
structural preferences (DSSP: Kabsch & Sander, 1983).

Single variable linear relationships were assumed.
Multivariable linear models were also investigated and
suggest that length may be an important secondary
determinant of ln(k) and ym (K.W. P. & I. Ruczinski,
unpublished data), but the small size of the present data
set makes dif®cult the justi®cation of these more com-
plex models. These linear models may be very poor
approximations of the actual relationships between the
variables under investigation. Correctly addressing this
issue, however, will also require signi®cantly larger data
sets. The reported correlation coef®cients, p-values and
Cook's distances were calculated using S-plus (MathSoft,
Inc). Reported p-values are the probability that an obser-
vation from a t-distribution with ten degrees of freedom
would exceed the ratio of the estimate of the slope to the
estimate of the standard deviation. The p-values thus
represent the probability that, if the null hypothesis were
true (i.e. that there exists no relationship and the true
slope is zero), an estimate of the slope would be gener-
ated as far or farther from zero than that actually
observed. Cook's distance is a measure of the impact of
a given data point on a postulated relationship. A
Cook's distance of >0.5 suggests that the data point is a
signi®cant outlier.
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Note added in proof: Since this paper was accepted for publication, it has come to our attention
(B. Kuhlman & D. Raleigh, personal communication) that the 56 residue amino-terminal domain of
ribosomal protein L9 exhibits two-state folding kinetics with ln(k) � 6.57 and ym � 60% (at 25�C).
The contact order of this domain, 12.7%, corresponds to ln(k) � 7.55 and ym � 55% using the corre-
lations noted in Figure 1. The correspondance between these values is fully consistent with the
results reported here and improve their statistical signi®cance.
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