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Evolutionary Conservation in Protein Folding Kinetics
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The sequence and structural conservation of folding transition states have
been predicted on theoretical grounds. Using homologous sequence
alignments of proteins previously characterized via coupled mutagen-
esis/kinetics studies, we tested these predictions experimentally. Only
one of the six appropriately characterized proteins exhibits a statistically
signi®cant correlation between residues' roles in transition state structure
and their evolutionary conservation. However, a signi®cant correlation is
observed between the contributions of individual sequence positions to
the transition state structure across a set of homologous proteins. Thus
the structure of the folding transition state ensemble appears to be more
highly conserved than the speci®c interactions that stabilize it.

# 2000 Academic Press

Keywords: nucleation-condensation; phi-values; evolution
*Corresponding authors
Introduction

Natural selection clearly conserves functionally
important residues in proteins in order to preserve
biological activity. As protein function generally
requires a well-populated native state, natural
selection likewise conserves residues critical to
protein stability. Does evolution also maintain
sequence in order to ensure rapid folding? Proteins
spontaneously fold to their unique native struc-
tures many orders of magnitude more rapidly than
would be possible if the folding process involved
an exhaustive, random search of conformation
space (Levinthal, 1968). This seemingly paradoxical
behavior has led to the proposal that evolutionary
pressures do select for those presumably rare
sequences able to fold rapidly (Levinthal, 1968;
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An®nsen, 1973), and that the identity of residues
participating in the rate-limiting step of folding
might be conserved (Shrivastava et al., 1995;
Bryngelson et al., 1995; Shakhnovich et al., 1996;
Ptitsyn, 1998; Mirny et al., 1998; Demirel et al.,
1998; Parker et al., 1998; Kragelund et al., 1999;
Pouron & Mornon, 1999; Mirny & Shakhnovich,
1999).

Both experimental (reviewed by Fersht, 1997)
and theoretical (reviewed by Pande et al., 1998) stu-
dies suggested that protein folding occurs via the
formation of a small region of native-like structure
that serves as a nucleus upon which further resi-
dues condense in a process analogous to a phase
transition. If evolution acts at the level of ®ne
sequence details in order to produce and maintain
rapid folding, conservation of residue identity and
the structures of these nuclei might be expected
within families of homologous proteins or across
protein superfamilies (Shakhnovich et al., 1996;
Mirny et al., 1998; Ptitsyn, 1998; Michnick &
Shakhnovich, 1998; Mirny & Shakhnovich, 1999).
In contrast, recent experimental reports have
suggested that there may be little correlation
between sequence conservation and participation
in the folding transition state (Grantcharova et al.,
1998; Martinez et al., 1998; Fulton et al., 1999).
Here, we report a more exhaustive and quantitat-
ive experimental examination of the hypothesized
conservation of transition state sequence identity
and structure.
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The kinetic consequences of large numbers of
point mutations have been reported for more than
a dozen proteins. These include chymotrypsin
inhibitor 2 (CI2), l-repressor, the src homology 3
(SH3) domains of a-spectrin, src and fyn, the IgG
binding domain of protein L, the activation
domain of procarboxypeptidase A2 (ADAh2), acyl
phosphatase (AcP), acyl carver binding protein
(ACBP) and FKBP12 (Itzhaki et al., 1995; Viguera
et al., 1996a; Burton et al., 1997; Gu et al., 1997;
Martinez et al., 1998; Grantcharova et al., 1998;
Villegas et al., 1998; Kragelund et al., 1999; Fulton
et al., 1999; Chiti et al., 1999; A.R.D., unpublished
data) which fold with two-state kinetics, and
barnase, barstar, cheY and Arc repressor
(Matouscheck et al., 1992; Milla et al., 1995; Lopez-
Hernandez & Serrano, 1996; Nolting et al., 1997),
which fold via more complicated multi-state or
bimolecular kinetics. With the exception of several
l-repressor mutations (Burton et al., 1997), none of
the reported sequence modi®cations appears to
affect signi®cantly the conformation of the folding
transition state (as monitored by the effects of
denaturants on folding), and thus the results of
mutational studies can conveniently be interpreted
as measuring the contributions of a residue to the
structure of a relatively well-de®ned transition
state ensemble.

Results

In order to access accurately the degree to which
residues involved in the folding nucleus are con-
served by evolution, a quantitative measure of the
importance of a given residue to the structure of
the folding nucleus is required. Some years ago
Fersht and co-workers introduced �-value analysis
as a convenient measure of this property (Fersht
et al., 1992). For mutations that do not signi®cantly
perturb the folding pathway, � corresponds to the
ratio of the impact of a mutation on the stability of
the transition state to its impact on the stability of
the native state and is given by:

� � ��GzÿU=��GFÿU �1�
While �-values sometimes misrepresent transition
state involvement, for example, a residue with
backbone atoms participating critically in the tran-
sition state might exhibit a low �-value if its side-
chain points away from the structured regions of
the transition state, it remains the only objective
experimental measure of transition state partici-
pation.

Because a residue will rarely contribute more
signi®cantly to the stability of the transition state
than to the native state, �-values rarely exceed 1.
Mutations that increase the volume of a side-chain
also sometimes produce negative �-values by
increasing a protein's folding rates (by stabilizing
the poorly packed transition state via non-native
interactions) while destabilizing the tightly packed
native structure. However, isosteric mutations or
mutations that remove side-chain atoms that desta-
bilize the folding transition state (i.e. decrease fold-
ing rates) also usually destabilize the native state,
and thus the �-values of such mutations are rarely
signi®cantly less than 0. The �-values associated
with side-chain truncating mutations that are sig-
ni®cantly outside of the range 0-1.0 are most likely
due to the large relative errors associated with
measuring small changes in equilibrium free
energy. We have omitted from our data set resi-
dues exhibiting �-values outside of the range ÿ0.5
to 1.5 and preferentially selected conservative
mutations decreasing side-chain volume (with the
exception of glycine to alanine residue substi-
tutions) in order to highlight any possible relation-
ships between sequence conservation and �.

To assess the relationship between sequence con-
servation and �-values, it is essential to construct
accurate and comprehensive sequence alignments.
As described in Materials and Methods, exhaustive
database searches employing PSI-BLAST (Altschul
et al., 1997) were used to ensure that alignments
contained all available variants of the sequence
under investigation. Once alignments were con-
structed, the average percentage identity of each
sequence with every other sequence in the align-
ment was calculated. Sequences with average per-
centage identities below 20 % were discarded to
avoid the inclusion of sequences that might not
encode the correct fold. Each alignment was also
carefully examined to verify that each included
sequence possessed key features de®ning the fold
(e.g. correctly positioned hydrophobic core resi-
dues). The overall diversity of each sequence align-
ment was determined by performing all-against-all
pair-wise sequence identity calculations and deter-
mining the mean of these values. Of the six align-
ments, those of the SH3 domain and CheY are the
largest (>265 sequences) and most diverse (mean
pair-wise identities >30 %). Although some align-
ments contained relatively few sequences (e.g.
ACBP and ADAh2), their diversity, as measured
by the mean pair-wise sequence identity, was simi-
lar to some of the larger alignments (Table 1).

A means of quantifying sequence conservation
is provided by informational entropy, which
measures how signi®cantly the residue identities in
an alignment of homologous sequences deviate
from a random distribution of amino acid residues
(Shenkin et al., 1991). It is given by:

ÿ
Xm

j�1

pj�i� ln pj�i� �2�

where pj(i) is the frequency of residue j at positions
i in the alignment and m is the number of possible
amino acid types (20 for naturally occurring pro-
teins). For studies involving sets of variant proteins
derived from phage-display selection experiments
(Riddle et al., 1997; Kim et al., 1998), relative entro-
pies were used to take into account highly variable
mutagenesis probabilities:



Table 1. Alignment, kinetic characterization and correlation statistics

Alignment
size (number

Mean pair-
wise sequence Median

Fraction of
residues

characterized
Correlation statistics Excluding active site

Protein of sequences) identity (%) entropy (%) r p r p

SH3 266 27 2.14 91 0.18 0.30 0.15 0.42
CI-2 63 40 1.44 67 ÿ0.12 0.44 ÿ0.12 0.48
FKBP12 264 43 1.50 33 0.32 0.15 0.27 0.25
ACBP 37 44 1.48 28 0.02 0.91 ÿ0.15 0.56
ADAh2 21 36 1.36 25 0.09 0.72 0.16 0.55
CheY 425 28 2.08 26 ÿ0.51 0.005 ÿ0.41 0.04
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ÿ
Xm

j�1

pj�i� ln pj�i�=pbg
j �3�

where pbg
j is the frequency of occurrence of residue

j given the background residue composition. To
adequately estimate pj(i) it is necessary to construct
a suf®ciently large alignment, here de®ned as more
than 20 relatively distantly related sequences (see
Table 1). Of the proteins previously subjected to
reasonably complete mutagenesis/kinetics studies
(>20 % of positions characterized), homologous
sequences suf®cient to accurately estimate
sequence conservation (>20 sequences) have been
reported only for CI-2, the SH3 domains, ACBP,
FKBP12, ADAh2 and CheY. We will thus focus on
these examples which, while providing a perhaps
limited view of multi-state folding, cover rather
broadly the apparently two-state folding of simple,
single domain proteins.

We have characterized the �-values of 52 of the
57 structured residues of the two-state srcSH3
domain (Grantcharova et al., 1998; Riddle et al.,
1999), representing the most exhaustive �-value
analysis reported to date. This SH3 domain lacks
any statistically signi®cant correlation between
�-values and sequence conservation (r � 0.18,
p � 0.30; Figure 1(a)). The highest characterized
�-value (1.16) is associated with the eighth least
conserved of the kinetically characterized residues
in the domain (Gly40). There is no evidence that
the putative conservation of kinetically signi®cant
residues is masked by the signi®cant conservation
observed for residues conserved for functional
rather than kinetic reasons (Table 1); high-� resi-
dues (� 5 0.5) are, on average, no better con-
served than low-� residues (� < 0.5) or
characterized, non-active site (de®ned in Lim &
Richards, 1994) residues (Figure 2(a)).

Fersht and co-workers (Itzhaki et al., 1995) have
measured the kinetic impact of mutations of 43 of
the 64 structured residues in the two-state protein
CI-2. We observe no statistically signi®cant evi-
dence that the high �-value residues in the set of
characterized residues are particularly well con-
served (Figure 1(b)). The correlation between
�-value and sequence entropy is statistically insig-
ni®cant (correlation coef®cient, r � ÿ 0.12, p � 0.44;
Figure 1(b)), and while the highest �-value residue
(Ala16, � � 1.06) is the third most conserved resi-
due, the second highest �-value residue (Lys18,
� � 0.70) is the eighth least conserved of the kine-
tically characterized residues in the CI-2 alignment.
There is no evidence that the putative conservation
of kinetically signi®cant residues is masked by the
signi®cant conservation of residues playing func-
tional rather than kinetic roles (Table 1). The aver-
age conservation of high �-value residues
(� 5 0.5) in CI-2 is not signi®cantly different from
the average conservation of all kinetically charac-
terized residues, of low-� (� < 0.5) residues or of
characterized, non-active site residues (Figure 2(b))
(de®ned by MacPhalen & James, 1988).

More recently, several groups have reported
somewhat less complete �-value analyses for the
two-state proteins ADAh2, FKBP12 and ACBP
(Villegas et al., 1998; Fulton et al., 1999; Kragelund
et al., 1999). Across the characterized residues of
these proteins there exist no signi®cant correlations
between �-values and sequence conservation
(Figure 1(c)-(e); Table 1) and many of the higher �-
value positions in these proteins are some of their
most poorly conserved. Moreover, within each
family the average conservation of high �-value
residues (� 5 0.5) does not differ signi®cantly from
the average conservation of all kinetically character-
ized residues, of low �-value (� < 0.5) residues or
of characterized, non-active site residues
(Figure 2(c)(e)) (de®ned by DeCenzo et al., 1996;
Garcia-Saez et al., 1997; Kragelund et al., 1999).

Lopez-Hernandez & Serrano (1996) reported the
effects of mutations at 34 of the 129 residues of the
non-two-state protein CheY. Across this data set
there is a statistically signi®cant correlation
between �-values and sequence entropies
(r � ÿ 0.51; p � 0.005; Figure 1(f)), although the
two highest �-values observed to data (� � 0.89,
0.75 for Val33 and Ala36, respectively) occur at the
11th and fourth least conserved of the kinetically
characterized positions in the protein. The average
sequence entropy of characterized, high-� residues
(� 5 0.5) is slightly lower than that of character-
ized, low-� residues (� < 0.5) (Figure 2(f)). The
exclusion of active-site residues (de®ned by
Bellsolell et al., 1994) substantially reduces the stati-
cal signi®cance of the correlation (r � ÿ 0.41;
p � 0.04; Figure 1(f), dotted line). It should be



Figure 1. There is no statistically signi®cant relationship between a residue's involvement in transition state struc-
ture (�) and its conservation (sequence entropy) across the (a) SH3, (b) CI-2, (c) FKBP12, (d) ACBP or (e) ADAh2 pro-
tein families (jrj < 0.35, p > 0.15). If, on the grounds that conservation for kinetic reasons might be obscured by
functionally relevant conservation, active-site residues (open symbols) are removed from these data sets the corre-
lations remain statistically insigni®cant (jrj < 0.3, p > 0.25; broken lines). (f) There is, however, a statistically signi®cant
correlation between � and conservation among the 25 % of positions in CheY that have been characterized to date
(r � ÿ 0.51; p � 0.005), although the signi®cance of this correlation is largely reduced when active-site residues (open
symbols) are omitted from the analysis (broken line; r � ÿ 0.41; p � 0.04).
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noted that only approximately one-quarter of the
residues of CheY have been characterized kineti-
cally and thus the extent, and conservation, of the
CheY folding nucleus remains relatively poorly
characterized.

We have generated two large sets of highly
modi®ed, correctly folded proteins using an in vitro
phage display selection method in order to charac-
terize the sequence dependence of folding kinetics
(Riddle et al., 1997; Kim et al., 1998). In protein L,
the region most highly conserved in phage selec-
tions is in the ®rst b-hairpin (Kim et al., 1998). This
is also the region of the protein that exhibits the
highest �-values, with all characterized � > 0.5
residues appearing there (Gu et al., 1998). Despite
this, however, there is no statistically signi®cant
correlation between the �-values and relative
entropy on a position by position basis
(Figure 3(a)). Similarly, in a parallel experiment in
which signi®cant portions of the srcSH3 domain
were ``simpli®ed'' (sequences biased to Lys, Glu,
Ile, Gly or Ala; Riddle et al., 1997), the average
sequence diversity of high-� residues appears
indistinguishable from that of low-� residues (data
not shown). Here, however, evidence suggests
there may be a stronger correlation than implied
by raw sequence entropy; several positions were
under such strong selective pressure that amino
acid residues ostensibly not allowed by the muta-
genesis protocol were recovered in high yield
(making it impossible to calculate meaningful rela-
tive entropies). Consistent with this observation,
the average �-value of these residues and other
highly conserved residues (relative entropy >2) is
slightly higher than the average �-values of more
poorly conserved residues (Figure 3(b)). As in the
case of protein L, a single b-turn contains most of
the high �-values and showed evidence of strong
selective pressure. These results suggest that the
conservation of high-� residues may be more sig-
ni®cant during the large-scale sequence pertur-
bations of the phage-display approach than the



Figure 2. There are no statisti-
cally signi®cant differences between
the average entropies of high-�
residues, all kinetically character-
ized residue (all), low-� residues
or kinetically characterized, non-
active-site (non-AS) residues for the
proteins (a) srcSH3, (b) CI-2, (c)
FKBP12, (d) ACBP or (e) ADAh2.
In contrast, active-site residues (AS)
are relatively well conserved across
most of these proteins. (f) For the
protein CheY, which exhibits a
signi®cant correlation between �
and sequence entropy (Figure 1(f)),
high-� residues exhibit signi®-
cantly lower sequence entropies
than low-� and non-active site resi-
dues. The error bars indicate the
standard deviation of the data
within each bin.
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more subtle sequence changes relevant to evol-
utionary drift. Disruptive substitutions in the criti-
cal b-turns in protein L and SH3 may reduce the
robustness of folding to the point that further
large-scale sequence changes are strongly selected
against.

In contrast to the relatively limited conservation
of sequence identity at high-� positions, the avail-
able experimental evidence suggests that the �-
value of a given position may be conserved across
homologous proteins (Martinez et al., 1998;
Grantcharova et al., 1998; Martinez & Serrano,
1999). Three homologous SH3 domains have been
at least partially characterized using �-value anal-
ysis (Viguera et al., 1996a; Grantcharova et al.,
1998; Martinez et al., 1998; Riddle et al., 1999;
Martinez & Serrano, 1999; A.R.D. & J. Northey,
unpublished results). The positions for which �-
values have been determined in both the src and
spectrin SH3 domains (36 % identity) are highly
correlated (r � 0.74; p � 0.006; Figure 4(a)).
Recently we have characterized the �-values of
several residues in the fynSH3 domain (A.R.D. &
J.N., unpublished results). The �-values of these
residues are also highly correlated with the corre-
sponding residues in srcSH3 (78 % sequence iden-
tity; r � 0.82; p � 0.002; Figure 4(b)), suggesting
that the fynSH3 folding nucleus is also structurally
related.
Discussion

We have not observed any statistically signi®-
cant correlation between the role of a residue in
folding transition state structures and its evolution-
ary conservation among naturally occurring homo-
logs of the better-characterized, two-state folding
proteins we have investigated. There is no statisti-
cally signi®cant correlation between �-value and
sequence entropy. The sequence entropy of high-�
residues is not signi®cantly less than the average
entropy of all residues, of all kinetically character-
ized residues or of all non-active-site residues and
residues with the highest characterized �-values
are often some of the least conserved residues in
these proteins. Consistent with these observations,
we also observe no strong correlation between the
�-value and sequence entropy across sets of highly
modi®ed variants of protein L and the srcSH3
domain, although speci®c, highly conserved
regions in both proteins play important roles in the
folding process. A correlation is observed between
� and sequence entropy for the rather poorer-
characterized, multi-state protein CheY, but the
exclusion of residues conserved for functional
reasons from the analysis reduces substantially its
statistical signi®cance.

Lattice folding simulations indicate that the
sequence identity and structure of the folding



Figure 3. (a) While the ®rst b-
turn of protein L is under signi®-
cant sequence constraints in ran-
dom sequence selections and
exhibit relatively high �-values
(Gu et al., 1998; Kim et al., 1998),
there is no statistically signi®cant
evidence (r � 0.21; p � 0.25)
suggesting a correlation between
sequence conservation and �

across highly modi®ed variants of protein L generated using in vitro phage-display selection techniques (Kim et al.,
1998; Riddle et al., 1997). Note that due to the rather non-random sequence compositions allowed by the mutagenesis
strategies used, this Figure presents relative entropy values (equation (3)); thus in contrast to Figure 1, more highly
conserved residues appear to the right. (b) Some evidence of conservation of high-� residues is observed across a set
of sequences that fold to the SH3 domain fold and that feature reduced alphabet complexity (sequence biased to Ile,
Lys, Glu, Ala or Gly). The more conserved residues of these variants (relative entropies 52 and positions for which
non-allowed residues types were recovered) exhibit somewhat higher �-values than less conserved residues, although
the statistical signi®cance of this observation remains relatively weak.
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nucleus of lattice polymer models are conserved
when sequences are selected for stability
(Shakhnovich et al., 1996; Michnick & Shakhnovich,
1998) or rapid folding (Gutin et al., 1998; Mirny
et al., 1998). Based on this observation, it has been
predicted that residues involved in the folding
nuclei of proteins may be conserved across natu-
rally occurring homologous families, or exhibit
intra-family conservation across superfamilies,
including those of CI-2 (Shaknovich et al., 1996),
cytochrome c (Ptitsyn, 1998), ubiquitin (Michnick &
Shakhnovich, 1998), CheY (Mirny et al., 1998),
ADAh2 (Mirny & Shakhnovich, 1999) and CD2
(Mirny & Shakhnovich, 1999). Only extremely
limited mutagenesis/kinetics studies (<10 % of
positions characterized) have been reported for
cytochrome c (Colo'n et al., 1996; McGee & Nall,
1998), ubiquitin (Khorasanizadeh et al., 1996) or
CD2 (Lorch et al., 1999), thus the conservation of
kinetically signi®cant residues in these proteins is
dif®cult to address at this time. As indicated
above, however, we observe no statistically signi®-
cant evidence in support of the suggestion that
residues forming the folding nucleus of CI-2 are
highly conserved (Shaknovich et al., 1996).

Using a more sophisticated measure of conserva-
tion de®ned by intra-family conservation of resi-
due similarity across protein superfamilies
(``conservatism-of-conservatism''), Shakhnovich
and co-workers have investigated the conservation
of high-� residues in CheY and ADAh2 (Mirny
et al., 1998; Mirny & Shakhnovich, 1999). While
some high-� positions are clearly conserved by
this measure, confounding conservation (due to
functional constraints) and incomplete kinetic
characterization preclude rigorous statistical con®r-
mation of such a relationship. As measured by con-
servativism-of-conservativism, six of the ten
characterized CheY residues exhibiting � 5 0.5 are
among the 17 most conserved residues in the pro-
tein (probability of chance occurrence 0.3 %; I.R.,
unpublished results). These six residues, however,
include several active-site positions and it has been
shown that conservation across superfamily mem-
bers is often high for such functionally critical resi-
dues (Lichtarge et al., 1996; Mirny & Shakhnovich,
1999). Two of the ®ve ADAh2 residues known to
exhibit � 5 0.5 are among the nine residues exhi-
biting the highest conservativism-of-conservativism
in the alpha/beta plait superfamily (Mirny &
Shakhnovich, 1999). However, while this suggests
that some residues may be conserved for kinetic
reasons, the limited kinetic data available for this
family (Garcia-Saez et al., 1997) prevent any quanti-
tative, statistical veri®cation of the relationship
(probability of chance occurrence >10 %; I.R.,
unpublished results). Clearly more complete kin-
etic characterization will be required in order to
establish unequivocally the relationship between
sequence conservation across superfamilies and
participation in the folding nucleus.

Sequence as a determinant of folding kinetics

Sequence is a primary determinant of protein
folding kinetics, as sequence alone encodes the
three-dimensional structure of a protein and the
rate with which that structure is formed (An®nsen,
1973). But the observation that the identities of
high-� residues are typically poorly conserved is
consistent with numerous lines of evidence
suggesting that protein folding kinetics are rela-
tively insensitive to ®ne details of sequence and
are, instead, de®ned by sequence through its
effects on more global parameters such as topology
(Nymeyer et al., 1998; Plaxco et al., 1998a; Alm &
Baker, 1999) and, to a leser extent, stability
(Viguera et al., 1996b; Mines et al., 1996; Plaxco
et al., 1997, 1998b).

Conservation of transition state structure

While we observe little statistically signi®cant
evidence of the predicted sequence conservation of



Figure 4. While the identities of
high-� residues are not typically
conserved, the �-values of equival-
ent sequence positions are highly
correlated between even distantly
related homologous proteins.
(a) Plot of �-values for correspond-
ing positions in the spectrin and
srcSH3 domains (36 % sequence
identity, r � 0.74, p � 0.006), (b) the
src and fynSH3 domains (78 %

sequence identity, r � 0.82, p � 0.002). Like those of the native proteins, the structures of the folding transition states
of these homologs appear to be relatively well conserved.
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folding nuclei, the limited evidence available is
consistent with the predicted structural conserva-
tion of folding nuclei. With the notable exception
of mutations of l-repressor (Burton et al., 1997),
point mutations rarely affect the relative solvent-
accessible surface area of the transition state (e.g.
Itzhaki et al., 1995; Grantcharova et al., 1998;
Kragelund et al., 1999; Fulton et al., 1999),
suggesting that the majority of point mutations do
not strongly perturb transition state structure.
Consistent with this, Serrano and co-workers used
�-value analysis to characterize the transition state
structure of a mutant spectrin SH3 domain with a
folding transition state some 1.8 kcal/mol more
stable than that of the wild-type protein. Despite
this large increase in stability, the conformation of
the transition state ensemble is not signi®cantly
perturbed by the mutation (Martinez et al., 1998).

Studies of homologous proteins provide further
evidence that the structures of the folding tran-
sition states are relatively insensitive to ®ne details
of sequence and are instead de®ned by more
global parameters. As reported here (Figure 4),
there is statistically signi®cant evidence that the �-
values of a given sequence position are maintained
across homologous proteins (although the rela-
tively high levels of sequence identity, 36 and 78 %,
contrast strongly with the 27 % average pair-wise
sequence identity of the SH3 data presented in
Figures 1(a) and 2(a)). Analogous to this, studies of
a number of sets of even distantly related, homolo-
gous proteins indicate that the relative solvent-
accessible surface areas of their transition states are
fairly well conserved (e.g. Kragelund et al., 1996;
Mines et al., 1996; Plaxco et al., 1997, 1998b; Reid
et al., 1998). More recently, Chiti et al. (1999) have
reported a statistically signi®cant correlation
between the �-values of equivalent positions in the
proteins AcP and ADAh2 which, while structurally
similar, lack obvious sequence homology. Clearly,
such correlations could arise only if neither point
mutations nor the large scale sequence changes
apparent across these sets of topologically identical
proteins signi®cantly perturb the structures of their
folding transition states.
Conclusions

The native conformations of homologous pro-
teins tend to be highly conserved. The conservation
of the relative solvent-accessible surface area of
folding transition states and the conservation of
�-values between equivalent sequence positions in
homologous proteins suggest that folding tran-
sition state conformations may be similarly con-
served. The lack of signi®cant conservation of
high-� residues indicates that this putative struc-
tural conservation does not imply or require a high
degree of sequence similarity.

Materials and Methods

The �-values were taken as reported in the literature.
In order to reduce biases arising from poorly constrained
�-values, values outside of the range ÿ0.5 to 1.5 were
rejected (as described above). When the kinetic impacts
of several mutations have been reported for a single pos-
ition, the most conservative mutation was chosen (e.g.
Ile to Val, Ala to Gly, Gly to Ala, etc.) with a �-value
within the acceptable limits.

A semi-automated exhaustive algorithm was used to
assemble the sequence alignments. An initial target
sequence was used to initiate a PSI-BLAST search
(default values) of the non-redundant database compi-
lation nrdb (Altschul et al., 1997). The set of homologous
sequences was retrieved and the stretch of residues
aligned to the initial target domain was extracted from
each protein sequence. Any redundant sequences
(de®ned here as sequence identities >90 %) in this set of
homologues were removed and the remaining sequences
were aligned using ClustalW(1.7) (Thompson et al., 1994)
with manual re®nement to minimize gaps in regions of
secondary structure. An all-against-all comparison was
used to calculate the average identity of each sequence
with the rest of the alignment. Using this similarity
measure as a guide, new target sequences were selected
and used to initiate a new round of sequence gathering
and alignment. This iterative process was continued
until homology searching produced no new sequences.
The ®nal sequence alignment was weighted by the
Henikoff algorithm to reduce bias due to over-represen-
tation of particular subfamilies (Henikoff & Henikoff,
1994). These sequence weights were used to calculate
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weighted residue frequencies at each position in the
alignment. Sequence alignments are available upon
request.

Sequence entropies were calculated from ®nal
sequence alignments as described above (equation (2)).
Some groups have suggested that these measures of
sequence entropy underestimate conservation by ignor-
ing chemically conservative changes. Using a ``reduced
complexity amino-acid alphabet'' Mirny et al., 1998) that
scores chemically similar residues as equivalent, how-
ever, produces results equivalent to those reported here
(data not shown). Relative sequence entropies were cal-
culated from variant protein sequences using equation
(2). Variant alignments were taken as reported in the rel-
evant kinetics literature (Riddle et al., 1997; Kim et al.,
1998).

It should be noted that less than one-third of the resi-
dues of FKBP12, ACBP, ADAh2 and CheY have been
subjected to kinetic characterization, and thus the exact
number and identities of high-� residues in these pro-
teins remains relatively poorly characterized. Moreover,
the one-quarter of the residues of ACBP that have been
characterized kinetically sample primarily the more con-
served regions of the protein (median entropies all resi-
dues, 1.48; characterized residues, 0.79) and thus the
relative conservation of this protein's folding nucleus
remains particularly dif®cult to establish quantitatively.

Single variable linear relationships were assumed. The
reported correlation coef®cients and p-values were calcu-
lated using S-plus (MathSoft, Inc). Reported p-values are
the probability that an observation from a t-distribution
with the appropriate number of degrees of freedom
would exceed the ratio of the estimate of the gradient to
its estimated standard deviation. The p-values thus rep-
resent 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.
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