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Here, we present statistical analysis of conservation profiles in families of
homologous sequences for nine proteins whose folding nucleus was
determined by protein engineering methods. We show that in all but one
protein (AcP) folding nucleus residues are significantly more conserved
than the rest of the protein. Two aspects of our study are especially
important: (i) grouping of amino acid residues into classes according to
their physical-chemical properties and (ii) proper normalization of amino
acid probabilities that reflects the fact that evolutionary pressure to con-
serve some amino acid types may itself affect concentration of various
amino acid types in protein families. Neglect of any of those two factors
may make physical and biological “signals” from conservation profiles

disappear.
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It is now widely accepted that folding of small
single-domain proteins follows a “nucleation-
condensation” mechanism'~® where the rate-limit-
ing transition state resembles an expanded and dis-
torted native structure which is built around a
specific folding nucleus (SFN). Considerable
experimental®’~'% and theoretical’*'~'¢ effort has
been devoted to identification of folding nuclei in
real proteins and various models as well as factors
that determine its location in structure and in
sequence.

One of the most intriguing aspects of the nuclea-
tion-condensation mechanism of protein folding is
its relation to protein evolution. Indeed residues
constituting the folding nucleus can be metaphori-
cally considered “accelerator pedals” of folding'”
since mutations in those positions affect folding
rate to a much greater extent than elsewhere in a
protein. It can be concluded that if there is evol-
utionary control of folding rate it should have
resulted in additional pressure applied on folding
nucleus residues, and such pressure can be mani-
fested in noticeable additional conservation of
nucleus residues.

This idea was first proposed in'® where it was
applied to prediction of nucleus residues from pro-
tein structure. Many sequences were designed to

Abbreviations used: SFN, specific folding nucleus;
CI2, chymotrypsin inhibitor 2; HO, null hypothesis.
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fit the structure of chymotrypsin inhibitor 2 (CI2)
with low energy. Positions conserved among the
designed sequences were identified as a putative
nucleus. This way blind predictions of folding
nucleus in CI2 were made that were verified in
independent experiments.”

In related studies, Ptitsyn studied conservatism
in distant yet related by sequence homology mem-
bers of cytochrome ¢ and myoglobin®® families.
In both cases, he found conserved clusters of resi-
dues without an obvious functional role which he
suggested to belong to the folding nucleus of those
proteins. Michnick & Shakhnovich?! carried out an
analysis of conservation in natural and designed
sequences for families of three structurally related
proteins, ubiquitin, raf and ferredoxin, and pre-
dicted possible folding nucleus for those proteins.

Nevertheless, the notion of folding nucleus
conservation has drawn some controversy in the
literature. While earlier papers'®~?! suggested con-
servation of folding nucleus in some proteins, a
more recent paper by Plaxco and co-authors®
argued to the opposite. These authors looked at
conservatism profile in several protein families for
which protein engineering analysis of folding tran-
sition states has been carried out, and did not
observe correlation between conservation and
experimentally measured ¢-values. This made
them conclude that there is no evolutionary press-
ure to control the folding rates.

Here, we study evolutionary conservation of the
folding nucleus for several homologous proteins.

© 2001 Academic Press
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Conservation of the folding nucleus is systemati-
cally compared with the conservation in the rest of
the protein sequence. In contrast to previous stu-
dies, we perform rigorous statistical tests to assess
significance of higher conservation in the folding
nucleus. The main result of this study is that for all
studied proteins, except AcP, folding nucleus is
significantly more conserved than the rest of the
protein. We explain the difference between our
thorough statistical analysis and that of Plaxco
et al** by pointing out some technical shortcom-
ings in the earlier work.??

Results and Discussion

To study evolutionary conservation of the fold-
ing nucleus we turn to nine proteins for which the
nucleus has been experimentally identified from
protein engineering analysis: CI2, FKBP12, ACBP,
CheY, Tenascin, CD2.d1, UlA, AcP and ADA2 h.
For each of them we obtain a multiple sequence
alignment from HSSP database® (or PFAM.** data-
base if HSSP contains too few sequences). We com-
pute variability at position / of the alignment as:

6
s(h) = = _pilh logpi(l) (M

i=1

where p,(l) is the frequency of residues from class i
in position I. We use six classes of residues to
reflect physical-chemical properties of amino acids
and their natural pattern of substitutions: aliphatic
(A VLIM C), aromatic (F WY H), polar ST N
Q), basic (K R), acidic (D E), and special (reflecting
their special conformational properties) (G P). As a
result of this classification mutations within a class
are ignored (e.g. V — L), while mutations that
change the class are taken into account. Figure 1
presents variability profile for studied proteins
with nucleation positions marked by filled circles.
Importantly, we defined the folding nucleus as it
was identified by the original experimental groups
(Table 1).

Figure 2 shows clearly that nucleus residues are
almost always among the most conserved ones for
all studied proteins. It also shows that nucleus resi-
dues are not the only conserved ones: many other
residues (predominantly in the cores of the pro-
teins) are also conserved.

Table 1. Folding nuclei as identified by the authors

In order to evaluate the statistical significance of
nucleus conservation we compare evolutionary
conservation of the folding nucleus with the con-
servation of all residues in the protein using the
following statistical test. We start from the null
hypothesis (HO) that nucleus residues are no more
conserved than the whole protein sequence. To test
this hypothesis we compute median of variability
of the nucleus residues (med][s,,.]) and compare it
with the distribution of medians of variability of
the same number of residues randomly chosen in
the same protein (flmed][s,,, ])). The distribution
f(med][s,,,4]) is obtained by choosing 10° random
sets of n residues (n is the number of residues in
the nucleus). Then the fraction of instances with
med[s,,,;] < med[s,,] gives the probability P, of
accepting HO. In other words, P, is the probability
that observed lower variability of the folding
nucleus is obtained by chance. Hence, P, < o indi-
cates statistically significant strong evolutionary
conservation of the folding nucleus. Below we use
confidence level oo =2 %.

Table 2 presents computed P, values. The main
result of this work is that in all proteins, except
AcP, residues in the folding nucleus are signifi-
cantly more conserved than the rest of the protein.

Next, we study how the obtained results depend
on the way amino acid residues are grouped into
classes (see Table 2). When the classification
scheme from.?® (BT) is used, still all proteins except
AcP exhibit significant conservation of the folding
nucleus. This demonstrates clearly that the
observed conservation of the folding nucleus is not
a consequence of a particular choice of the classifi-
cation scheme.

However, when amino acid residues are not
grouped into classes, the nucleus exhibits signifi-
cant conservation only in four out of nine proteins.
Taken together these results indicate that substi-
tutions in the folding nucleus may occur, but
they are limited to residues that belong to the
same class (i.e. have similar physical-chemical
properties).*

To study what physical-chemical properties are
conserved in the folding nucleus we used various
classification schemes. Starting from all 20 amino
acid residues, we grouped some of them into
classes and repeated the analysis, including the
statistical tests (see Table 2). The goal is to find a

Protein PDB Folding nucleus Reference

CI2 2ci2l A35 L68 176 Itzhaki et al.?

Tenascin 1lten 1821 Y837 1860 V871 Hamill et al.%

CD2.d1 1hnf L19 121 I33 A45 V83 L94 W35 Lorch et al.3¢

CheY 3chy D12 D13 D57 V10 V11 V33 A36 D38 A42 V54 Lopez-Hernandez & Serrano®
ADA2h laye 115 126 F67 V54 123 Vilegar ef al.3

AcP laps, 2acy Y11 P54 F94 Y25 A30 G45 V47 Chiti et al.?

UlA lurn 143 V45 130 F34 140 114 L17 L.26 Ternstrom et al.>’

ACBP laca F5 A9 V12 L15 Y73 174 V77 L80 Kragelund et al.*

FKBP12 1£kj V2 V4 V24 V63 176 1101 L50 Main et al.”
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Figure 1. Variability profiles
1 (sequence entropy) for nine differ-
ent proteins computed using MS
residue classes. Circles indicate

0 positions at which ¢-values have
0 50 100 been experimentally —measured.
. Residues forming the folding

Re Sldue nucleus are shown by filled circles.

minimal classification (i.e. grouping the minimal  nucleus. Our results show that classification where
number of amino acids together) that provides only I, L, and V are grouped in one class while all
statistically significant conservation of the folding  other amino acid residues each represent their own

Table 2. Probability P, of nucleus being as conserved as the whole protein (see the text for details) computed for all
nine proteins and seven different classification schemes

[LL,V], [WEY] [RX],

MS BT No grouping [D,E] [LL,V], [W,EY] [LLV], [W,F] [LL,V]
Notnee 6 5 20 14 16 17 18
CI2 0.0041 0.01 0.0382 0.007 0.002 0.004 0.0044
FKBP12 0.0187 0.02 0.1585 0.044 0.047 0.053 0.0363
ACBP <10~° <10~° 0.0216 0.022 0.008 0.0080 0.0067
CheY <10~° <10~° 0.0011 0.0040 0.0050 0.0020 0.0022
Ten 0.008 0.018 0.2477 0.0260 0.0220 0.0130 0.0197
CD2.d1 <10~% <10~° <10~ <1073 <1073 <1072 <10~°
UlA 0.0009 0.001 0.0029 <1073 <1073 <1072 0.0002
AcP 0.089 0.086 0.0126 0.025 0.021 0.009 0.0136
ADA2h 0.0023 0.01 0.2674 0.02 0.022 0.018 0.0147

MS as in,*'#! BT as in?: hydrophobic [A VFP M I L], polar [ST Y H C N Q W], basic [R K], acidic [D E], gly [G]), N,;; number
of groups in each classification.
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ADA2h

Figure 2. Nine studied proteins with C? atoms colored
according to the degree of their conservation (evaluated
in Figure 1): from blue (high conservation) to light-blue,
green, yellow and red (no conservation). Folding
nucleus residues are shown by twice as large spheres.
Notice conserved (blue) cores of the proteins and non-
conserved (yellow and red) surfaces. Also notice several
conserved non-nucleus residues in the protein core.

class satisfies this requirement (see Table 2).This
classification provides significant conservation of
the nucleus for all proteins except AcP with
a=>5%, and for all proteins except AcP and
FKBP12 with o =2%. This result demonstrates
that I = L = V are the most common substitutions
in the nucleus (and in the protein core in general-
2728)  These substitutions are tolerated in the
nucleus as they do not change much neither stab-
ility of the native fold nor the folding rate. Analysis
of available experimental data (Supplementary
Material) shows that changes in stability upon
I=L=V mutations are in average
(AAGN_p) =1.0(£0.4) kcal mol~! for the native
state and (AAG, p) =0.2(+0.3) kcal mol™" for the
transition state.

Note that grouping of residues into classes to
assess conservation is similar to the use of substi-
tution matrices in sequence alignment techniques.
The underlying idea for both methods is to take
into account natural physical-chemical similarity
between amino acids and their substitution pat-
terns. Plaxco et al. used all 20 types of amino acid
residues and failed to identify strong conservation
of the folding nucleus.” In similar way, a method
that relies on simple sequence identity cannot
detect distant homology. However distant hom-
ology between sequences can be detected using
proper substitution matrices.??>° The use of substi-
tution matrices is physically meaningful since they
weight, e.g. I — V match higher then I — D, while a
method that relies on percentage of sequence iden-
tity weights I — V and I — D equally. Likewise, our
amino acid classification scheme does not count
I -V as a mutation, while it certainly considers
substitutions like I— D as mutations to be
counted.

Although, on average, the nucleus is more con-
served than the rest of the protein, not all nucleat-
ing residues are strongly conserved. For example,
in CheY two out of ten nucleation residues are not
conserved. In ADA2 h two out of five and in
tenascin one out of four residues are not con-
served. Some nucleus residues may be less con-
served because they belong to “extended
nucleus”" or because of limitation of our residue
classification scheme that puts aromatic and ali-
phatic residues into two different groups, while
aromatic-aliphatic substitutions may occur in the
core of some proteins (ie. tenascin, ADA2 h)
usually as a result of correlated mutations that are
not treated properly in this approach (but are
taken into account in the conservation-of-conserva-
tion approach®). Another interesting observation is
that the only protein that exhibits no preferential
conservation of the folding nucleus is AcP, which
is the slowest folding protein among all studied
two-state folding proteins (k}{20 =0.23s71). Per-
haps, this protein did not undergo evolutionary
selection for faster folding and hence its folding
nucleus is under no additional pressure to be
conserved.
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Importantly, several residues that do not belong
to the nucleus are as conserved as the nucleating
ones (see Figure 2). Those are the residues of the
active site, a few core hydrophobic residues
responsible for stabilization of the native structure
and possibly some other residues whose conserva-
tism is not fully understood. Residues of the fold-
ing nucleus are more conserved than the rest of the
protein, but they may not be more conserved than
the active site or key residues from the hydro-
phobic core that stabilize the protein. This result
suggests that although the folding nucleus is con-
served, it cannot be uniquely identified by analysis
of a single protein family as residues conserved for
various reasons (function, stability and folding
nucleus) all contribute to the pattern of conserva-
tion (see Mirny & Shakhnovich??).

However excessive conservation of the nucleat-
ing residues can be detected in the cases when
nucleus residues also belong to the hydrophobic
core, i.e. when they are under dual pressure for
folding and stability. Such excessive conservation
can be revealed only when several families of pro-
teins sharing the same fold are considered. By
averaging the conservation over unrelated families
one eliminates the functional conservation of the
active site residues as they are typically located in
the different parts of the fold in different families
(with the exception of the super-site). The contri-
bution of the protein stability can also be “‘sub-
tracted” from the pattern of average conservation.
This method reveals an excessive conservation
of several folding nucleus residues (e.g. in the
immunoglobulin domain).*® However, from the
conservation pattern of a single family one can
hardly discriminate between the folding nucleus,
the hydrophobic core and the active site. Neverthe-
less, analysis at the level of single families pre-
sented here clearly points to excessive conservation
of the folding nucleus as compared to the rest of
the protein.

Why do the results of our analysis differ from
those of Plaxco et al.???> First, we took into account
physical-chemical properties of amino acids and
their natural substitution patterns to group amino
acids into classes. As we showed, substitutions of
large aliphatic residues (I,L,V) are frequent in fold-
ing nuclei and this confused the previous analysis
that did not apply any amino acid classification
scheme. While Plaxco et al. claimed in their paper®
(without providing supporting evidence) that
grouping of amino acid residues into classes did
not change their conclusions, our analysis shows
that proper classification of amino acid residues is
crucial for detecting conservation in the folding
nucleus.

Second, Plaxco et al. used a different method to
compute sequence variability:

s2() = = 3 pilh loglpi()/pf] @

This equation differs from equation (1), used in

this study, in normalization by p}, the “back-
ground” frequency of residue type i in all proteins.
Although the difference may seem technical,
equations (1) and (2) are based on two different
models of evolution. We argue that while equation
(2) may be adequate for DNA sequence analysis®
it is not appropriate for analysis of protein
evolution.

Equation (2) implicitly assumes that amino acid
composition p? is fixed a priori in each protein.
Hence, equation (2) tends to underestimate conser-
vation of “frequent” amino acid residues (L,A,S
etc), while overestimating conservation of less fre-
quent amino acid residues (W,C,H etc). In contrast,
equation (1) assumes that conservation require-
ment itself affects the composition, i.e. higher con-
servation of an amino acid leads to its higher
frequency in proteins.

To illustrate this point consider a toy protein
that consists of two types of residues: hydrophobic
H and polar P. Assume that 70% of amino acid
residues in this protein are in the core and 30 % are
in the loops. Also, assume that in the toy-world
selection for stability requires a 100 % conservation
of H amino acid residues in the core, while loops
are under no evolutionary pressure and H and P
are equally probable in the loops. Then
pr=1x070+405x 03=0.85 and pp=0.5x 0.3
=0.15. At conserved core positions s,(core) = — 1
log 1/0.85~ —0.16 , while in the loops s,(loop-
s)=—0.5 log 0.5/0.85 — 0.5 log 0.5/0.15~ — 0.34.
Hence, the use of equation (2) leads to a counterin-
tuitive and apparently wrong result s,(core)>
sy(loops), i.e. that loops are more conserved than
100% conserved core! It is clear that this result
shows inadequacy of equation (2) as applied to
protein evolution with unconstrained composition.
In a similar way, application of equation (2) to real
proteins leads to unreasonably low conservation of
the hydrophobic core as compared to exposed
loops (data not shown).

A possible way to compensate for variations in
amino acid composition of proteins is to define the
sequence entropy as in:>*

s() =~ _piDlogpi) + ) _pllogp! ()

where the second term gives the background varia-
bility due to amino acid composition. This term
however does not depend on I/ and hence does not
change the relative variability.

It is interesting that the use of equation (2) by
Plaxco et al.** gave rise to a surprising result that
active sites in proteins are generally no more con-
served than the rest of the protein (see Figure 2
of #). Conservation of known active sites was used
as a control in* for their method of analysis based
on equation (2), which it apparently failed.

Finally, Plaxco et al. did not study conservation
of the folding nucleus. Instead, they focused on the
residues that featured high ¢-values in protein
engineering experiments and compared them with
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low ¢-value residues. As we explained above, resi-
dues in the folding nucleus do not necessarily exhi-
bit high ¢-values, and many low ¢-value residues
are conserved in evolution as they contribute to
stabilization of the native structure. Comparison
with low ¢-value residues instead of comparison
with the whole protein also confused the previous
analysis since most of ¢-values have been
measured for amino acids located in the the core of
a protein and hence these amino acid residues are
on average more conserved. Here, in contrast, we
used the folding nucleus as it was identified for
each protein by the original experimental group
and compared its conservation with the conserva-
tion of all amino acid residues in the protein.

In summary, we showed that the folding nucleus
is indeed conserved in most of the proteins whose
folding transition states are known from protein
engineering analysis. That does not mean that fold-
ing nucleus residues are the only conserved ones
in any family of homologous proteins. That also
may not mean that folding nucleus is more con-
served than other residues in the protein core, as
the nucleus is equally important for protein stab-
ility and for fast folding. Our results show that the
folding nucleus is more conserved than the rest of
the protein. As stated earlier it is difficult to
uniquely identify the folding nucleus by looking at
a conservation profile in just one family of homo-
logous sequences. Nevertheless conservation of
folding nucleus found in this paper and in other
works'?! points to an exciting possibility that
folding rates may be of biological significance. Bio-
logical significance of this fact needs to be assessed
in future studies.
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