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A new method for quantifying residue conservation and its applications
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Abstract
The conservation of residues in columns of a multiple sequence alignment (MSA) reﬂects the importance of these residues for maintaining the structure and function of a protein. To date, many scores have been suggested for quantifying residue conservation, but none
has achieved the full rigor both in biology and statistics. In this paper, we present a new approach for measuring the evolutionary conservation at aligned positions. Our conservation measure is related to the logarithmic probabilities for aligned positions, and combines
the physicochemical properties and the frequencies of amino acids. Such a measure is both biologically and statistically meaningful. For
testing the relationship between an amino acid’s evolutionary conservation and its role in the U-value deﬁned protein folding kinetics,
our results indicate that the folding nucleus residues may not be signiﬁcantly more conserved than other residues by using the biologicalrelevance weighted statistical scoring method suggested in this paper as an alternative to entropy-based procedures.
 2006 Elsevier Inc. All rights reserved.
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It is well known that the conserved patterns of amino
acids in columns of a multiple sequence alignment (MSA)
indicate the degree of the stability constraint and functional constraint of those positions. Identifying conserved
regions of proteins is extremely useful in many situations.
For example, a certain conservation score can be used for
reading evolutionary signals about stability, folding kinetics, and function [1–5], for guiding both analysis and prediction of protein–protein interfaces [6], and for
designating biologically relevant crystal contacts [7]. In
1970, Wu and Kabat introduced the ﬁrst widely applied
measure of conservation [8]. Their score cares only about
the frequencies of the most commonly occurring symbols
at the aligned positions. Since then, a number of scoring
methods have been proposed to quantify residue conservation. In general, these scores can be divided into several
kinds. The ﬁrst kind of scores reﬂected only amino acid fre*
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quencies [8–13], and some of these scores are related to
Shannon’s information theoretic entropy. These scores
are a specialization of symbol frequency scores. The second
kind of scores considered only the physicochemical properties of the amino acids in a column [14,15], or both the
physicochemical properties and the amino acid frequencies
[3,16]. In the latter case, to some extent one should make a
subjective partitioning of the 20 kinds of amino acids that
accounts for some physicochemical properties but ignores
relative frequencies within a partition. Another kind of
scores, which are so-called ‘‘sum-of pairs’’ (SP) scores,
measures the conservation by calculating the sum of all
possible pairwise similarities between residues in an aligned
position [17–21].
However, despite the applications of these scores in the
analysis of conservation none of them has achieved both
biological and statistical rigor and appeared as a generally
accepted standard, as pointed out by Valdar in an instructive review [22]. In this paper, we present a new approach
for measuring the evolutionary conservation at an aligned
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position. We group all the columns of the underlying alignment into 20 sets, each containing the columns that are
dominated by one of 20 kinds of amino acids. Based on
the widely accepted BLOSUM62 substitution matrix, we
estimate the probability that each kind of amino acid
appears in a certain kind of columns by using the similarity
of physicochemical property between amino acids. Then
the conservation is measured by the logarithmic probability for this aligned position to take place. Our conservation
measure can be statistically and biologically meaningful, by
which one can compare quantitatively the conservation
between any pair of columns. The suggested score has been
used for determining the relationship between an amino
acid’s evolutionary conservation and its role in protein
folding kinetics. By using our scoring method we found
that folding nucleus residues are not signiﬁcantly more
conserved than the rest of the residues of the whole protein.
Models and methods
Grouping the universe of columns. We consider amino acids as symbols
in an alphabet. The ﬁrst widely accepted conservation score introduced by
Wu and Kabat [8], which cares only about the frequency of the most
commonly occurring symbol in a column, implicates that the most commonly occurring symbol is most important for scoring the evolutionary
conservation of that position. Based on this sense we group all the columns into 20 sets, each of which contains the columns that are dominated
by one of 20 kinds of amino acids. For convenience sake, if the residue D
(aspartic acid) dominates in a column, we shall call this column the
D-dominated column (it is reasonable that any symbol present in a column could be regarded as the dominated one if no symbol dominates in
this column). Because of the constraints of physicochemical properties, the
degree of conservation of an amino acid should be diﬀerent in a diﬀerent
column type. For example, in a D-dominated column, obviously D has the
highest degree of evolutionary conservation. E has higher degree of evolutionary conservation than F in this column, since F is large and nonpolar, whereas D and E are both smaller and polar. However, F has the
highest degree of evolutionary conservation in an F-dominated column.
We shall quantify the degrees of evolutionary conservation of 20 kinds of
amino acids for 20 diﬀerent column types in the following.
Quantifying the degree of symbol’s conservation. In a D-dominated
column, we consider that all the substitutions are those of the amino acids
in this column for D, and the mutations are independent of each other (the
evolutionary correlations between sequences are then considered by
sequence weighting in the ﬁnal formula (3)). Then the degree of evolutionary conservation of an amino acid in this column can be measured by
the similarity of physicochemical property between D and this symbol.
How can we quantify this similarity? A possible method for measuring
the similarity of physicochemical property between symbol D and each
symbol type is to use the Venn diagram [14,15], or to use a hierarchical
clustering of amino acids [23]. However, these methods have diﬃculties to
describe the physicochemical properties quantiﬁcationally.
Because substitution matrices provide a quantitative and reasonably
objective assessment of amino acid substitution and similarity, we use
mutation data from a substitution matrix to measure the similarity of
physicochemical property between, for example, residue D and each
symbol type in a D-dominated column. Here, we use the widely accepted
BLOSUM62 substitution matrix [24].
We ﬁrst add a number to each line of the BLOSUM62 substitution
matrix so that the minimum number in each line of revised matrix is 2 or 3
(3 only for the 5th and 18th line, since the ranges for values on line 5 and
18 of original matrix are relatively larger). Then the numbers in each line
are divided by the maximum number in this line (the number at the
diagonal of this matrix) and multiplied by 10, and then rounded to the

nearest integer values. We thus obtain a similarity matrix S (Fig. 1). The
normalization above ensures that S(a,a) = 10, and 2 6 S(a,b) 6 10 for any
symbols a and b. Each line of the similarity matrix represents the similarity
scores between a certain residue and each of 20 kinds of amino acids. In
addition, we set 1 as the similarity score for the gap heuristically, as done
similarly by previous methods [18,19], and then it contributes 0 to the
following conservation score.
Conservation score for a column. Without loss of generality, we consider a D-dominated column. Let ai and ni (i = 1, . . ., 20) be the similarity
score from the similarity matrix S and the frequency for the ith amino acid
type in a D-dominated column, respectively. Here, ai, i = 1, . . ., 20, are
located on the line 4 of Fig. 1. Generally, for each of 20 column types, ai,
i = 1, . . ., 20, lie on the line of Fig. 1 on which the corresponding dominated amino acid type is evaluated by the highest score 10. Then, we deﬁne
the conservation score for this column to be that
p¼

20
X

ð1Þ

ni log ai :

i¼1

StatisticalPmeaning. Assume that NP
sequences exist in the underlying
20
20
MSA (then
j¼1 nj ¼ N ). Let pi ¼ ai =
j¼1 aj . It is easily seen that the
probability for the ith amino acid type to appear in a D-dominated column is directly proportional to the similarity score ai, that is to say, the
higher the similarity of the ith amino acid type in this column, the larger
the probability for the ith amino acid type to appear in this column.
Therefore, the normalized similarity score of the ith amino acid type pi just
describes the probability that the ith amino acid type appears in this Ddominated column. We now consider the quantity that the conservation
score for a D-dominated column minus a constant, that is, let
!
!
20
20
20
20
20
X
X
X
X
X
ni log
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ni log ai 
ni log
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ni log pi :

i¼1

i¼1
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i¼1

ð2Þ
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Because ni and pi (i = 1, . . ., 20) are the frequency and probability for the
ith amino acid type in this D-dominated column respectively, h in (2) is
just the logarithm of the probability for this column to take place. The
score p is a linear transformation of h, so they are trivially diﬀerent as a
conservation score. We use p, rather than h, since p purports to have conveniently bounded range: p ranges from zero, when all symbols in this column are gaps, to pmax = N log10, when objects of only one type are
present, and its values increase with increasing conservation.
Sequence weighting. Statistically, the process of selecting sequence
examples may not be ideally random. In a typical alignment, there are
often some sequences that are very closely related to each other. Intuitively, some of the information from these sequences is shared, so we
should not give them each the same inﬂuence in the underlying issue as a
single sequence that is more highly diverged from all the others. A large
number of methods for sequence weighting have been suggested in the
literature [25–27]. A widely applied formulation weights sequences at
individual positions in an alignment and then combines position weights
to give sequence weights [26]. The weight of the ith sequence at position x
is xix ¼ 1=k x nxi , where kx is the number of amino acid types presented in
column x and nxi is the frequency of the ith sequence’s amino acid at that
position. By averaging along all positions in an alignment, each sequence
then has weight
xi ¼

L
1X
xix ;
L x

where L is the length of the alignment. In the present model, we use the
above weighting metric. For example, in a D-dominated column, assume
that the weights of ni sequences whose symbol in this column is just the ith
amino acid type are, respectively, xi1 ; . . . ; xini , where ni (i = 1, . . ., 20) is
the frequency for the ith amino acid type in this column. Then by substiPi
tuting ni with nj¼1
xij we rewrite the conservation score for this column as
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Fig. 1. The similarity matrix S, made from the BLOSUM62 substitution matrix. We ﬁrst add a number to each line of the BLOSUM62 substitution
matrix so that the minimum number in each line of revised matrix is 2 or 3 (3 only for the 5th and 18th line). Then the numbers in each line are divided by
the maximum number in this line (the number at the diagonal of this matrix) and multiplied by 10, and then rounded to the nearest integer values. The
normalization above ensures that S(a,a) = 10, and 2 6 S(a,b) 6 10 for any symbols a and b. Each line of the similarity matrix represents the similarity
scores between 20 amino acids and one of them, say, D, in a D-dominated column.

p¼

ni
20
X
X
i¼1

!
xij

log ai :

ð3Þ

j¼1

That is, the net eﬀect of ni sequences whose symbol in this column is
Pni
just the ith amino acid type is of having
j¼1 xij of them, and then
the net
Pni number of ni ith amino acid types in this column is
mi ¼ j¼1 xij . In this case, the dominated residue is determined by
the maximum of all mi, i = 1, . . ., 20. For example, a column has 15
D residues and 5 S residues (i.e., n1 = 15, n2 = 5, and the other frequencies are zeros). Among 15 sequences whose residue in this column is D
residue, 10 sequences each have a weight 0.7 and 5 sequences each have
a weight 0.8, and 5 sequences whose residue in this column is S each
have a weight 0.9. Then the net number of 15 D residues is
m1 = 10 · 0.7 + 5 · 0.8 = 11, and similarly m2 = 5 · 0.9 = 4.5 (the others
are zeros). The dominated symbol after sequence weighting is still the
residue D. From the deﬁnition of the weights we can see that p in
Eq. (3) is bounded from zero, when all symbols in this column are gaps,
to log10, when objects of only one type are present.

Discussion
A testing example
Fig. 2 shows columns of amino acids taken from a hypothetical multiple-sequence alignment presented by Valdar
[22]. For simplicity, assume that the weight of each
sequence is equal to 1. Applying basic biochemical knowl-

edge, the following order seems reasonable: (a) > (b) >
(c) > (d) > (e) > (f), then (g) > (h) > (i), and (j) > (k), from
most conserved to least conserved [22]. We think that the
comparison between columns (j) and (k) in Valdar’s review
has little meaning in many applied situations because of the
lack of data (with six sequences missing). So in this study
we add one D residue and ﬁve gaps to the column (j). Here,
columns (j) and (k) illustrate the eﬀect of gaps. Column (k)
should be more variable than column (j) (one more gap in
column (k)), though D has least similarity with L residue.
Fig. 2 could be used as a testing ground for a conservation
score.
Comparison with previous scores
Sander and Schneider deﬁned their score as a normalized Shannon’s entropy:
D¼

K
X
i¼1

pi ln pi 

1
;
ln K

ð4Þ

where pi = ni/N, the fractional frequency of type i, and
K = 20, representing the 20 amino acid types [12]. Mirny
and Shakhnovich [3] gave the reduced entropy score
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Fig. 2. Some example columns from a hypothetical multiple-sequence alignment used by Valdar [22]. Each labeled column represents a residue position in
this multiple-sequence alignment. The rows denote the sequence numbers. Amino acids are identiﬁed by their one-letter code, and gaps by a dash (‘‘—’’).

D¼

K
X

pi ln pi ;

ð5Þ

i¼1

where K = 6. The set of K partitions is: aliphatic [AVLIMC], aromatic [FWYH], polar [STNQ], positive [KR],
negative [DE], and special conformations [GP]. Indeed,
there is an improvement over pure entropy-based scores.
However, in latter case one should make a subjective partitioning of the 20 kinds of amino acids that accounts for
some physicochemical properties but ignores relative frequencies within a partition, and further the residues of different types belonging to a same division should be
considered to have the same physicochemical property.
It has been illustrated that the scores that considered
only one aspect of the amino acid frequencies and the physicochemical properties of amino acids cannot make sense
well in biochemistry. Though the SP scores seem better,
they do not make sense in what the statistic means
[22,27]. It is implausible that the diversity in a column arises from all the pairwise amino acid substitutions. Additionally, by calculating conservation scores for many real
alignments Pei and Grishin showed that the usage of the
entropy-based conservation measures is not inferior to that
of the SP measure [28].
The aim of this article is to ﬁnd a way that considers
both the physicochemical properties and frequencies of
amino acids. We consider the physicochemical properties
of the amino acids in a column by presenting their similarity scores, which imply the probabilities that the amino
acids appear in this column. Exactly, by replacing the fractional frequencies pi of the residues by their similarity
scores at the logarithmic positions in a pure entropy score,
e.g., in Eq. (4), consider the amino acid frequencies by
replacing the fractional frequencies pi of the residues by
their frequencies ni at the coeﬃcient positions. Unlike the
SP scores, our conservation score is statistically meaningful, which is the log probability for the underlying column
to take place. Thus our score may achieve both biological

and statistical rigor. Also, our score considers the gaps
and the sequence weighting, and fulﬁlls the principle of
simplicity. For the above simple testing example, the score
scheme in the present study can correctly reproduce the
ranks (a) > (b) > (c) > (e) > (f) (the scores are 23.03,
22.67, 21.24, 20.40, and 15.79, respectively), since it has
well taken account of the amino acid frequencies in a column; the score scheme can recognize conservative replacements and that some substitutions incur more chemical and
physical change than others, so it correctly reproduces the
ranks (g) > (h) > (i) (the scores are 21.92, 14.76, and 13.34,
respectively); the present score scheme can rank column (j)
as more conserved than column (k) illustrating the eﬀect of
gaps. With biochemical intuition, one cannot give a conservation order for all columns in the above simple testing
example. However, our score scheme produces the following
conservation
order
for
these
columns:
(a) > (b) > (g) > (d) > (c) > (e) > (f) > (h) > (i) > (j) > (k).
Recently, some methods evaluated site-speciﬁc evolutionary rates in proteins by taking into account the phylogenetic trees [29–33]. Some computations show that the
results from our model are not perceptibly diﬀerent by
making use of the phylogenetic trees. Thus in our models
we consider the evolutionary correlations between sequences and sequence redundancy by sequence weighting in the
ﬁnal formula (3).
Applications to the protein folding nucleus
It is now widely accepted that protein folding occurs via
the formation of a small region of native-like structure that
serves as a nucleus upon which further residues condense in
a process analogous to a phase transition. One of the most
intriguing aspects of the nucleation–condensation mechanism of protein folding is its relation to protein evolution.
Several studies correlating experimental measurement of
residue participation in folding nucleus and sequence conservation have reached diﬀerent conclusions. The reported

X. Liu et al. / Biochemical and Biophysical Research Communications 351 (2006) 1031–1036
2.5

Phi less than 0.5
Phi larger than 0.5

2.0

1.5

Score

1.0

0.5
0.0
AC
BP
Ac
AD P
AH
2
Cd
2
Ch
eY
CI
FK 2
BP
FN
III
S
Te H3
na
sc
i
TI n
-I2
7
U1
A
vi
lli
n
W
W

discrepancy was partially attributed to the use of the
entropy-based score [1–4]. Here, we report analysis of
conservation of folding nucleus using our scoring method
as an alternative to entropy-based procedures.
The studies in question use directly the highest quality
sequence alignments available from Supplementary Material of the study by Larson and co-authors [1]. We use
the same U-values for these proteins which were collected
by Plaxco and co-authors from literatures and provided
by Plaxco (personal communication). Experimentally
determined U-values provide a readily obtainable, objective
means of quantifying participation in the native-like transition-state interactions that deﬁne the kinetic folding nucleus [34–37].
As done in the study by Larson and co-authors [1], we
discuss correlations between U-value and sequence conservation. For 14 protein examples, the results here do not follow the assumption that residues participating more
strongly in the nucleus will be relatively better conserved
(one example in Fig. 3, the other 13 examples are presented
in Supplementary). We have also examined the conservation of the folding nucleus by deﬁning participation in it
as coinciding with U-values > 0.5. We also fail to observe
any statistically signiﬁcant conservation of residues for this
deﬁnition of the folding nucleus (Fig. 4). These results suggest that, by using the scoring method suggested in this
paper as an alternative to entropy-based procedures, there
is no indication that folding nucleus residues are signiﬁcantly more conserved than other residues. The reported
discrepancy about the conservation of the folding nucleus
between the previous studies is not attributed to the use
of the entropy-based scores. The disagreement may be
due to the diﬀerence in other aspects, such as, the choice
and processing of the data set, the quality of sequence
alignments, the deﬁnition of folding nucleus, and so on
[1,38]. Recently, by using a codon evolutionary model
Tseng and Liang concluded that at the level of codon substitution, there is no indication that folding nucleus residues are signiﬁcantly more conserved than the rest of the
residues of the whole protein [36].
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Fig. 4. The mean biological-relevance weighted statistical scores of high U
residues (U > 0.5) and low U residues for the 14 proteins. Little evidence is
observed in favor of preferential conservation of the folding nucleus (as
deﬁned by U > 0.5): for 5 proteins these residues are more conserved than
low U residues, for 9 they are less well conserved.

Conclusion
In this study, we present a more elaborate conservation
measure which could be used in the situations in which the
high precision in calculations is needed, such as, for characterizing the functional sites of a protein. More importantly,
this new measure considers both physicochemical properties and frequencies of amino acids, and then it can be statistically meaningful and make sense biochemically. The
suggested scoring method has been used for determining
the relationship between an amino acid’s evolutionary conservation and its role in protein folding kinetics. Our
results suggest that, there is no signiﬁcant evidence in favor
of the preferential conservation of the U-value deﬁned folding nucleus, and the reported discrepancy about the conservation of the folding nucleus between the previous studies
is not attributed to the use of entropy-based scores. These
results are also consistent with those derived from a codon
evolutionary model [36], which present a substantial support for our scoring method.
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