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Abstract Measuring residue conservation at aligned
positions has many applications in biology. Recently, a
new conservation score has been defined. Unlike the pre-
vious methods, the new approach considers both residue
frequencies and physicochemistries. Specifically, it mea-
sures physicochemistries based on BLOSUM matrices
disregarding the meaning of the entries in such matrices,
which may involve the problem of log—log probability. In
this paper we present a conservation measure that also
reflects both frequencies and physicochemistries while
considering the fact that the entries of BLOSUM matrices
are already interpreted as log probability. When the sup-
posed score is applied to 14 protein examples, the results
show that these two conservation scores are equivalent
aside from the different score ranges. The method is also
used to score the functional sites of three protein families.
Compared with the widely used entropy-based methods,
the resulting scores are more robust and consistent in the
sense that the functional sites are much more conserved
because of functional constraints.
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Introduction

Proteins tend to form distinct families and superfamilies
based on their homologies and similarities. Homologous
proteins within a protein family usually share the same fold
and possess related functions (Orengo et al. 1994; Murzin
et al. 1995). By placing the sequence in the framework of
the overall family, multiple sequence alignments can be
used in the analysis of protein function and evolutionary
relationships. Also, to get the correct sequence alignment
(particularly the multiple sequence alignments) is vitally
important for predicting the 3-dimentional structure of a
query protein based on the homology principle and timely
providing useful information for drug design (see, e.g.
Chou 2004a, b, ¢, 2005a, b; as well as a comprehensive
review article (Chou 2004d) and monograph (Chou 2006)).
Specially, 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
(Hannenhalli and Russell 2000; Mirny and Shakhnovich
1999; Plaxco et al. 2000; Soyer and Goldstein 2004), for
guiding both analysis and prediction of protein—protein
interfaces (Valdar and Thornton 2001a), and for designat-
ing biologically relevant crystal contacts (Valdar and
Thornton 2001b). A number of methods of conservation
analysis have been proposed over the last 30 years. The
first kind of scores reflected only amino acid frequencies
(Jores et al. 1990; Lockless and Ranganathan 1999; Wu
and Kabat 1970), and some of them are represented
according to Shannon’s information entropy and von
Neumann entropy (Gerstein and Altman 1995; Mirny and
Shakhnovich 1999; Shenkin et al. 1991; Zhang et al. 2007).
The second kind of scores considered only the physico-
chemical properties of the amino acids in a column (Taylor
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1986; Zvelibil et al. 1987). 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 (Armon
et al. 2001; Pilpel and Lancet 1999; Thompson et al. 1997,
Valdar and Thornton 2001a).

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 (Valdar 2002). Recently, a new conservation score
that tries to consider both the physicochemistries and the
frequencies of amino acids has been proposed (Liu et al.
2006). Specifically, it measures residue physicochemistries
based on BLOSUMS62 substitution matrix disregarding the
meaning of the entries in this matrix, which may involve the
problem of log—log probability. In this paper we present a
similar residue conservation measure that reflects both
frequencies and physicochemistries while thinking of the
fact that the entries of BLOSUM matrices are already
interpreted as log probability. We illuminate the statistical
meaning of the present score in this consideration. When the
score supposed in this paper is applied to 14 protein
examples, the consistent results shows that these two con-
servation scores are equivalent besides the different score
ranges. The method is also used to measure the functional
sites of three well known protein families. The results
indicate that, compared with the widely used entropy-based
methods, the resulting scores are more robust. The new
approach produces significantly larger percents of conser-
vation for functional sites, which may be more consistent
with the conclusion that the functional sites are much more
conserved because of functional constraints.

Materials and methods
Grouping the universe of columns

As in Liu et al. (2006), we consider amino acids as symbols
in an alphabet. The universe of columns is grouped into 20
sets, each of which contains the columns that are domi-
nated by one of 20 kinds of amino acids (for convenience
sake, for example, if the residue D (aspartic acid) domi-
nates in a column, we call this column the D-dominated
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 exam-
ple, 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
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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 substi-
tutions are those of the amino acids in this column for the
symbol D, and the mutations are independent each other
[we then consider the evolutionary correlations between
sequences 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.
Because substitution matrices provide a quantitative and
reasonably objective assessment of amino acid substitution
and similarity, we use the widely accepted BLOSUM62
substitution matrix (Henikoff and Henikoff 1992), to
measure the similarity of physicochemical property
between, for example, residue D and each symbol type in a
D-dominated column.

We normalize the BLOSUMS62 substitution matrix to
obtain a similarity matrix S (Fig. 1), so that S(a,a) = 10,
and 2 < S(a,b) <9 for different symbols a and b (Liu
et al. 2006). Each line of the similarity matrix represents
the similarity scores between the residue at diagonal and
each of 20 kinds of amino acids. In addition, we set O as the
similarity score for the gap heuristically, as done similarly
by previous methods (e.g., Armon et al. 2001; Thompson
et al. 1997), and then it contributes the lowest similarity
score. It should be noticed that a substitution matrix cannot
be used directly in our scoring procedure [similarly for the
related scoring methods reviewed by Valdar (2002)], since
any symbol should be assigned an equally maximum score
in the column dominated by this symbol.

Conservation score for a column

Without loss of generality, we consider a D-dominated
column. Let g; and n; (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 a;, i = 1, ..., 20, are located on the line 4 of Fig. 1
(generally, for each of 20 column types, a;,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). To
avoid the problem of log—log probability, rather than taking
the logarithm of g; as in Liu et al. (2006), we then define
the conservation score for this column to be that

20

n:Zniai (1)

i=1
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Fig. 1 The similarity matrix S,
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Statistical meaning

We illuminate the statistical meaning of the present score
when considering the fact that the entries of BLOSUM
matrices are already interpreted as log probability.
Assume that N sequences exist in the underlying MSA
(then ijg] nj =N). Let B be a substitution matrix (here
the BLOSUMS62 substitution matrix) with elements by, i,
j=1, ..., 20. We known that b; = ¢ log(p;/p;p;), where ¢
is a constant, p; is the probability that a substitution
occurs between the ith amino acid type and the jth amino
acid type, p; is the marginal probability meaning the
expected probability of occurrence of the ith amino acid
type, and p;/p;p; is called the odds ratio for the substitu-
tion between the ith amino acid type and the jth amino
acid type (Henikoff and Henikoff 1992). For a D-domi-
nated column, we set d; = pp;/(ppp;) for its convenience,
the odds ratio for a substitution between D and the ith
amino acid type. It is well understood that the value of the
odds ratio d; indicates the similarity degree in physico-
chemical property between D and the ith amino acid type.
Also, the similarity degree between D and the ith amino
acid type indicates the probability for the ith amino acid
type to appear in a D-dominated column. Then the

probability for the ith amino acid type to appear in a D-
dominated column is directly proportional to the odds
ratio d;, that is to say, the bigger the value of the odds
ratio d;, the larger the probability for the ith amino acid
type to appear in this column. Let g; = d,'/zjggldj, the
normalization of d;. Therefore, the normalized odds ratio
q; just describes the probability that the ith amino acid
type appears in this D-dominated column (here we use the
odds ratios rather than the transition probabilities for
amino acid substitutions, because the expected probability
distribution of occurrence of amino acids in nature is not
uniform, while the odds ratios give a more appropriate
quantity scale for applications). Because n; and ¢; (i = 1,
..., 20) are the frequency and probability for the ith amino

acid type to appear in this D-dominated column, respec-

tively, 0= log 1‘[?21 q’ :Ziz:o n;loggq; describes the

logarithm of the probability for this column to take place.

From the derivation of the suggested similarity matrices
we have that the similarity score @; = m log d; + n, where
m and n are constants and m > 0, which is an increasing
function of d; (Liu et al. 2006). Thus ¢; can also describes
the degree of similarity between D and the ith amino acid
type as d; does, and then it is well defined. Thus from
Eq. (1) we have
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20 20 20
T = E nia; = E ni(mlogdi—kn):mg n;logd; + nN.
i=1 j j

i=1 i=1

Referring to that 0 = Zizil niloggq; and ¢; = d,-/ZjZ:O] d;,
we further obtain that

20 20 20
= mz n;log q; + mz n; log (Z d,) + nN
i=1 i=1 i=1
=mb + h, (2)

where & is a constant for a derived MSA. The score 7 is a
linear transformation of 6, so they are trivially different as
a conservation score. We use m, rather than 0, since =
purports to have conveniently bounded range: m ranges
from zero, when all symbols in this column are gaps, to
Tmax = 10N, when objects of only one type are present, and
its values increase with increasing conservation. Hence the
score 7 defined by Eq. (1) is related to the logarithmic
probabilities for aligned positions to take place, indicating
a definite statistical meaning for it.

Incorporating the sequence weighting method

We now consider the evolutionary correlations between
sequences in our conservation scores by sequence
weighting method that is a common concern both for
scoring residue conservation in a column and for building
sequence profiles. A large number of methods for
sequence weighting have been suggested in literature
(Durbin et al. 1998; Henikoff and Henikoff 1994). A
widely applied formulation (Henikoff and Henikoff 1994)
weights sequences at individual positions in an alignment
and then combines position weights to give sequence
weights. The weight of the ith sequence at position x is
;. = 1/k.n,,, where k, is the number of amino acid types
presented in column x and n,, 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

1 L
w; = Z E Wiy
X

where L is the length of the alignment.

In our present model, the sequences in underlying MSA
are weighted by the above weighting metric. For example,
in a D-dominated column, assume that the weights of n;
sequences whose symbol in this column is just the ith
amino acid type are respectively w;i, ..., w;,, where n;
(i=1, ..., 20) is the frequency for the ith amino acid type
in this column. Then by substituting n; with 2;11 Wjj. wWe
rewrite the conservation score for this column as
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20 n;
T = Z (Z (HU> a;. (3)
> =

That is, the net effect of n; sequences whose symbol in this
column is just the ith amino acid type is of having » " | @
of them, and then the net number of »; ith amino acid types
in this column is m; = Z}L ;. In this case the dominated
residue is determined by the maximum of all m;, i = 1, ...,
20. From the definition of the weights we can see that 7 in
Eq. (3) is bounded from zero, when all symbols in this
column are gaps, to 10, when objects of only one type are
present.

The multiple sequence alignments

First, we use the scoring method suggested in this paper
to observe the relationship between an amino acid’s
evolutionary conservation and its role in the ®-value
defined protein-folding nucleus. It is 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. Experimentally
determined ®@-values provide a readily obtainable,
objective means of quantifying participation in the
native-like transition—state interactions that define the
kinetic folding nucleus (Fersht 1997; Shaknovich et al.
1996; Tseng and Liang 2004). One of the most intrigu-
ing aspects of the protein-folding nucleus is its relation
to protein evolution. As in Liu et al. (2006), the studies
in question use directly the 14 highest quality
sequence alignments available from supplementary
material of the study by Larson and co-authors (Larson
et al. 2002).

We then apply our scoring method to the functional
sites and compare the resulting scores with the entropy-
based scores. For this purpose we use directly the well-
derived multiple sequence alignments available at
http://www.gpcr.org/articles/ from supplementary material
of the study by Oliveira and co-authors (2003). The
sequences in these three sequence alignments are from
three well-known sequence families: Globins, Ras-like
proteins and Serine-proteases, respectively. The sequence
alignment for Globins contains 753 sequences with 113
actual aligned positions, the sequence alignment for
Ras-like proteins contains 562 sequences with 152 actual
aligned positions, and the sequence alignment for
Serine-proteases contains 301 sequences with 173 actual
aligned positions. We use these three families because
the role of almost every residue in these families is
known from literature (Oliveira et al. 2003).
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Results and discussion
Consistency with biochemical judgment

A number of methods of conservation analysis have been
proposed in the literature. It has been illustrated by a
hypothetical multiple-sequence alignment in the review by
Valdar that the previous scores that considered only one
aspect of the amino acid frequencies and the physico-
chemical properties of amino acids cannot make sense well
in biochemistry (Valdar 2002). In applications the SP scores
seem better, but they do not make sense in what the statistic
means. It is implausible that the diversity in a column arises
from all the pairwise amino acid substitutions (Valdar 2002;
Durbin et al. 1998). Additionally, by calculating conser-
vation scores for many real alignments Pei and Grishin
(2001) showed that the usage of the entropy-based conser-
vation measures are not inferior to that of the SP measure.

Mirny and Shakhnovich (1999) gave the reduced
entropy score that attempted to incorporate physicochem-
ical properties into the entropy score. Their score is

K
D= Zpi Inp;, (4)
p

where K = 6. The set of K partitions is: aliphatic [AV-
LIMC], aromatic [FWYH], polar [STNQ], positive [KR],
negative [DE], special conformations [GP]. There is an
improvement over pure entropy-based scores. Meanwhile,
for the reduced entropy one should make a subjective
partitioning of the 20 kinds of amino acids that accounts for
some physicochemical properties but ignores relative

ACBP
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Fig. 2 Correlations between ®-values and conservation scores cal-
culated by the present scoring method for the protein ACBP (the data
for ®-value analysis are provided by Plaxco and the alignments are
available from supplementary material of the study by Larson and
co-authors). We have that = 0.0001 (the other 13 proteins are not
presented to save space)

frequencies within a partition, and further the residues of
different types belonging to a same division should be
considered to have the same physicochemical properties,
which may induce the disagreeable variableness of it as
illustrated in the following. But, the present scoring method
considers the similarity score of each amino acid, and then
the derived conservation scores for the aligned positions
are more consistent (see the following). With simple
computations it is illustrated by the hypothetical multiple-
sequence alignment in Valdar (2002) that the present score
can be consistent with the biochemical judgment. For
example, the score in present study can correctly reproduce
the conservation ranks (a) > (b) > (¢) > (e) > (f) by tak-
ing account of the amino acid frequencies in a column; the
score can recognize that some substitutions incur more
chemical and physical change than others by considering
the physicochemistries of amino acids.

Conservation of the protein-folding nucleus

We discuss correlations between ®-value and sequence
conservation. For each of 14 protein examples available
from supplementary material of the study by Larson and
co-authors (2002), we obtain similar results as those in Liu
et al. (2006), which shows that there is little such corre-
lation and then that residues participating more strongly in
the nucleus will not be relatively better conserved (one
example in Fig. 2, the others are not presented to save
space). We have examined the conservation of the folding
nucleus by defining participation in it as coinciding with
@-values >0.5. We also fail to observe any statistically
significant conservation of residues for this definition of the
folding nucleus (Fig. 3). The formation of the folding
nucleus for one protein segment does not only depend on
sequence conservation in this region but also the ability of
forming certain secondary structure of this segment in
solution, which might be one of reasons why there is little
correlation between ®-values and conservation scores. The
present results are consistent with those in Liu et al. (2006)
indicating that these two conservation scores are equivalent
aside from the different score ranges. However, here we
have considered the probabilistic meaning for the entries of
BLOSUM matrices when we describe the present scores as
the logarithmic probabilities for aligned positions to take
place.

Conservation scores for functional sites
It is widely accepted that natural selection makes the

functionally important residues to be more conserved in
proteins in order to preserve biological activity (Mirny and
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10 Table 1 The conservation scores of functional positions for Globins
S Phi larger than 0.5 measured by the three kinds of scoring methods
\ N © : Positi 14 E(Q20 E6 B AA
8 § § § osition (20) (6)
\ \ Box 11
§ N § oX
p § N | S 20 3 0.09 0.12 9.70 GACV
2 § § 2 3 0.08 0.04 9.87 LEM
A § § 26 3 0.12 0.11 9.79 RSK
4 § § 32 1 0.00 0.03 9.82 P
§ § 34 2 0.08 0.04 9.66 TS
2 § § 38 1 0.00 0.01 9.96 F
§ § 48 2 0.06 0.08 9.65 HQ
. \ \ 49 1 0.01 0.04 9.79 G
R 80D A 0R IR 68 1 0.00 0.00 9.98 L
QD ¥ O NNV
XS V'YS)??" O <$§’ <¢§°~’&©@% O @ 72 1 0.00 0.00 10 H
103 2 0.09 0.14 9.46 KNH
Fig. 3 The mean scores of high @ residues (® > 0.5) and low @ 116 1 0.01 0.05 9.68 Y
residues for the 14 proteins calculated by the present scoring method. Box 12
Little evidence is observed in favor of preferential conservation of the
folding nucleus (as defined by ® > 0.5): for four proteins these 3 3 0.67 0.06 8.53 EDN
residues are more conserved than low @ residues, for nine they are 7 3 0.72 0.01 9.52 VIL
less well conserved (note, none of the few residues that have been 11 3 0.41 0.10 8.95 WFL
characterized in CD2.d1 exhibit a ®-value of >0.5) 28 3 0.75 0.69 7.85 LFI
42 3 0.73 0.10 8.47 SND
Shakhnovich 1999). The entropy-based scores, are widely 45 3 0.70 0.00 9.26 VLI
used to characterize the function related sites in a MSA, 51 4 0.70 0.61 7.90 KTVR
and prove superior to the others (Hannenhalli and Russell 52 2 0.24 0.04 9.83 VI
2000; Mirny and Shakhnovich 1999; Oliveira et al. 2003; 55 4 1.01 0.93 8.50 ASGK
Pei and Grishin 2001). Thus, as a test for the present 56 4 1.04 0.63 8.73 LEIV
scoring method we apply it to the functional sites and 69 5 0.33 034 9.43 SA
compare the resulting scores only with the pure entropy 73 4 1.00 0.32 .28 ACSE
scores and the reduced entropy scores. 76 3 038 035 871 LHI
3 We C(?IlSldCl‘ the functional sites for three protel.n fam— 73 2 035 001 978 VI
ilies, which are l(.)caFed at Box 11 and Box 12 of Fig. 3. in o ) 033 038 391 DP
the. study b'y. Oliveira and co-a?uthors. 'Box 1% contains 20 3 0.39 0.34 284 PVI
restllue pos'1t'10ns form. the1 n(llal.n func;mr'lal s1te: Tli.ese % ) 031 033 2.04 NY
resi hue ’posuul)\r/}s ?re H-IZO ve f1nkcata tySlSt 01r1 51gn'ai1 ing %3 ) 0.30 031 9.44 AL
mechanisms. o.s positions of key s.ruc }Jra residues %6 4 047 0.10 0.3 LIFP
(e.g., Cys—Cys bridges) are also found in this box. These
.. . . 98 3 0.67 0.76 7.65 QHA
positions should be highest conserved because of the main
. . . .. . 112 3 0.44 0.01 9.46 LIM
functional constraints. Box 12 contains positions of resi-
117 4 1.00 0.73 5.92 HRKF

dues located in the core. They are adjacent to the positions
of Box 11 and mainly form the first shell of positions
around the main functional site. We calculate the scores of
these positions for the three protein families, respectively,
by the scoring method suggested in this paper and the
reduced entropy in Eq. (4) in which the 20 amino acids are
divided into 6 kinds for accounting for some physico-
chemical properties, whereas the scores of these positions
from the pure Shannon entropy with original 20 kinds of
amino acids were provided in the supplementary material
of the study by Oliveira and co-authors (Tables 1, 2, 3).
These three kinds of scores have different ranges which are
the intervals [0, 10], [0, log6] and [0, log20], respectively,
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and our present score increases with increasing conserva-
tion while the others do the converse. For comparison sake,
the intervals are equally divided into ten subintervals
respectively. The extreme points of the subintervals are i,
i =0,1, ..., 10, for the interval [0, 10], are 0, 0.179, 0.385,
0.538, 0.717, 0.896, 1.075, 1.254, 1.433, 1.613 and 1.792
for the interval [0, log6], and 0, 0.300, 0.599, 0.899 1.198,
1.498, 1.797, 2.097, 2.397, 2.696 and 2.996 for the interval
[0, 10g20]. Then we can know that the score subinterval of
highest conservation measured by the present method is [9,
10], and they are [0, 0.179] and [0, 0.300] by the reduced
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Table 2 The conservation scores of functional positions for Ras-like
proteins measured by the three kinds of scoring methods

Table 3 The conservation scores of functional positions for Serine-
proteases measured by the three kinds of scoring methods

Position Vv E(20) E(6) B AA Position Vv E(20) E(6) B AA
Box 11 Box 11
2 2 0.12 0.08 9.54 KRQ 4 5 0.17 0.17 951 GEAKS
13 4 0.32 0.31 9.50 PRAK
7 1 0.00 0.03 9.84 G 25 3 0.09 0.06 9.73 CGA
12 1 0.00 0.01 9.91 G 26 4 0.32 0.30 9.44 GSAM
13 1 0.00 0.01 9.90 K 27 3 032 0.31 9.45 GAC
55 1 0.01 0.03 9.87 D 3 2 0.06 0.00 9:95 AV
40 3 0.17 0.16 9.83 ATV
56 3 0.13 0.08 9.60 TIS 41 5 0.05 0.04 9.95 HR
57 3 0.12 0.10 9.72 ATG 0 3 0.08 0.04 9.75 CTA
58 1 0.01 0.04 9.90 G 47 3 0.24 0.19 9.72 GRQ
59 4 0.20 0.12 9.41 QTSL 79 2 0.04 0.02 9.98 DN
60 5 0.26 0.14 9.54 EDAHT %2 4 0.35 0.02 973 LIVM
113 4 0.27 0.27 9.32 GDCK
105 3 0.22 0.26 9.40 GAR 114 4 026 0.06 938 WEYE
107 3 0.10 0.14 9.77 KQF 115 5 0.30 0.28 9.23 GTIEQ
109 1 0.00 0.06 9.85 D 123 1 0.00 0.02 9.94 C
124 4 0.28 0.18 9.43 EDSF ﬁ? ; 88‘7’ ggg 1(9) “ EE
126 ! 0.02 0.09 966 ST 142 1 0.01 0.00 9.97 S
137 6 0.30 0.29 9.15 FSEIA 144 4 0.25 0.20 9.57 GQSA
Box 12 145 5 0.26 0.15 9.32 PGVAK
3 6 139 0.28 7.93 Lvice 1 X 0:26 024 957 GVEHI
158 2 0.05 0.18 9.76 SA
4 3 1.10 0.05 8.82 VLICA 168 5 0.33 0.43 8.64 PYRLS
6 5 1.15 0.09 8.77 IVLFA 180 1 0.00 0.02 9.96 w
10 6 1.00 0.94 7.58 GASNC Box 12
11 5 0.60 0.26 9.27 VTCAS iz ‘5‘ (1).2: 3(1); 2;? ILLIQM
14 2 0.69 0.00 8.45 ST 36 3 0.57 0.00 0.66 VIL
16 5 0.92 0.30 9.24 LIFMV 38 2 0.57 0.00 9.20 TS
17 6 1.34 0.47 8.19 LTVMI 80 5 0.77 0.12 9.54 ILVYF
19 6 112 0.94 7.31 rQsve ¥ 4 1.05 0.04 8.88 LIVM
132 5 0.44 0.56 9.15 GAEYD
20 4 1.00 0.29 8.68 FYLH 138 5 0.66 0.53 8.79 CFYGA
25 5 0.46 0.12 9.51 FYIVP 170 5 0.92 0.21 8.90 VIAFL
33 3 0.46 035 9.14 TIV 174 3 0.71 0.02 9.49 VLI
34 6 101 047 8.42 IVGLK 18! 4 046 0.00 080 VLM
51 6 0.98 0.36 8.71 LAFMI The functional sites for three protein families, Globins, Ras-like
53 4 0.86 0.05 9.08 ILVC proteins and Serine-proteases, are located at Box 11 and Box 12 of
Fig. 3 in the study by Oliveira and co-authors (2003). Box 11 contains
34 6 0.59 0.52 8.08 WLVIE resgidue positionsy fgrm the main functional site. Box 12 contains
62 4 0.76 0.15 8.53 FYLGS positions of residues located in the core, which mainly form the first
69 4 0.80 0.56 771 YSFH shell of positions around the main functional sites. Here, position
70 5 0.81 0.57 7.83 YMIFS stands for the column number in the alignment of Fig. 2a in the study
by Oliveira and co-authors, V is the variability at a position in the
75 6 1.24 0.76 6.61 GVCAH multiple sequence alignment, which is the number of different residue
78 5 1.21 0.08 8.66 LIVCM types observed at this position in at least 0.5% of all sequences. E(20)
80 4 0.73 0.13 8.25 YEVT represents the pure Shannon entropy with original 20 kinds of amino
acids by which the scores of the positions are obtained (the data are
81 4 0.85 0.91 7.44 DSAY given ii]l supplementary materialpof the study by Oliveira and co-
82 5 1.05 0.16 8.79 IVLDT authors), E(6) represents the reduced entropy with 6 kinds of amino
87 3 0.65 0.11 8.80 STR acids given in Eq. (4), and B represents the our new scoring method
88 4 0.73 0.28 8.91 FYLS with the similarity matrix from the BLOSUMG62 (Fig. 1). AA stands
for the more frequent amino acids found which are given in supple-
103 5 0.54 0.03 9.57 LVIMF mentary material of the study by Oliveira and co-authors, and the first
106 5 0.48 0.17 8.89 NTCLS symbol is the dominated residue by our algorithms
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Table 4 The distributions of the numbers of functional positions over the percent of conservation measured by the three kinds of scoring

methods

The number of positions

Percent of conservation 90-100 80-90 70-80 60-70 50-60 40-50
Box 11 Globins E(20) 12 0 0 0 0 0
E(6) 12 0 0 0 0 0
B 12 0 0 0 0 0
Ras-like proteins E(20) 15 2 0 0 0 0
E(6) 13 4 0 0 0 0
B 17 0 0 0 0 0
Serine-proteases E(20) 20 6 0 0 0 0
E(6) 16 9 1 0 0 0
B 25 1 0 0 0 0
Box 12 Globins E(20) 1 9 8 4 0 0
E(6) 9 6 1 3 2 1
B 8 10 3 0 1 0
Ras-like proteins E(20) 0 5 10 9 5 0
E(6) 12 4 3 1 3
B 6 15 6 1 1 0
Serine-proteases E(20) 0 4 4 4 0 0
E(6) 8 2 1 1 0 0
B 9 3 0 0 0 0

Here, Box 11, Box 12, E(20), E(6), and B have the same meanings as in Table 1, 2, 3. 90-100 represents a more than 90% of conservation, and
similarly for the others. For example, the first line in Box 12 represents the distribution of the number of the positions in Box 12 for Globins over
the percent of conservation measured by the pure Shannon entropy method, that is, among 22 positions 1 position has the conservation of more
than 90%, 9 positions have the conservation of between 80 and 90%, 8 positions have the conservation of between 70 and 80%, and 4 positions

have the conservation of between 60 and 70%

entropy and the pure Shannon entropy respectively, indi-
cating the conservation of more than 90%. The rest is
deduced by analogy. The numbers of the functional posi-
tions over the percent of conservation measured by the
three kinds of scoring methods are listed in Table 4.

As mentioned above, the positions in Tables 1, 2, 3
should be well conserved because of the functional con-
straints. A good scoring method should give these
functional positions larger percents of the conservation. For
the main functional positions in Box 11, our new scoring
method produces a significantly larger number of positions
with the conservation of more than 90% than that the
entropy-based methods do, and the pure Shannon entropy
seems to be better than the reduced entropy in this sense.
For example, among 26 main functional positions of Ser-
ine-proteases, the numbers of positions with the
conservation of more than 90% are 20, 16, 25 and 26,
measured, respectively, by the pure Shannon entropy, the
reduced entropy, the scoring method suggested in this
paper. For the function-related positions in Box 12, our
new scoring method gives a significantly larger number of
positions with the conservation of more than 90% than that
the pure Shannon entropy does, and can yield a larger
number of positions with the conservation of more than

@ Springer

80% than that the reduced entropy does (Table 4). Con-
trarily, compared with the pure Shannon entropy with
original 20 kinds of amino acids, the reduced entropy
seems much improved in the sense that it produces a
remarkably larger number of positions with the conserva-
tion of more than 90% (for example, among 22 positions of
Globins in Box 12, the numbers of positions with the
conservation of more than 90% are 1 and 9, measured
respectively by the Shannon entropy and the reduced
entropy).

Remarkably, among all the scoring methods the reduced
entropy gives the smallest percents of conservation for
some positions, indicating the most variable distributions
(Fig. 4). In fact, the variableness of the reduced entropy
may be due to its definition that makes a subjective parti-
tioning of the 20 kinds of amino acids for accounting for
some physicochemical properties but ignores the differ-
ences between residues within a partition. For example, the
42nd position of Globins contains the residues S, N and D,
and is dominated by the residue S (Table 1). Because the
residues S and N stay within the same partition defined by
the reduced entropy, and they are more frequent than D, the
percent of conservation for this position measured by
the reduced entropy is much larger than that measured by



Amino Acids (2008) 34:643-652

651

30

251

20

15+

10

The number of positions

] &=

70~80 B0~70 50~B0 40~50
Percent of conservation

90~100 80~90

Fig. 4 The distributions of the numbers of function-related positions
in Box 12 for all the three protein families over the percent of
conservation measured by the three kinds of scoring methods,
respectively. The distribution measured by the reduced entropy (E(6))
has a long tail in lower percent of conservation, indicating the
variableness for this method

the pure Shannon entropy with original 20 kinds of amino
acids (the former is between 90 and 100%, and the latter is
between 70 and 80%). Inversely, because the 55th position
of Globins contains the residues A, S, G and K (A is the
dominated residue, and K is infrequent), and these residues
belong to four different partitions, the percent of conser-
vation for this position measured by the reduced entropy is
even smaller than that measured by the pure Shannon
entropy (the former is between 60 and 70%, and the latter
is between 40 and 50%). However, since the similarity
scores for N and D, 7 and 6, respectively, at the 42nd
position (S is the dominated residue), are equal to those for
S and G at the 55th position, respectively (Fig. 1), the
present method yields a similar percent of conservation for
these two positions.

In brief, the present scoring method definitely produces
larger percents of conservation for functional sites, com-
pared with the entropy-based methods. Unlike the reduced
entropy that makes a subjective partitioning of the 20 kinds
of amino acids for accounting for some physicochemical
properties but ignores the differences between residues
within a partition, the present scoring method considers the
similarity score of each amino acid, and then the derived
conservation scores for the aligned positions are more
accurate and robust.

Conclusion

To summarize, in this study we present a conservation
measure that reflects both frequencies and physicochemist-
ries while considering the fact that the entries of BLOSUM
matrices are already interpreted as log probability. It is

illustrated by a hypothetical multiple-sequence alignment
that the present score can be consistent with the biochemical
judgment. The present score is more elaborate than the pre-
vious scores that considered only one aspect of the amino
acid frequencies and the physicochemical properties of
amino acids, and then it could be used in the situations in
which the high precision in calculations is needed, such as,
for characterizing functional sub-types of a protein (Han-
nenhalli and Russell 2000). The new residue score approach
might also be effectively used to generate different kind of
pseudo amino acid composition (Chou 2001, 2005c) so as to
enhance the prediction quality for protein subcellular local-
ization (Chou and Shen 2007a, b; Shen and Chou 2007a),
enzyme functional class (Shen and Chou 2007b), membrane
protein type (Chou and Shen 2007c), signal peptide (Chou
and Shen 2007d; Shen and Chou 2007c), as well as protein
structural class prediction (Chou and Zhang 1995; Chou
2005d). When the supposed score is applied to 14 protein
examples, the results show that the present conservation
score and the score suggested in Liu et al. (2006) are
equivalent aside from the different score ranges. However,
the present score considers the specific meaning of the
entries of BLOSUM matrices and then avoids the problem of
log—log probability when being described as the logarithmic
probabilities for aligned positions to take place. The present
score makes sense both statistically and biochemically, and
one can obtain an exact conservation score for any position of
a protein by using it. The scoring method has been used for
measuring the conservation of the functional sites of three
well known protein families. Compared with the widely used
entropy-based methods, the resulting scores are more robust
since the method considers the exact similarities between
amino acids. Furthermore, the new approach produces more
consistent conservation values for functional sites in the
sense that the functional sites are much more conserved
because of functional constraints.
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