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Abstract

We carry out a systematic analysis of the correlation between similarity of protein three-dimensional structures and their
evolutionary relationships. The structural similarity is quantitatively identified by an all-against-all comparison of the
spatial arrangement of secondary structural elements in nonredundant 967 representative proteins, and the evolutionary
relationship is judged according to the definition of superfamily in the SCOP database. We find the followingsymmetry
rule: a protein pair that has similar folds but belong to different superfamilies has~with a very rare exception! certain
internal symmetry in its common similar folds. Possible reasons behind the symmetry rule are discussed.

Keywords: evolution of protein; spatial arrangement of secondary structural elements; symmetry of protein folds;
three-dimensional structure comparison

Structural comparison and classification are the most fundamental
procedures in the studies of protein three-dimensional~3D! struc-
tures in the database~Alexandrov & Go, 1994; Murzin et al., 1995;
Holm & Sander, 1996; Orengo et al., 1997!. Similarity, in the 3D
structures is found a distant evolutionary relationship beyond the
twilight zone of the sequence comparison. An accumulation of
such similar structures will be a basis of structural classification,
which will provide us an overview of evolutionary and functional
relationships among proteins~Orengo et al., 1994; Brenner et al.,
1997!. However, we sometimes encounter pairs of proteins that
have very similar 3D structures with no clear evolutionary and0or
functional relationship. Is there any reason for such similarities?

To address this question, we have classified all entries in the
Protein Data Bank~PDB! ~Bernstein et al., 1977! by an all-against-
all comparison. The structural comparison is performed at the level
of the spatial arrangement of secondary structural elements~SSEs!
~Mizuguchi & Go, 1995!. Judgment of evolutionary relationships
is a difficult task to carry out for sure. We employ in this paper a
practical method of judgment, i.e., we judge an evolutionary rela-
tionship to exist between a pair of proteins if they are classified
into the same superfamily in the SCOP database~Murzin et al.,
1995!. Necessity to refine this judgment will be discussed later.

In this study, by combining these two sets of information, struc-
tural similarity and evolutionary relationship, we tried to find a
characteristic feature that differentiates the two types of protein

pairs having similar 3D structures, one sharing a common super-
family and the other belonging to different superfamilies. In the
former case, the structural similarity should definitely show its
evolutionary origin. Thus, we focus our attention in this paper on
the similarity in the latter case.

Results and discussion

The 967 representative protein chains in the database are compared
in the all-against-all manner by the program COSEC2~Mizuguchi
& Go, 1995!, which detects similar spatial arrangement of the
SSEs in a pair of protein structures. In this study, a pair is defined
to be similar when the following two criteria are met.~1! A high
significance level of similarity, i.e.,Z~A,B! $ 5 @Eq. ~10!# and
~2! a sufficiently large size of similar structure, i.e., the number of
corresponding SSEs$ 6. For each pair of similar proteins, their
superfamily names are assigned after the definition of the SCOP
~Murzin et al., 1995!. In this procedure, it is observed that many
pairs of proteins, each having the TIM barrel fold, are detected to
have similar structure and to belong to different superfamilies.
Because the TIM barrel fold is a highly symmetric fold, we have
carried out further analysis to find any internal symmetry in other
protein pairs that have similar structure but belong to different
superfamilies. A protein fold is defined to have a internal symme-
try when it has a nontrivial self-similar correspondence~see Materials
and methods!.

The result is summarized in Table 1, where each similar pair is
classified into one of the three types of the structural similarity
relationships, Type 1~an overall correspondence!, Type 2 ~one
containing the other!, and Type 3~only a part of the structure
shared!, as illustrated in Figure 1. The results in each type will be
discussed in turn.
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Type 1 relation—overall correspondence

Figure 2 shows the number of Type 1 protein pairs belonging to the
same superfamily~common SF! and to different superfamilies
~further classified into symmetric and nonsymmetric folds! against

the number of corresponding SSEs~Fig. 2A!, or against theZ-score
of Equation 10~Fig. 2B!. Sum of all entries in Figure 2 is given in
the Table 1. We see that more than 90% of Type 1 protein pairs
belong to the same superfamily. This fact remains valid, even
when we shift the threshold values for the criteria of judging
structural similarity as can be seen in Figure 2.

As mentioned, we will focus more on protein pairs belonging to
different superfamilies. The result is so striking that we describe it
as a rule.

Symmetry rule: Similar protein pairs belonging to different su-
perfamilies have~with a very rare exception! certain internal sym-
metry in their common folds.

One of the examples of such symmetric folds is shown in Fig-
ure 3, where we can see a C3 symmetry in both proteins. There are
only two exceptions to the above symmetry rule;~1! histidine-rich
actin-binding protein~1hce! vs. interleukin-1~1i1b!, and~2! c-Raf1,
Ras-binding domain~1guab! vs. ubiquitin~1ubi!. The folds of the
former pair are found to be almost symmetric by visual inspection,
but due to their skewed arrangements of the SSEs, computer pro-
gram COSEC2 could not detect it. In the latter case, however, the
folds ~b-grasp! are clearly nonsymmetric as shown in Figure 4.
Therefore, the number of exceptions to the symmetry rule is just 1
rather than 2 as in Table 1.

The exception of theb-grasp was found because this pair has six
corresponding SSEs more than the threshold. The SCOP database
contains five entries~1guab, 1ubi, 1tif, 1igd, and 2ptl! belonging to
the b-grasp fold. Two of them contain five SSEs, and the other
three entries have six SSEs. Owing to the threshold in the number
of corresponding SSEs, and due to their structural variety, our
method identified significant similarities only for the pair between
1guab and 1ubi.

Type 2 relation (one containing the other) and Type 3
relation (only a part of the structure shared)

Figures 5 and 6 are the same as Figure 2 but for Type 2 and
Type 3 protein pairs, respectively. The symmetry rule still holds
in these two types of similarity but with a slightly weaker form.
However, exceptions occur only when the number of correspond-
ing SSEs, 8 in both Type 2 and Type 3 relations. Therefore,
the rule can be made to hold more strictly, even in Type 2 and
Type 3 relations, if we employ SSEs$ 8 in criterion ~2! for
judging structural similarity. Because the symmetry rule holds
strongly in all the three types of similarity relations, we want to
examine the exceptional cases more carefully.

In Figure 7, examples of these exceptions are illustrated. In
Figure 7A, thioredoxin~1thx! ~Saarinen et al., 1995! and phos-
ducin C-terminal domain~2trc chain P! ~Gaudet et al., 1996! show
significant structural similarity, but their equivalent SSEs have no
internal symmetry. These proteins are assigned to different super-
families, probably because phosducin does not have the two cys-
teine residues conserved in the thioredoxin active site. However, as
shown by Gaudet et al.~1996!, the structurally corresponding parts
show weak homology~22% identity but 52% similarity! ~Gaudet
et al., 1996!. Also in the Type 3 relation shown in Figure 7B,
structurally corresponding parts in insecticidal toxin CRYIA~A!
~1ciy! and PNGas F~glycosylasparaginase fromFlavobacterium
menigosepticum; 1pgs! show 14% identity and 49% similarity.

We cannot make a definite judgment about evolutionary rela-
tionship in the above two cases, because the significance of the
sequence similarity is very subtle. However, the above examples

Table 1. Number of pairs for each similarity typea

Different superfamiliesc

Type
Common

superfamilyb Symmetricd Nonsymmetrice Total

Type 1 385 32 2 422
Type 2 368 185~128! f 50 ~8! f 503
Type 3 654 833~570! f 422 ~95! f 1,909

Total 1,407 1,050 474 2,834

aA similar pair satisfies the two criteria:~a! Z~A,B! $ 5 ~Equation 10!
and ~b! the number of corresponding SSEs$ 6.

bThe number of pairs belonging to the same superfamily.
cThe number of pairs belonging to different superfamilies.
dThe number of pairs, which belong to different superfamilies and whose

similar substructures are symmetric.
eThe number of pairs, which belong to different superfamilies and whose

similar substructures are nonsymmetric.
fThe numbers in the parentheses are the number of corresponding

SSEs$ 8 for criterion b.

Fig. 1. Schematic representation of the three types of structural similarity:
Type 1~an overall correspondence!, Type 2~one containing the other!, and
Type 3 ~only a part of the structure shared!.
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suggest that a certain number of cases classified in Table 1 to
“different superfamilies and nonsymmetric” may actually be evo-
lutionarily related. They are the cases judged in the SCOP database
to belong to different superfamilies, but have in fact a weak evo-
lutionary relationship. When these possible cases are removed from
the fourth column in Table 1, and when we understand it as indi-
cating “no evolutionary relation and nonsymmetric,” its entries
should be even smaller. Then the symmetry rule becomes more
striking.

Frequently observed symmetric folds

The number of folds of protein domains is known to have an
extremely skewed distribution; that is, a small number of folds are
very dominant in the database~Orengo et al., 1994; Brenner et al.,

1997!. Here, we try to classify the symmetric folds detected in the
comparison. There are three very dominant folds. Figure 8 shows
a distribution of the number of symmetric folds, which appeared in
all three types of similarity relations against the number of corre-
sponding SSEs. The number of cases belonging to the dominant
folds is also indicated. Two of the dominant folds are well-known
ones, TIM barrel and Ig fold. Another dominant one basically
consists of four parallelb-strands and four or more intervening
a-helices with the topology21x,2x,1x ~in Richardson’s nomen-
clature! ~Richardson, 1977!, which we propose to call R-motif,
because it is contained in the well-known Rossmann folds~Rao &
Rossmann, 1973!. Some examples of the R-motifs appearing in
various folds are summarized in Figure 9. Since the functions of
proteins in Figure 9 are diverse, they are classified into various
folds in SCOP~Murzin et al., 1995!. However, as far as the struc-
tural similarity concerns, they should be classified into a single
structural group, R-motif.

A B

Fig. 2. ~A! The distribution of the number of Type 1 protein pairs classified against the number of corresponding SSEs and~B! against
the Z-score. The protein pairs are classified into those belonging to a common superfamily and those belonging to different super-
families. The latter is further classified by the folds, symmetric fold, and nonsymmetric fold.

Fig. 3. ~A! Ribbon representation of a protein pair having a symmetric
fold, hisactophilin~1hce!, and ~B! erythrina trypsin inhibitor~1tie!. Ac-
cording to the SCOP classification, these two proteins belong to different
superfamilies, histidine-rich actin-binding protein, and Kunitz~STI! inhib-
itors, respectively. This and succeeding figures were drawn by MOL-
SCRIPT~Kraulis, 1991!.

Fig. 4. Ribbon representation of a protein pair having a nonsymmetric
fold, C-RAF1~1guab! and ubiquitin~1ubi!. Due to a centrala-helix, these
folds do not have any internal symmetry.
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Possible reasons behind the symmetry rule

Because the symmetry rule holds so strongly in all three types of
similarity relations, we have to look for reasons behind it. We think
that there is not enough evidence to exclude either one of the
convergence or the divergence mechanism behind it.

In the divergence point of view, we are forced to accept that
proteins with internal symmetry in their spatial arrangement of
SSEs have been able to create different functions in their history of
molecular evolutions, while those with no internal symmetry have
been able to sustain only one function. Because different functions
mean generally grossly different amino acid sequences, this should
mean that proteins with internal symmetry have a larger allowance

to its amino acid mutations. An amino acid replacement would be
accepted when the new mutant proteins are reasonably stable and
fast folding. We will later discuss possible relations between in-
ternal symmetry and foldability.

In the convergence point of view, we assume that different pro-
teins with the same internally symmetric folds have emerged in-
dependently in the history of molecular evolutions, while proteins
with no internal symmetry have had very small chances of inde-
pendent emergence. Emergence of a new fold should, of course, be
influenced by the stability and foldability of such a fold.

We think that there are two reasons why proteins with internal
symmetry are fast folding. The first is the one pointed out by
Wolynes~1996!. This is based on the argument that a symmetric

A B

Fig. 5. ~A! The distribution of the number of Type 2 protein pairs against the number of corresponding SSEs and~B! against the
Z-score. The meaning of each bar is the same as in Figure 2.

A B

Fig. 6. Same as Figure 2 or 4, but for Type 3 protein pairs.
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Fig. 7. Ribbon representation of protein pairs of~A! Type 2 and~B! Type 3 relations, respectively, belonging to different superfamilies
and having nonsymmetric folds. Corresponding SSEs are shown in red.A: Thioredoxin~1thx! and phosducin C-terminal domain~2trc
chain P! show significant similarity~Z 5 10.7 and the number of corresponding SSEs5 8! but have nonsymmetric folds. They belong
to thioredoxin-like and phosducin superfamilies, respectively.B: Insecticidal toxin CRYIA~A! and PNGas F~glycosylasparaginase
from F. menigosepticum! show significant similarity~Z 5 16.6 and corresponding SSEs5 9! but have no symmetry in their similar
part. The sequences in the corresponding region show 14% identity and 49% similarity. They belong to galactose-binding domain-like
and glycosyl-asparaginase superfamily, respectively.
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fold would have multiple folding pathways; that is, any symmetry
related part can have an equal probability to form the initial nu-
cleus of the folding process. The second comes from our impres-
sion that the symmetric folds appear to have simpler structures
than nonsymmetric ones, i.e., in symmetric folds neighboring SSEs
along the sequence tend to be closer to each other in the 3D
structure. This impression becomes more obvious if we regard the
N-terminus to follow the C-terminus. Because SSEs near the chain
can easily interact, formation of the folding nucleus in proteins
with such simpler structures should be easy, leading to an en-
hanced foldability in such proteins~Chothia & Finkelstein, 1990!.

Materials and methods

Structural comparison method

We compared protein structures with program COSEC2~Mizugu-
chi & Go, 1995! to improve the computational performance and
the reasonableness of the definition of structural similarity. In this
program, a protein structure is described by a set of vectors rep-
resenting SSEs. The optimal superposition for a given pair of
proteins, sayA andB, is calculated by searching for similar spatial
arrangements of the vectors that maximize the following similarity
score:

S~A,B! 5 (
SSEpair

(
k51

6 Swk 2
~qk

A 2 qk
B!2

wk
D ~1!

where qk
A is the kth index ~k 5 1, . . . ,6! describing the mutual

position of a SSE pair in proteinA, andwk is the normalization
factor. The summation is taken over all pairs of SSEs and the six
indices. The six indices correspond to all degrees of freedom to
describe the mutual arrangement of two vectors, i.e., direction,
lengths, tilt angles, and mutual distance of the vectors are consid-
ered at the same time. The definition of the six indices and the

normalization factors is described in Mizuguchi and Go~1995!. In
this study considering the relation between structural similarity
and evolutionary relationship, sequence order dependent similari-
ties are forced in the definition of similar pair. We assigned the
secondary structural code to each residue according to the defini-
tion of DSSP~Kabsch & Sander, 1983! with the following mod-
ifications required for the vector representation of SSE:~1! A bent
strand is a strand satisfying the following conditions:Nres ~the
number of residues in a SSE! $ 7 andDres ~a distance between the
terminal Ca atoms of a SSE divided byNres! , 2.0 Å. A bent strand
is divided into two successive strands at the residue, whose dis-
tance from a line between the terminal Ca atoms is maximum. This
procedure is repeated until all strands become nonbent.~2! A bent
helix is a helix satisfying the following conditions:Nres , 12 and
Dres , 1.35 Å. A bent helix is divided into two successive helices
at the residue whose~f,c! angles deviate maximally from the
mean value of a typicala-helix ~64.5, 39.7!. A resulting helix
having less than four residues will be re-assigned as coil.~3! Split-
ting helices are two successive helices satisfying the following
conditions: the number of intervening residues is two or less, the
distance between the first and the last Ca of the first helix, and the
first Ca of the second helix atoms, is less than 7.0 Å, and the angle
between vectors for the two helices is less than 308. A pair of
splitting helices is merged into a helix by converting the assign-
ments of the intervening residues into helix.

For Type 3 relation with a small number of corresponding SSEs
~#10!, we further imposed a criterion of compactness to the def-
inition of similarity. This is to avoid the case, where some non-
similar SSEs are situated in the middle of similar SSEs. The
compactness is defined by the condition,dmax~N! # ^dmax~N!& 1
2s~N!, where dmax~N! is the maximum value of the midpoint
distances amongN SSEs in the corresponding pair, and^dmax~N!&
ands~N! are the mean value and the standard deviation ofdmax~N!
in the monomeric globular proteins.

We compared protein structures in the PDB select 35% list,
October 1997 release~Hobohm et al., 1992; Hobohm & Sander,
1994!. But entries with only Ca coordinates are ignored. The total
number of the proteins compared in this study is 967, in which an
oligomer protein is counted by the number of its chains.

Definition of internal symmetry

We define a protein fold to have an internal symmetry when it has
a nontrivial ~i.e., nonidentical! self-similar correspondence withf
~the fraction of SSEs! $ 0.7. In Type 2 and Type 3 relations, an
internal symmetry can be defined not for a whole protein, but for
the part of SSEs assigned to be similar. This definition covers the
rotatory symmetries and the screw symmetries with many repeat-
ing units. In principle, we should also examine the mirror symme-
try and the screw symmetry with a small number of repeating
units. To search for a mirror symmetry fold, we compared all
protein structures with each of their mirror images. It was con-
firmed that there is no mirror symmetric fold in the database. It
may be because the influence of chirality in the peptide structure
remains even in the level of the vector representation, e.g., the
right-handed twist of ab-sheet. The screw symmetry fold with a
small number of repeating units can be detected by the following
method. When nontrivial self-similar parts are found by allowing
them not to satisfy the condition,f $ 0.7, such similar parts in the
protein are superimposed to give a translation vector and a rotation
matrix. This protein is regarded to have the screw symmetry if the

Fig. 8. The distribution of the number of symmetric folds, which appeared
in all the three types of similarity relations, plotted against the number of
corresponding SSEs. The number of cases belonging to the three dominant
folds, TIM barrel, Ig fold, and R-motif, is also indicated.
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translation vector and the rotation axis are parallel to each other. As
a result of such an analysis, it turned out that all screw symmetric
folds are already found with the condition,f $ 0.7.

Significance of structural similarity

The comparison method, COSEC2, does not require identification
domains prior to the comparison. It automatically detects the sim-
ilar portions in the query proteins even when their sizes are largely
different. Therefore, when one compares proteinA with proteinB,
there should be the following three cases, as schematically shown
in Figure 1:

1. Type 1: an overall similarity where bothA and B have large
f-values, i.e.,fA $ 0.7 andfB $ 0.7.

2. Type 2:A containsB wherefA , 0.7 andfB $ 0.7.

3. Type 3: only a part of the structures is shared wherefA , 0.7
and fB , 0.7.

When we find a pair of similar structures, the significance is
evaluated by calculating how seldom such a pair can be found in
a random set of protein structures. Here, we adopted the following
assumption for the random set. The random distribution of the
similarity score for proteinA, pA~S!, can be calculated from the
probability of occurrence of any proteinB having the score,S~A,B!
~Equation 1!, in the database consisting of 967 proteins. In other
words, the database used here is assumed the random set. It is fur-
ther assumed thatpA~S! is given by a Gaussian function of a mean
and a standard deviation defined for proteinA, ^S&A, andsA, by

pA~S! 5
1

#2p
exp~2z202! with z5

S2 ^S&A

sA
. ~2!

Therefore, when a comparison ofA andB gives a similarity score
S0~A,B!, the significance of the similarity can be assessed by the
probability of finding a scoreS $ S0~A,B! as

p@S$ S0~A,B!# 5 erfc@z0~A,B!# ~3!

with

z0~A,B! 5
1

2F S0~A,B! 2 ^S&A

sA
1

S0~A,B! 2 ^S&B

sB
G, ~4!

where erfc is an error function, andz0~A,B! is the average of the
two z values defined forA andB, respectively. Since the similar
structuresA and B will give similar values of^S& and s, the
averaging in Equation 4 is actually trivial.

Note, however, that the criterion of Equation 3 is applicable only
to Type 1, or an overall similarity from N- to C-terminus. In the
Type 2 or Type 3 relation, proteinA contains not only the SSEs
similar to proteinB, but also the remaining SSEs, both of which
would influence the parameters,^S&A andsA. The influence from
the latter part of SSEs would make the value ofp~S $ S0! inap-
propriate for assessing the significance of the similarity between
proteinsA andB. To solve this problem, we adopted the following
procedure. When a pair of similar proteins,A and B, are found,
these similar portions,a ~E A! andb ~E B!, excluding all the rest of
the proteins, are subject to the comparison against all the other
proteins in the database. Then, the parameters^S&a, sa, ^S&b, and
sb are calculated for these similar portions,a andb, to evaluate the
significance,p~S $ S0!. Here, we have to take into account the
effects of the original size of proteinsA andB. Such a size effect
is based on the fact that the chance of finding a fragment having a
certain structure should increase with the size of the protein, or the
significance should decrease with the size. To incorporate such an
effect in p~S $ S0!, we adopt the following function for the sig-
nificance of the structural similarity, instead of Equation 3:

p@S$ S0~A,B!# 5
nA~nA 2 1!nB~nB 2 1!

m~m2 1!~^n2 & 2 ^n&!
erfc@z0~a,b!# , ~5!

where nA and nB are the number of SSEs in proteinA and B,
respectively;m is the number of the corresponding SSEs in the two

Fig. 9. R-motifs appearing in various protein folds. Each square box represents a parallel strand and a triangle indicates an strand
antiparallel to the rest. A set of four deeply shadowed squares represent the R-motif. Intervening helices between parallel strands are
not written in the figure. The names of the folds given in the SCOP database along with PDB ID are shown.
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proteins, and the averages^n2& and^n& are the square average and
the average of the number of SSEs in proteins in the database,
respectively.

Equation 5 was derived by an analogy ofp-value of the se-
quence comparison~Karlin & Altschul, 1990!. The significance of
similarity between two sequences of lengthnA andnB is measured
for a largeS0 by

p~S$ S0; nA,nB! 5 KnAnB exp~2lS0!, ~6!

wherenA andnB are explicitly written in the arguments ofp, and
K andl are constants. Here, the prefactornAnB is the number of
ways to compare two sets of amino acids in the proteinsA andB.
In the structural comparison in this study, the element defining the
similarity score of Equation 1 is a pair of SSEs in a protein. Thus,
the corresponding prefactor should be

nA~nA 2 1!

2

nB~nB 2 1!

2

instead ofnAnB. This analogy results in

p~S$ S0; nA,nB! 5 K
nA~nA 2 1!

2

nB~nB 2 1!

2
exp~2lS0!. ~7!

This is the criterion for the significance. According to our proce-
dure written above,m corresponding SSEs in two proteins are
compared against all other proteins in the database. This compar-
ison would result in the followingp-value:

Ep~S$ S0; l,n! f ~n! dn5 KE m~m2 1!

2

n~n 2 1!

2

3 exp~2lS0! f ~n! dn, ~8!

wheren is the number of SSEs of a protein in the database, and
f~n! is the distribution function ofn in the database. Equation 8
simply becomes

p~S$ S0; l,^n&! 5 K
m~m2 1!

2

~^n2 & 2 ^n&!

2
exp~2lS0!, ~9!

where

^n2 & 5En2f ~n! dn and ^n& 5Enf ~n! dn.

Comparing Equation 9 with Equation 3, the right-hand side of
Equation 9 should be equal to Equation 3. Therefore, we finally
have Equation 5. The assessments of the significance in this study
were performed by Equation 5 with the values of^n2& and ^n&
being 285.4 and 16.6, respectively, which were calculated from the
database of the 967 proteins.

This definition was inspired by the definition in the database
VAST, which also uses an analogy ofp-value, but defines the
random set of protein structures by those randomly generated in
the Cartesian space~Gibrat et al., 1996!. The difference is ex-
plained as follows. According to our definition, the structural sim-

ilarity for a protein frequently occurring in the database tends to be
less significant than that of a protein rarely seen in the database.
On the other hand, VAST adopts a pure geometrical definition of
the structural similarity~Gibrat et al., 1996!.

In the text, for the illustrative purpose,p@S$ S0~A,B!# defined
in Equation 5 is rescaled into the followingZ-score:

erfc@Z~A,B!# 5 p@S$ S0~A,B!# . ~10!

ThisZ-score contains the influence of the original size of the query
protein while thez value defined in Equation 4 does not.
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