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This work evaluates the hypothesis that proteins with an identical
supersecondary structure (SSS) share a unique set of residues—
SSS-determining residues—even though they may belong to dif-
ferent protein families and have very low sequence similarities.
This hypothesis was tested on two groups of sandwich-like pro-
teins (SPs). Proteins in each group have an identical SSS, but their
sequence similarity is below the ‘‘twilight zone.’’ To find the
SSS-determining residues specific to each group, a unique
structure-based algorithm of multiple sequences alignment was
developed. The units of alignment are individual strands and loops
rather than whole sequences. The algorithm is based on the
alignment of residues that form hydrogen bonds between corre-
sponding strands. Structure-based alignment revealed that 30–
35% of the positions in the sequences in each group of proteins are
‘‘conserved positions’’ occupied either by hydrophobic-only or
hydrophilic-only residues. Moreover, each group of SPs is charac-
terized by a unique set of SSS-determining residues found at the
conserved positions. The set of SSS-determining residues has very
high sensitivity and specificity for identifying proteins with a
corresponding SSS: It is an ‘‘amino acid tag’’ that brands a sequence
as having a particular SSS. Thus, the sets of SSS-determining
residues can be used to classify proteins and to predict the SSS of
a query amino acid sequence.

protein prediction � sequence pattern recognition �
sequence/structure relation � structure-based sequence alignment

A fundamental principle that governs the sequence–structure
relation of proteins states that the native structure of a

protein is determined by its amino acid sequence (1, 2). This
principle implies that similar sequences encode similar struc-
tures. The idea that sequence similarity translates into structural
similarity underlies most modern high-accuracy algorithms of
structure prediction (3–10). It was shown that proteins tend to
share similar 3D structures when their sequence identity exceeds
30% (11). This is an important observation because it provides
the threshold for structure prediction and also suggests that a
relatively small number of residues in a sequence are critical to
structure formation, whereas others play a relatively minor
structural role. Thus, even though each residue makes some
contribution to 3D structure formation, the relative weights of
the contributions vary greatly. Residues conserved across all
proteins with a similar 3D structure presumably make a crucial
contribution to structure stability.

The goal of this research was to find the residues that play an
essential role in supersecondary structure formation (SSS). The
reason for focusing on the relation between primary sequence
and SSS, rather than on the usually considered relation between
sequence and tertiary structure, is that the definition of SSS
identity is much more rigorous than the semiquantitative notion
of 3D structure similarity. For example, beta sandwich proteins
are said to have an identical SSS if they have the same number
of strands and the same order (arrangement) of strands in each
of their 2 beta sheets. It is important to note that proteins with
an identical SSS may differ markedly in the number and com-
position of residues within strands and loops and that their
sequence similarity may be below the ‘‘twilight zone.’’

This work evaluates the hypothesis that proteins with an
identical SSS share a unique set of SSS-determining residues.
The residues at conserved positions will be referred to collec-
tively as ‘‘SSS-determining residues’’ because they are presum-
ably determining SSS formation. To prove the hypothesis of
uniqueness of SSS-determining residue sets, it is necessary to
demonstrate that even markedly dissimilar sequences with the
same SSS share the same SSS-determining residues and that this
set of residues is not present in sequences with a different SSS.
If the hypothesis is true, knowledge of SSS-determining residues
would enable one to distinguish sequences of proteins with a
particular SSS from all others.

Comparison of sequences and identification of conserved
positions require a multiple sequence alignments procedure. The
most widely used alignment algorithms, such as PSI-BLAST or
HMM, use the dynamic approach to examine numerous variants
of alignments and to estimate the number of conserved positions
(12, 13). However, when it comes to very low similarities between
sequences (less than 10–15% sequence identity), applications of
these methods are very complicated and limited (14, 15). It was
shown that the PSI-BLAST human-controlled procedure varied
for different protein superfamilies and cannot detect all subtle
relations between proteins (14).

For proteins with large diversity, structure-based sequence
alignment is usually applied instead (16–18). The advantage of
using structural data for purposes of alignment is that structure
is less susceptible to change than sequence during evolution. On
the other hand, comparison of structures is more difficult than
that of sequences, because the criteria of assessing structure
similarity are not as well defined (19).

Therefore, for comparison of sequences of beta proteins that
share the same SSS but belong to different superfamilies and
have slight relations, a unique SSS-based multisequence align-
ment algorithm was developed. Two main features of this
algorithm are that (i) units of alignment are individual strands
and loops rather than whole sequences and (ii) the alignment of
strands is based on the residues that form interstrand hydrogen
bonds. The proposed approach makes it possible to align se-
quences with very low similarity and variable lengths, which would
not have been possible using the extant alignment techniques.

The objects of our investigation are 2 groups of sandwich-like
proteins (SPs), each defined by a single SSS. Proteins with an
identical SSS may differ widely in length and residue content of
strands and loops. The alignment algorithm allowed us to
identify conserved positions and to describe sets of SSS-
determining residues for each of the 2 different sandwich-like
SSSs. Each of the 2 SSSs was shown to be characterized by a
unique set of SSS-determining residues that is not found in
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proteins with different SSSs. Thus, each set of SSS-determining
residues is a highly sensitive and specific marker for its respective
SSS, and hence makes it possible to predict the SSS of a query
sequence for which no prior structural information is available.

Results
SSSs of SPs. In the structural classification of proteins (SCOP)
and CATH databases, SPs are defined as 2 beta sheets packed
face to face (20, 21). SSSs of these proteins can be rigorously
defined by specifying the number and order (arrangement) of
strands in each of their 2 beta sheets. Any SPs with the same
number and order of strands (in the same orientation) in each
beta sheet share the same SSS (Fig. 1). The ability to define the
SSS strictly made it possible for us to develop a unique structural
classification of SPs, which classifies these proteins in accordance
with their SSS (22). Every variant of the SSS of SPs is shown in
the publicly accessible ‘‘SSS database’’ (http://binfs.umdnj.edu/
sssdb), together with a list of all protein structures that are
described by the given SSS variant.

Definition of What Constitutes a ‘‘Conserved Position’’ for Purposes of
Sequence Alignment of Proteins with Identical SSSs but Dissimilar
Sequences. The goal of a sequence alignment is to maximize the
number of conserved positions occupied by identical or chem-
ically similar residues in all aligned sequences. In this research,
residue similarity is defined based on whether the residues are
hydrophobic or hydrophilic. The reason for selecting hydropho-
bicity/hydrophilicity as the criterion of conserved positions is
because the critical importance of distribution of hydrophobic
and hydrophilic amino acids in defining the secondary structures
has been demonstrated in a number of studies (23–28). It is
therefore plausible to assume that distribution of hydrophobic
and hydrophilic residues is largely responsible for SSS as well.

Preliminary analysis of residue conservation in SP sequences
revealed that residues V, I, L, M, F, W, and C are usually
interchangeable at the hydrophobic positions, whereas residues
Q, N, E, D, R, K, H, T, S, G, and P are interchangeable at the
hydrophilic positions. Thus, a position was classified as ‘‘con-
served hydrophobic’’ or ‘‘conserved hydrophilic’’ if all, or almost
all, residues found in this position belong either to the hydro-
phobic or the hydrophilic group. Two residues, A and Y, were
found with roughly equal frequency in both hydrophobic con-
served positions in strands and in the hydrophilic conserved
positions in loops. Therefore, for the purposes of identification
of conserved positions in SPs, these 2 residues were considered
as hydrophilic if found in loops and as hydrophobic if found in
strands.

Set of SSS-Determining Residues for the SSS Shown in Fig. 1A.
According to our analysis of SSSs, as presented in the SSS
database, there are 601 SPs with the SSS shown in Fig. 1 A. The
SCOP classification assigns these proteins to 3 superfamilies and
3 families. Sequences from different superfamilies are strongly
dissimilar. For example, for structures 1c5c and 1f42, the Euro-
pean Molecular Biology Open Software Suite (EMBOSS) Nee-
dle program for the pairwise sequence global alignment (29)
shows 4.5% identity and 7.1% similarity.

Step 1: Selection of Representative Proteins and Their Sequence
Alignment. The selection of representatives is based on SCOP
structural classification. The smallest unit in this hierarchical
classification is ‘‘species.’’ Proteins from 3 different families with
the SSS shown in Fig. 1 A belong to 14 different species. For
purposes of SSS-based sequence alignments, 10 random se-
quences from 10 different species were chosen as a ‘‘learning
set.’’ The alignment revealed the 30 conserved positions shown
in Table S1 (in Supporting Information), of which 19 were
hydrophilic and 11 were hydrophobic. Residues at these con-
served positions will be referred to as ‘‘SSS-determining resi-
dues’’ because they presumably are largely responsible for de-
termining the SSS. SSS-determining residues are shown in Table
1. The syntax of Table 1 is almost identical to that of PROSITE
patterns (30). Table 1 also contains information regarding which
secondary structure unit any given conservative position is
located in (Table 1, top row).

Step 2: Testing Specificity and Sensitivity of SSS-Determining Resi-
dues. The goal of this step is to determine whether the set of the
SSS-determining residues represents the characteristic finger-
print of all proteins with the given SSS. If this particular set of
SSS-determining residues (Table 1, line a1) is highly specific and
sensitive for these proteins, scanning the SCOP database that

 I:  1  2  5 4          I:  1  7  6  3 
II:  7  6  3                II:  2  5  4 

A B

Fig. 1. Schematic representation of the arrangement of strands in the 2 SSSs.
The numbers designate the strands that make up sheets I and II. (A) The SSSs
are formed by proteins of Superfamily Ig (Family: C1-set domains), Superfam-
ily E-set domains (Family: Class II viral fusion proteins C-terminal domain), and
Superfamily Fibronectin type III (Family: Fibronectin type III) (see motif 2E in
SSS database). (B) The SSSs are formed by proteins of Superfamily Ig (Family:
I-set domains), Superfamily E-set domains (Families: E-set domains of sugar-
using enzymes and Internalin Ig-like domain), Superfamily E-set domains
(Family: Internalin), and Superfamily Cadherin (Family: Cadherin) (see motif
3D in SSS database).

Table 1. SSS-determining residues for the SSS shown in Fig. 1A

Strand 1     Loop              Strand 2                                                Loop
a1: [STK] [VILAWF] (4,14)X [GAKSNEH] [GAS] [TASDEPHR] (0,6)X [LIVF] X  [CMI] X [VILAW] (1,4)X [PGS]  X    [PGRKD] (0,4)X
a2: [STKR] [VILAWFY] (4,14)X [GAKSNEH] [GAS] [TASDEPHRQ] (0,6)X [LIVFY] X  [CMIVLF] X [VILAW] (1,4)X [PGS]  X    [PGRKDS] (0,4)X 

Strand 3 Loop                                     Strand 4              Loop
a1: [VMIL]    [TNRP]   [VILF]      [TKNRES][WLAIV] (2,3)X [GSE] [SAGKE] (1,2)X [SDKEH] (0,11)X [VFMLA] (4,12)X [SGP] (6,10)X    
a2: [VMILC] [TNRPK] [VILFAW][TKNRES][WLAIVF] (2,3)X [GSED][SAGKERD] (1,2)X [SDKEHTP] (0,11)X [VFMLA] (4,12)X [SGP] (6,10)X

Strand 5 Loop                      Strand 6         Loop                    Strand 7
a1: [VLMI] (2,7)X[TPGEPQ]  (0,1)X[SATGPE](0,11)X[YIVF]X[CIV][NSTRHGD]    (0,4)X[PDEK] (0,1)X[SHGNK](0,4)X[KDEPATNQ]3X[KENTSR] 
a2: [VLMI] (2,7)X[TPGEPQS](0,1)X[SATGPE](0,11)X[YIVF]X[CIV][NSTRHGDKY](0,4)X[PDEKS](0,1)X[SHGNK](0,4)X[KDEPATNQ]3X[KENTSRH]

Column “Strand,” SSS-determining residues for the given strand; column “Loop,” SSS-determining residues for the loop between strands.
The residues at lines a1 are obtained from the alignment of the learning set of sequences. The augmented sets of the SSS-determining residues are shown at
lines a2. The expressions X and 3X show that the distances between 2 consecutive conserved positions are always the same in all proteins with the same SSS (e.g.,
1 residue, 2 residues). The expression �(d,r)� X indicates that the minimum number of residues between 2 consecutive conserved positions is �d� residues and the
maximum number of residues between 2 consecutive conserved positions is �r� residues.
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contains sequences of 71,786 diverse structures using this set of
residues would lead to the detection of all, or almost all, the
proteins with this SSS and none, or few, proteins with a different
SSS.

The set of residues obtained in step 1 was input into the
EMBOSS/Preg program (29) and used to search the SCOP
database. This test revealed 304 of the 601 proteins (‘‘true
positives’’) and no ‘‘false positives.’’ Thus, the set of residues in
Table 1, line a1, is highly specific for the SSS in Fig. 1 A but not
very sensitive: It identified less than 60% of sequences with the
SSS in question. It is therefore probable that the learning set
used to derive the residue pattern, which consisted of just 10
sequences, is not sufficiently representative of the wide diversity
of sequences with the SSS from Fig. 1 A. Therefore, in the next
step of the algorithm, the residue content at individual conserved
positions was gradually extended so as to increase the sensitivity
of the set.

Step 3: Refining the Definition of SSS-Determining Residues. To
obtain an augmented set of SSS-determining residues, the
following procedure was suggested. Residues were added step by
step to conserved hydrophobic and hydrophilic positions, re-
spectively. At each step, a set of residues is input into the
EMBOSS/Preg program and used to rescan the SCOP database
to determine whether an ‘‘extra’’ residue changes the specificity
of the set. If an additional true-positive sequence is detected, the
extra residue is added to the ‘‘waiting list’’ of allowed residues at
the given conserved position. After all conserved positions are
tested, all residues from the waiting list are added to the
conserved positions. Then an augmented set of residues is input
into the EMBOSS/Preg program and used to rescan the SCOP
database to test the specificity of the set.

The augmented set of SSS-determining residues is presented
in Table 1, line a2. When the search was carried out with the
augmented residue set, it yielded 573 true-positive sequences out
of a total of 601 sequences and no false-positive sequences.

Step 4: The Set of SSS-Determining Residues with a Single Mismatch
Position. To identify additional true positives, scans of the
database were carried out using the set of SSS-determining
residues shown in Table 1, line a2, but with 1 permitted
mismatch: In each scan, the content of 1 of the 30 conserved
positions was left unspecified (e.g., any residue was allowed).
These 30 additional scans revealed additional 18 true-positive
sequences but no false-positive sequences.

Furthermore, it was shown that 6 sequences with the SSS

shown in Fig. 1 A, which were not detected using augmented sets
with 1 mismatched position, have 2 mismatching positions.

The very high sensitivity and 100% specificity of the SSS-
determining residues suggest an important conclusion: substitu-
tion of a hydrophilic residue for a hydrophobic residue, or vice
versa, in residues with the same SSS is allowed at just 1–2
conserved positions.

Set of SSS-Determining Residues for the SSS Shown in Fig. 1B. The SSS
database contains 58 protein structures with the SSS presented
in Fig. 1B. In the SCOP database, these proteins are assigned to
3 superfamilies, 4 families, and 11 species (Table S2, legend in
Supporting Information). There is a very low similarity of se-
quences from different families.

Step 1: Selection of Representative Proteins and Sequence Alignment.
Six sequences from 6 species were randomly selected as a
learning set (Table S2 in Supporting Information). The alignment
revealed 31 hydrophobic and hydrophilic conserved positions.
The residue content at each conserved position is shown in Table
2, line a1. These residues comprise the initial set of SSS-
determining residues.

Step 2: Testing Specificity and Sensitivity of SSS-Determining Resi-
dues. Using the EMBOSS/Preg program to scan all sequences in
the SCOP databank with the set of residues in Table 2, line a1,
disclosed 12 true positives of 58 sequences and no false-positive
sequences. Thus, the original set of residues obtained from the
analysis of a few representative sequences has low specificity.

Step 3: Refining the Definition of SSS-Determining Residues. The
additional set of SSS-determining residues was obtained in the
same way as for proteins with the SSS shown in Fig. 1 A.
However, the addition of different residues to the list of allowed
residues at the conserved positions resulted in an augmented set
that had low specificity: The augmented set picked up a number
of false-positive sequences. To overcome this problem, the initial
set of residues from step 1 was divided into 2 subsets; then, for
every subset of residues, the procedure of the expansion of the
allowed residue content at the conserved positions was per-
formed independently (Table 2, lines a2� and a2��). The aug-
mented subset of SSS-determining residues identified 9 true-
positive sequences, and the second augmented subset revealed
18 true-positive sequences.

Step 4: The Set of SSS-Determining Residues with a Single Mismatch
Position. Two subsets were tested independently, allowing for a
single mismatch. When the SCOP databank was scanned with

Table 2. SSS-determining residues for the SSSs shown in Fig. 1B

See legend for Table 1. Two augmented sets of the SSS-determining residues are shown at lines a2� and a2�.
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augmented subsets and a mismatch at any single conserved
position, there were 6 additional true-positive sequences iden-
tified with one subset, 25 additional true-positive sequences
identified with another subset, and no false-positive sequences.
Thus, the combined search with both augmented subsets (with
1 mismatch allowed) had 100% specificity and selectivity: It
identified all structures with the SSS shown in Fig. 1B and no
structures with any other SSS.

Discussion
Characterization and classification of all existing SSS of SPs and
working out of the rules pertaining to the organization of
secondary structure units are detailed in our previous publica-
tion (22). This paper deals with the next stage of analysis:
determination of specific sequence characteristics common to all
proteins with a given SSS. We found out fuzzy rules (grammars)
that determine the relation between sequence and SSS. The
algorithm of alignment is the algorithm of extraction of these
rules. The main concept here is the conserved position (the key
position), which is defined with some uncertainty (fuzzy
position).

It is shown that each of 2 groups of SSSs examined in this work
is described by a unique set of conserved hydrophobic and
hydrophilic positions, whose residues are decisive for formation
of the respective SSSs. This finding implies that not only does
amino acid sequence determine protein structure, as shown by
Anfinsen over 50 years ago (1, 2), but that there is a way to find
residue content at critical positions from SSSs. Thus, the relation
between protein sequence and structure is reciprocal.

The residues at the conserved positions are referred to as
SSS-determining residues, because their presence is required for
the sequence to assume a particular SSS. Thus, residues in
sequences may be conceptually divided into 2 groups: a relatively
small set of SSS-determining residues and a larger group of all
other ‘‘supporting’’ residues. Mutation of SSS-determining res-
idues is generally limited to residues that belong to the same
group, either hydrophilic or hydrophobic. By contrast, mutations
of supporting residues are much more permissive and inter-
change of a hydrophobic amino acid for a hydrophilic amino acid,
and vice versa, is common.

The concept of structure-determining and supporting residues
may help to explain the various exceptions to the rule that more
than 30% sequence identity results in structure similarity. Ex-
ceptions occur in either direction: sequences with very low
residue similarity can have very similar structures (31–33),
whereas others with very high sequence similarity can have
completely dissimilar 3D structures (34). Assuming the decisive
role of just a few key residues for structure formation, we can
explain why very similar sequences are structurally dissimilar by
positing that they do not share the same set of structure-

determining residues. Conversely, even widely dissimilar se-
quences will fold into similar structures if they contain the same
set of structure-determining residues. When comparing se-
quences with respect to their structure-determining and sup-
porting residues, 4 scenarios are possible:

1. Both SSS-determining and supporting residues are similar.
These proteins have a high degree of overall sequence
homology and similar SSS (and, most likely, a similar 3D
structure as well).

2. Sequences share the same set of SSS-determining residues,
although among supporting residues, there is a large degree
of variability. Proteins have a low total sequence similarity but
identical SSS; however, a significant variability in their 3D
structure is possible, given the differences in lengths and
conformations of loops and strands. In this work, proteins of
this kind were studied: those with widely dissimilar sequences
attributable to high variability among supporting residues but
identical SSS because of the presence of the same SSS-
determining residues.

3. There is little, if any, overlap among SSS-determining resi-
dues and high variability among supporting residues. These
proteins have very low total sequence similarity and, most
likely, different SSSs as well.

4. There is little, if any, overlap among SSS-determining resi-
dues but a high degree of similarity among supporting resi-
dues. These proteins are likely to belong to different protein
folds despite the high degree of sequence similarities.

A case in point is demonstrated by 2 proteins with 88%
sequence identity and yet entirely different tertiary structures: a
3-�–helix fold and a �/�-fold (34). This example illustrates the
idea that the fold can be encoded by only 7 amino acids, which
constitute just 12% of the sequence. Presumably 7 residues in
common between these 2 proteins are the SSS-determining
residues, whereas the remaining 49 residues (the supporting
residues) ‘‘provide a relatively neutral sequence background’’ (34).

Methods
The Structure-Based Algorithm for Sequence Alignment of Proteins with the
Same SSS but Widely Dissimilar Sequences. The essential feature of the
algorithm is that the alignment procedure is performed separately for a set of
strands in a beta sheet and for loops rather than the entire sequence. All
necessary information about secondary structure and hydrogen bond contacts
can be obtained from the SSS database.

Two Rules of Alignment of Residues in Strands. The alignment of corresponding
strands is based on the alignment of the residues that form hydrogen bond
contacts between strands in beta sheets. The rules of alignment of residues
within a strand are discussed in the next sections.

Fig. 2. Beta sheets with 3 strands in structures A and B. The strands are schematically shown by bold lines. The thin line shows the loops between the strands.
The hydrogen bonds between residues are indicated by arcs.
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Rule 1. If the main chain atoms of residue a and residue a� form an H-bond in
one protein and residue b forms an H-bond with residue b� in another protein,
if a is aligned with b and both are assigned the same position index, a� will be
aligned with b� and both residues will have a common position index as well.

This rule can be illustrated by the example of structures A and B shown in
Fig. 2. Residue a1 in strand 1 of structure A forms an interstrand hydrogen
bond with residue a�1 in strand B. There is an analogous pair of residues in
structure B, residues b1 and b�1, which forms hydrogen bond contacts be-
tween strands 1 and 2. If we align residue a1 with residue b1, rule 1 dictates
that residues a�1 and b�1 will also be aligned with each other.

Rule 2. No gaps are allowed within strands: consecutive residues in a strand are
always assigned consecutive position indices.

From these 2 rules, it follows that if residue a1 in Fig. 2 is aligned with
residue b1, the immediately downstream residues a2 and a3 in strand 1 of
structure A must be aligned with residues b2 and b3 in strand 1 of structure B.
Likewise, residues a5 and a�3 in strand 2 of structure A must be aligned with
residues b8 and b�3 in strand 2 of structure B. Thus, after initial alignment of
a pair of H-bond–forming residues is made, one can systematically invoke the
2 rules to align all residues unambiguously in a beta sheet, as illustrated for
residues of strands 1, 2, and 3 in Fig. 3.

It is clear from this discussion that alignment of residues depends on the
initial choice of H-bonded residues that serve as a ‘‘nucleus’’ of alignment in
our approach. Let us consider all possible strand alignments in the beta sheet
of structures A and B. In variant 1, shown in Fig. 3A, the initial pair of H-bonded
residues, which will serve as a nucleus of alignment, are residues a1 and b1. In
variant 2, shown in Fig. 3B, the initial choices are residues a1 and b3. (Note that
alignment of residues a1 and b2 is not allowed, because residue a1 is involved
in hydrogen bonding, whereas residue b2 is not.) Usually, strands are con-
nected by 2–4 hydrogen bonds in a beta sheet; thus, the total number of
possible variants is quite limited—just 2–4 variants per beta sheet. All these

possible variants of alignment of strands need to be considered. The ‘‘optimal
variant’’ of alignment is the variant that affords the greatest number of
conserved positions.

Alignment of Residues in Loops. The multiple sequence alignment is performed
independently for each loop. All sequences in proteins that correspond to
loops between strand 1 and 2 are aligned among themselves, and the same
procedure is then followed for loops between strands 2 and 3, and so forth.
Because conformation of loops may be very variable in different proteins, no
structural data are used for loop alignment and multiple sequence alignment
of loops was carried out by hand to generate gaps in sequences.
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Fig. 3. Sequence alignment is based on hydrogen bond contacts. (A) In this
variant, the procedure starts with the alignment of residues a1 and b1. (B) In
this variant, the initial selection of residues for alignment is residues a1 and b3.
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