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Abstract

Secondary structural elements likehelix andB-strands posses distinctly different structural features and thus the
relative positioning of the nearest neighbor residues, and also the sequence-wise adjacent residues is important in
determining the structural preference. In the present work we have statistically examined the pair-wise compatibility
pattern of physically nearest neighbors and separately the adjacent residue pairs along the sequence in between the
nearest neighbor partners im-helices andB-strands. It has been demonstrated that the patterns and hence, the
physical basis of the compatibility of adjacent residue pairs and the spatially nearest neighbors are significantly
different in most cases. The influence of tertiary contacts on the pair-wise compatibility is shown to be significant
for B-strands while it is small fore-helices. Based on the compatibility of physically nearest neighbors and the
sequence-wise adjacent residue pairs, a minimal model has been constructed to predicelibes,B-strands and
coils of a protein from its sequence. Application of this method to 100 sequences shows that it has a predictive
capability comparable to that of other more sophisticated statistical methods.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Characteristic structural features; Compatibility patterns; Local compatibility index; Effect of tertiary contacts

1. Introduction years significant insights on the physical basis of
structure determination have been achiel/edd].
Secondary structural elements likecshelix and A number of novel methods for predicting the
B-strand are quite common in proteins. Under- Structure from a given sequence have also been
standing the physical basis of forming secondary developed. These include secondary structure pre-
and tertiary structures is a major issue of modern dictions using statistical methods, fold recognition,
molecular biology and biophysics. Over these sequence homology analysis, etc., and are success-
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residue pairs for a given structure may be due to  (see methold The minimal window sizes are
steric interaction, mutual H-bonding capability, different for a-helices and3-strands.
hydrophobicity, etc. Such factors can be important

only for residues physically close to each other. In the context of secondary structure prediction
Again, different secondary structures have quite it may be mentioned that over the past years a
different nearest neighbor patterns with diverse number of very useful approaches based on similar
relative positioning and orientations and different kind of nearest neighbor residue pairs, have been
local backbone conformations. Thus, for a given presented[21-2§. The conventional statistical
sequence the steric characteristics and H-bondingmethods of predicting the secondary structural
capabilities differ considerably under different sec- status of thelth residue use statistical propensity
ondary structures and should influence the struc- data and all individual residues or residue pairs
tural preference of the local sequence. In the with respect to the central one in a sequence
present work we have performed a detailed statis- window /—N to I+N, whereN varies from 5 to
tical analysis on the pair-wise compatibility of 10 [21-2§. The same window size is used for all
physically nearest neighbokén space and adja-  kinds of secondary structures. However, the char-
cent residues(along the sequengeand have  acteristic structural properties of the secondary
applied this knowledge in constructing a minimal  stryctures are not considered in these methods. In
model for predicting secondary structure from the contrast to those works, here, we have considered
sequence. Thus, our work consists of the following eypjicitly the structural features that define a min-
three major aspects that have not been adequatelymai window size for the respective secondary
addressed before in connection to the specific gtrcture. In this work we have included the
secondary  structural  preferences of  given comparibility of the spatially nearest neighbor
sequences. residue pairs only and the influences of the other

i. We have considered the pair-wise compatibility residues within the minimal window have also
of a residue with only its spatially nearest been taken care of separately through the compat-

neighbor residues characteristic of the specific iPility of the sequence-wise adjacent residue pairs
secondary structure considerézbe Sectionp ~ Within the window as pointed out abovki)-
Standard window methods consider the com- (ii)]. Thus, our approach is significantly different
patibility of the central residue with respect to from the previously presented nearest neighbor
each of the individual residues within the Mmodels.
window. In the present work we have reported new
i. We have introduced the concept that the adja- results, for example, it has been demonstrated here
cent residue pairs along the sequence in thatthe patterns and the physical basis of the pair-
between the central residue and its nearestWise compatibility of physically nearest neighbors
neighbor residues should be adequately com- and the adjacent residue pairs in-between the
patible to a specific secondary structure such nearest neighbor partners ia-helices andp-
that the central residue and the nearest neighborstrands are significantly different from each other.
can be properly placed to adopt the specific The influence of tertiary contacts on the pair-wise
secondary structurésee Section R The statis-  compatibility is shown to be significant fop-
tical compatibility data on all possible kinds of strands while it is small for-helices. A new and
sequence-wise adjacent residue pairs and spa-simple scheme has also been constructed to use
tially nearest neighbor residue pairs have been these compatibility indices in predicting the-
presented. helices andp-strands of any given sequence.
iii. We have used a minimal sequence window that Results indicate that this minimal model provides
is justified on the basis of the unique structural a prediction level close to that of more sophisti-
characteristics of thex-helices andp-strands cated schemes using statistical and neural network.
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Fig. 1. Schematic diagram of the nearest-neighbor pattern@fax-helix and(b) B-strand structures in proteins. In the casexof

helix (a), the residues at positiords-4, I—3, I+ 3, I+4 are spatially nearest neighbor to the residue at position | while the residue
pairs(I—4,—-3), I—3,1—-2), I—2,]—1) and(I—1,) are the adjacent residue pairs in between the nearest neighbor residue pairs
atI and/—4. In the case off-strand structureb) the residues at—2 and/+ 2 are spatially nearest to the residud,awhile the
residue pair{/—2,/—1) and(I—1,I) are the sequence-wise adjacent residues for the nearest neighb@rpai).

2. Methods be referred as adjacent residue pair onily the
position range(/—4 to I+4) for a-helix. Thus,
2.1. Formulation of the basic scheme only the residues within the randé—4 to I+4)

are important in directly determining the secondary

In an a-helix the residues at position paifsind structural preference of the residue at position 1.
J, whereJ=I1+3 or [+4, are spatially nearest to Consideration of larger sequence window overes-
each other, while in aB-strand, such nearest timates the effect of sequence context and a small-
neighbors have=1+2 (Fig. 1) [29]. Thus, for a er one underestimates it. In this sense, the present
given sequence, the nearest-neighbor patterns inmethod is ‘minimal’. For aB-strand a minimal
terms of the relative positions of the residues on Sequence window in the randé—2 to /+2) is
the primary sequence are quite different for differ- required(Fig. 1) [29].
ent secondary structures. It is then most logical to  The compatibility of the partners in a residue
expect that a sequence will preferably adopt a pair may require complementarity in different
specific secondary structure that corresponds to physical properties such as shape, size, interactions
the most compatible nearest-neighbor pair pattern with the partner, etc., and hence, it only represents
compared to the other structures. Again, the @ measure of the overall complementarity of a pair
sequence-wise adjacent residue pairs should allowof residues. The compatibility inde&r;,, (1.J) of
the local backbone to adopt the correct torsional & residue p’ at position / to be involved in a
angles specific for the preferred structure. Based Secondary structur& having a nearest-neighbor
on this concept, the potential fat-helix of the  partner g’ also in stateX at position/ is given by

residue at positiod depends on two factorgj) . .

. o : . I (1,J)= 1
the physically compatibility of its spatially nearest Cl (L) =154/ My @
neighbors to the residue dtfor a-helix confor- n,, is the number of cases where the residpie *

mation, and(ii) the physically compatibility of the  (at position/) has a nearest-neighbor partnet
sequence-wise adjacent residue péirsw on will (at position/, characteristic of the specific second-
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ary structureX) andny, represents the number of
suchp—q pairs where, bothp” (at position/) and
‘q’ (at positionJ) are involved in the secondary
structureX. Using a ‘training’ pool of 293 random-
ly selected proteins of known structufa list is
given in the Appendix A, we have computed
the compatibility indices for each of the 400
(=20%20) possible amino acid pairs fat-helix
and B-strand separately. For each type of pair we
have considered two different situatior{s} ‘p’ at
position 7/ and its partner ¢' at position J1
(upstream along the primary sequenceand (ii)

in the other casep' at I is followed by ¢’ at J2
(downstream The compatibility factors are rep-
resented byCr; (1,J1) and CIy, (1J2), respec-
tively. In the case of ax-helix, J1=74+3 or I+4
and J2=1-3 or I—4 while for ap-strand,J1=
I+2 and J2=I1-2, respectively. Similarly, the
compatibility indices for the adjacent residue pairs
to be involved in a secondary structuxes given

by
CIA; (1))=m ,/m,,

P

(2

m, , is the total number of adjacept-¢ pairs and
my, IS the number ofp—g adjacent pairs where
both p’ and ‘¢’ are involved in the secondary
structureX. Additional four (two for a-helix and
two for B-strand have been prepared to take into
account the pair-wise compatibility information of
the adjacent residue pairs.

According to our scheme, the total local com-
patibility index LCI*(I) that a particular residue at
position] will be in a a-helix can be represented
as,

LCIN(I) =w$,CISE (1,1 —4) +ws,CIS2 (1,1 —3)

pq

+wS CIY (L1 +3)+wg,CIY (11 +4) (3)

where eachws,

involved in a nearest neighbor pair. The weight
factors fora-helix are given by

wi =Y v iy)/4, j=i—1; i=>{LI-3}, (4
ws,= Y v(iy)/3, j=i—1; i—>{LI-2}, (5)
wi=Y y(iy)/3, j=i+1; i={LI+2}, (6)

represents a weight factor that
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wg= Yy (iy)/4, j=i+1; i>{LI+3}, (7)

where v*(ij)=1 if the compatibility factor
CIA*(ij)> CIA%, and equals O otherwise.

In the abovej—{I1,/— 3} represents that takes
all the values in the rangkto (I—3), etc., and>
implies summation over all values of CIAY is
the critical value of theClA*(ij) score below
which v*(i,j))=0. Each of the weight factors can
vary in the rang€g{ 0,1} modulating the contribu-
tion of the associated nearest-neighbor pair accord-
ingly. Thus, according to this scheme, in order to
assume a helix state for the residuel,abot only
must the nearest-neighbor partners must be signif-
icantly compatible for a helix, but also most of
the intervening adjacent residue pairs must be
reasonably compatible to a helix structure. Thus,
the effects of the nearest-neighbors as well as the
in between adjacent residue pairs are accounted
for in our scheme. In the case of gastrand we
have,

LCI®(I)=w8,CI® (1,1 —2)

+wiCI¥ (1,1+2) (8
The weight factors are given by
wh=Y v*))/2, j=i—1; i—>{LI-1}, (9

wherevyP(i,j)=1 if the adjacent compatibility fac-
tor CIAR(ij) > CIAR,and equals O otherwise.

CIAB(i,j) andCIAP are terms similar t@€7A~(i,j)
and CIA? for a helix, respectively. The preference
to an a-helix or B-strand structures was made
following the criteria in Section 2.2.

2.2. Choice of criteria

In an a-helix, each residue at the positidrinas
four nearest-neighbor@t positions —4, /-3, 1+

53 and/+ 4). So the total average local compatibil-

ity score LCI*(I) for the residue af is 4X CI%.
where CI%,. is the average of all 4Q0/* values.
Each of these four pairwise compatibility indices
is further modulated by the weight factors related
to the compatibility of the adjacent residue pairs.
So, as a working criterion, we have chosen 50%
of this value to be the reference valu€r for
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helix assignment to a residue, i.eLCI*= and B-strand status. In this way we get a grand
2XCIg,e Thus, if a residue has ACI*(I) score assigned sequence. Finally, the fractions of cor-
greater thanLCI?, the residue will be primarily  rectly predicted three types of structureshelix,
assigned to a helix state. Similarly, the average B-strand and norenon{3 structures in the given
compatibility score for the adjacent residues sequences is calculated according to the definition
(CIAg,0 is chosen as the critical compatibility f,=(ni+ng+n5.g)/N, where,n¢ is the number
value CIA® (because it occurs only once in the of residues correctly assigned to staluandN is
calculation for the adjacent residue pairs. In the the total number of residues in the sequence. The
case ofB-strand analysis, the average values are parameteX can bea, 3 andnaf (nonw, non)
CI%,. and CIA®R,. and following the same argu- [8]. The predictions have been tested on 100

ments, the critical values are chosen laGIF = different ‘test’ sequence@ot in the ‘training’ set
CI%,.and CIAP=CIAB,. to assess the generality of the procedure.

For residues that are predicted to have consid- Here, it may be pointed out that the secondary
erable compatibility for both thex-helix and B- structural feature assigned to the individual resi-
strand [i.e. LCI*(I)>LCI* and LCI*F(I)>LCIF), dues in the crystal structufsequence details menu

we have used the following criterion to decide for the structure at httgy www.rcsb.org.pdip) was
which one will be favored over the other to take considered as the experimentally obtained correct
into account the difference in the number of nearest secondary structure assignments. In the present
neighbors pairs in these two cases. By definitions, work, we have considered only three state descrip-
if a residue hasLCI*(I)=LCI* and LCI*(I)= tions, i.e. a-helices,B-strands and coil§non--
LCI?, then it physically means that the residue has helices nor3-strand$ and we have not considered
an equal possibility for adopting am-helix or a the helix ends separately.

B-strand status. Hence, these two scores are equiv-

alent. Thus for direct comparison, we can calibrate 3. Results

the calculated.CI*(1) and LCI*(I) scores for the

same residue by the relation 3.1. Analysis of the compatibility properties of

N N spatially nearest neighbor pairs and adjacent res-
LCIB(I)=LCI*(I) X (LCI®/LCI®) (12 idue pairs
where LCIE(I) is the equivalentLCI®(I) score
corresponding to the&.CI*(I) score of a residue. The compatibility values are given in Tables 1—
So, if a residue has a.CIP(I)<LCIF(I), the 4. The averag€l values over all the possible 400
predicted compatibility of the residue for @- nearest neighbor pairs for-helix was obtained as
strand, then the residue will prefer ashelix state ~ CIa.=0.20 and for the adjacent pairs it is
and vice versa. CIAg,=0.26, while forB-strand structures these

are, respectivelyCIg,=0.13 and CIA%,=0.18.

2.3. Secondary structure prediction procedure So, according to our choice of criteria, the different

reference values are considered BSI*=0.40,

For each residue in a given sequence, we first LCIZ =0.13, CIA} =0.26 andCIA} =0.18.
calculate theLCI* value using Eqs(3)—(7), and The linear correlation coefficient between two
then o-helix status is assigned to the residue Similar data series can be calculated by the relation
following our criterion. Then, we calculate the /(i i iy i i )2
LCI® values using Eqs(3)—(7), and separately Co <(xi vae)z(y 1/2ya"g>/{ (=ak’y
assign thes-strand status to each residue satisfying (O =yaved D} (12)
our criterion for 3-strand status. We then apply wherex’ and y’ are theith elements in the two
the equivalence criterioGEq. (11)) to select the  data series, respective[@0]. In the present work,
most favored statuses of the residues that arethe correlation coefficient betweani* (backward
predicted(in separatex and 8 assignment steps  and CI® (backward is obtained as 0.26, and
to have significant potential to adopt bashhelix betweenCIA* (backward and CIA®P (backward
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Table 1

The pair-wise compatibility indice€CI values of all the nearest neighbor pairs dzhelical structureg¢downstream computed from a large ensemble

of protein sequence and structure

S. Sen / Biophysical Chemistry 103 (2003) 35-49

G A \% L F Y w C M S T K R H D E N Q
G 005 0.12 0.06 0.07 0.06 0.04 0.07 006 006 005 0.09 0.05 0.08 0.09 0.09 0.07 0.10 0.08 0.04
A 019 044 031 039 035 022 034 026 034 034 040 024 021 032 037 028 031 045 0.22
vV 010 031 021 028 024 009 024 022 030 021 021 0.10 0.15 0.17 0.16 0.17 0.16 0.23 0.10
L 016 042 035 045 042 012 039 032 036 023 043 021 020 0.27 0.33 0.21 021 0.34 0.19
| 0.12 036 028 037 038 012 031 025 038 024 035 0.18 0.17 0.16 0.27 022 0.14 0.27 0.17
P 001 007 002 005 0.03 0.02 0.09 0.07 0.03 001 005 0.03 0.03 0.09 0.05 0.04 0.04 0.09 0.04
F 011 030 020 033 036 007 018 0.22 025 025 025 013 0.11 0.19 0.19 0.14 0.13 0.24 0.14
Y 008 027 017 025 031 013 025 0.7 0.18 0.17 023 0.11 0.11 0.14 0.15 0.12 0.12 0.19 0.10
W 009 038 0.28 034 020 0.17 024 020 0.18 0.19 0.16 0.08 0.16 0.17 0.35 0.18 0.17 0.31 0.07
Cc 007 026 020 023 016 0.09 022 0.15 0.08 0.12 0.17 0.15 0.09 0.15 0.20 0.17 0.18 0.26 0.11
M 012 048 033 043 035 010 044 039 025 027 041 016 021 025 0.24 0.28 0.20 0.36 0.22
S 0.07 019 0.14 0.18 0.11 0.13 0.14 0.08 020 0.06 0.22 0.10 0.08 0.17 0.17 0.15 0.13 0.25 0.13
T 004 023 014 017 0.17 008 0.13 0.11 0.16 0.14 021 012 0.12 0.13 0.20 vi5 0.12 0.18 0.08
K 017 040 020 024 023 013 021 0.19 022 020 021 021 020 0.20 0.33 0.17 0.29 046 0.23
R 014 041 024 032 027 017 023 024 023 024 026 025 021 0.28 0.30 0.20 0.28 0.46 0.19
H 005 035 022 026 017 011 0.6 0.14 0.15 0.16 0.26 0.12 021 0.1 0.22 0.20 0.20 0.28 0.06
D 008 021 0.07 012 010 0.09 0.12 0.07 013 0.14 0.17 0.10 0.08 0.26 0.15 0.14 0.3 0.19 0.10
E 010 039 021 026 023 012 0.16 0.17 021 023 024 020 019 0.36 0.35 0.20 0.27 0.30 0.20
N 007 021 013 0.12 015 0.06 0.12 011 019 0.12 0.09 0.12 016 0.15 0.18 0.11 015 0.26 0.11
Q 017 035 023 030 028 022 023 033 027 014 033 019 021 035 0.33 0.18 0.23 0.37 0.19

The element at thé&h row andJth column represents the compatibility of the residue at/theow in the first column and the residue at thia
column as its nearest neighbor. The same pattern is followed for each of the tables presented in this paper.

data sets it is 0.06. Thus it is indicated that the forward data set for am-helix is approximately
relative patterns are quite different for the
helices ang3-strands and the differences are more
pronounced in the case of adjacent residue pairs.on the compatibility of spatially nearest neighbor

However, theC,, value between the backward and pairs and adjacent residue pairs, and reproduces

Table 2

The pair-wise compatibility indice6CI value9 of all the nearest neighbor pairs @istrand structureédownstream computed from a large ensemble

of protein sequence and structure

0.81 while it is 0.79 fo3-strand.

G

A

\%

L

w

C

M

S

T

K

R

H

D

E

N

OZMUIDAANZIOS<TUOU-r<>»0

0.06
0.10
0.17
0.10
0.13
0.01
0.10
0.18
0.10
0.10
0.08
0.08
0.06
0.05
0.09
0.05
0.07
0.05
0.04
0.06

0.08
0.06
0.17
0.13
0.20
0.02
0.18
0.15
0.18
0.14
0.15
0.08
0.10
0.05
0.04
0.06
0.05
0.05
0.06
0.04

0.13
0.19
0.52
0.34
0.46
0.11
0.50
0.24
0.32
0.24
0.26
0.19
0.27
0.17
0.16
0.27
0.11
0.17
0.13
0.16

0.16
0.12
0.34
0.28
0.39
0.03
0.23
0.21
0.35
0.37
0.20
0.13
0.13
0.10
0.10
0.12
0.06
0.05
0.11
0.12

0.18
0.18
0.43
0.34
0.47
0.13
0.36
0.25
0.42
0.41
0.35
0.16
0.23
0.07
0.10
0.12
0.13
0.09
0.09
0.10

0.02
0.03
0.09
0.07
0.08
0.02
0.07
0.06
0.09
0.02
0.04
0.01
0.04
0.01
0.05
0.04
0.01
0.02
0.00
0.00

0.12
0.22
0.45
0.26
0.41
0.10
0.42
0.32
0.53
0.43
0.26
0.11
0.24
0.13
0.17
0.15
0.06
0.10
0.10
0.11

0.10
0.13
0.34
0.30
0.39
0.03
0.29
0.31
0.24
0.49
0.15
0.11
0.23
0.14
0.14
0.14
0.08
0.10
0.08
0.19

0.21
0.16
0.29
0.29
0.34
0.14
0.33
0.34
0.00
0.00
0.22
0.10
0.15
0.06
0.14
0.24
0.07
0.11
0.12
0.17

0.15
0.23
0.36
0.14
0.33
0.03
0.25
0.20
0.13
0.06
0.14
0.14
0.24
0.15
0.17
0.17
0.02
0.15
0.05
0.19

0.13
0.03
0.28
0.22
0.30
0.07
0.32
0.21
0.26
0.56
0.25
0.14
0.14
0.06
0.06
0.03
0.07
0.11
0.05
0.06

0.04
0.07
0.16
0.09
0.13
0.03
0.14
0.17
0.06
0.11
0.11
0.21
0.17
0.09
0.08
0.05
0.11
0.09
0.09
0.16

0.09
0.09
0.29
0.14
0.24
0.08
0.21
0.30
0.11
0.06
0.10
0.20
0.23
0.18
0.21
0.20
0.10
0.15
0.09
0.13

0.04
0.07
0.14
0.07
0.16
0.03
0.13
0.16
0.08
0.08
0.09
0.10
0.13
0.05
0.08
0.05
0.06
0.11
0.05
0.08

0.06
0.06
0.13
0.08
0.14
0.04
0.17
0.20
0.20
0.05
0.08
0.10
0.08
0.10
0.15
0.09
0.14
0.10
0.13
0.01

0.11
0.10
0.21
0.10
0.14
0.03
0.17
0.27
0.05
0.09
0.31
0.08
0.16
0.06
0.08
0.29
0.11
0.05
0.16
0.02

0.02
0.02
0.05
0.04
0.04
0.01
0.06
0.08
0.03
0.00
0.00
0.04
0.03
0.05
0.03
0.06
0.02
0.04
0.02
0.07

0.03
0.04
0.12
0.04
0.07
0.05
0.06
0.06
0.09
0.05
0.08
0.08
0.16
0.09
0.09
0.17
0.06
0.08
0.06
0.07

0.01
0.05
0.09
0.06
0.14
0.01
0.09
0.09
0.05
0.00
0.04
0.07
0.07
0.05
0.03
0.03
0.01
0.11
0.09
0.04

0.08
0.41
0.20
0.35
0.23
0.04
0.23
0.30
0.23
0.15
0.52
0.19
0.27
0.36
0.29
0.19
0.30
0.35
0.30
0.43

Analysis of the Tables 1-4 provides new data

0.05
0.08
0.12
0.09
0.08
0.05
0.17
0.19
0.23
0.04
0.15
0.13
0.11
0.02
0.15
0.26
0.02
0.08
0.07
0.07
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Table 3
The pair-wise compatibility indices for the adjacent residue p@ovnstrean for a-helix structure

41

G A \% L | P F Y w C M S T K

R

H

D

E

0.06 0.17 0.11 0.20 0.11 0.06 0.15 0.14 0.15 0.06 0.10 0.07 0.08
0.17 055 038 054 049 021 035 045 047 027 050 0.25 0.28
014 038 019 028 022 012 024 018 0.16 027 035 0.18 0.15
0.16 054 036 043 040 019 048 044 040 0.28 049 022 0.25
0.16 051 020 034 039 014 028 025 033 030 038 024 021
0.08 0.08 0.06 0.07 006 0.02 005 009 0.05 005 0.17 0.02 0.06
0.12 046 0.19 033 020 012 030 024 046 031 033 0.18 0.17
0.07 036 020 023 026 0.16 028 027 024 021 026 019 0.16
003 035 035 043 025 015 038 0.13 043 022 033 028 0.14
0.16 039 0.19 0.28 035 0.07 022 013 0.05 044 042 0.16 0.09
0.15 058 033 050 034 011 027 028 047 023 031 037 0.23
0.06 027 020 024 025 0.07 020 0.14 024 009 0.18 0.10 0.15
0.10 0.26 0.15 0.25 0.19 006 0.21 0.09 018 0.16 0.34 0.12 0.14
0.11 053 029 038 034 008 031 025 037 033 039 021 0.18
0.10 044 036 048 039 011 036 028 040 020 035 021 0.25
0.18 0.27 016 041 035 014 0.09 015 048 014 032 0.23 0.20
0.08 026 022 031 023 012 018 0.18 0.22 022 030 0.20 0.16
0.16 053 033 044 044 028 030 026 039 038 043 0.29 0.26
009 029 021 027 025 008 024 015 0.05 0.18 0.24 0.08 0.11
0.17 049 033 046 044 014 043 025 051 016 038 0.24 0.30
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0.08
0.44
0.28
0.33
0.26
0.08
0.36
0.31
0.33
0.22
0.42
0.26
0.23
0.42
0.35
0.20
0.26
0.43
0.21
0.41

0.11
0.50
0.24
0.37
0.30
0.06
0.25
0.32
0.37
0.32
0.47
0.26
0.26
0.37
0.38
0.25
0.34
0.46
0.33
0.35

0.21
0.34
0.30
0.40
0.15
0.05
0.17
0.14
0.14
0.16
0.34
0.26
0.16
0.23
0.25
0.19
0.17
0.36
0.23
0.26

0.09
0.34
0.25
0.30
0.31
0.04
0.22
0.21
0.20
0.19
0.26
0.19
0.14
0.23
0.28
0.21
0.20
0.37
0.13
0.27

0.14
0.54
0.28
0.47
0.36
0.07
0.40
0.34
0.47
0.26
0.50
0.38
0.32
0.38
0.44
0.30
0.26
0.42
0.26
0.56

0.08
0.26
0.19
0.20
0.18
0.02
0.20
0.12
0.22
0.29
0.31
0.14
0.14
0.23
0.28
0.15
0.19
0.23
0.10
0.28

0.15
0.53
0.30
0.50
0.43
0.07
0.22
0.32
0.45
0.28
0.39
0.26
0.34
0.41
0.43
0.35
0.37
0.42
0.15
0.49

most of the known data validating our minimal irrespective of its nearest neighbor partner. Simi-

model. Fig. 2a represents the average value larly, the residues V, I, F, Y, L, M and T are

(CI%ean Of each residue type when its nearest potentially compatible for adopting #@-strand
neighbor partner is varied over all possible ways. structure(Fig. 2b). These average trends of pref-

It is found that each of the residues A, L, I, M, Q, erence are in general agreement with other studies
R, K and E has aCl%... value above theCI%,. [31-34. It may also be noticed that th&“ values
value and thus has potential to form anhelix for the residues like A and L, are always large

Table 4
The pair-wise compatibility indices for the adjacent residue pamwvn stream for B-strand structure

G A \% L | P F Y W C M S T K

R

H

D

E

N

0.07 0.07 0.23 0.09 026 002 018 0.12 0.09 0.17 0.12 0.10 0.09
0.10 0.07 024 012 021 0.01 027 017 014 025 0.12 0.15 0.18
0.16 029 048 040 046 015 043 040 043 029 037 032 042
0.13 0.14 036 020 035 0.09 027 028 019 039 0.17 0.20 0.29
020 022 052 036 038 010 049 040 037 024 031 027 047
005 0.11 0.15 0.09 009 0.01 0.04 012 0.13 0.02 0.12 0.03 0.02
0.18 0.15 041 029 043 006 029 037 017 047 035 032 044
0.17 0.17 041 040 044 0.04 038 037 045 021 029 0.17 0.39
030 0.14 039 022 025 003 027 039 010 067 020 0.23 0.34
0.15 004 038 028 029 005 046 035 037 022 033 032 0.38
0.08 0.15 041 020 031 011 029 016 0.16 0.23 031 019 0.25
0.11 0.12 030 020 031 0.05 028 019 0.22 028 015 0.11 0.15
0.11 0.17 044 024 030 0.01 030 039 042 022 023 019 0.14
005 005 024 015 022 0.07 018 0.13 016 0.11 0.10 0.06 0.16
006 0.13 0.33 013 021 004 019 017 021 026 022 0.11 0.18
0.07 021 038 016 033 0.04 055 030 019 0.08 020 0.07 0.18
0.02 0.08 0.18 0.09 023 000 0.21 020 0.09 0.13 0.06 0.03 0.06
0.07 0.07 0.27 0.15 022 001 033 024 029 028 013 0.06 0.13
0.04 009 025 013 024 003 016 0.17 0.18 0.16 0.09 0.02 0.08
0.06 006 0.18 0.18 0.19 0.01 019 0.27 0.13 022 0.08 0.06 0.17
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0.08
0.13
0.31
0.24
0.26
0.06
0.20
0.10
0.19
0.20
0.18
0.13
0.12
0.05
0.09
0.08
0.03
0.04
0.05
0.10

0.03
0.13
0.36
0.25
0.37
0.08
0.22
0.23
0.18
0.12
0.18
0.14
0.09
0.09
0.13
0.14
0.04
0.05
0.07
0.14

0.06
0.09
0.30
0.24
0.43
0.02
0.37
0.21
0.43
0.14
0.07
0.11
0.18
0.07
0.11
0.11
0.10
0.05
0.11
0.23

0.03
0.05
0.14
0.07
0.14
0.02
0.09
0.08
0.04
0.13
0.04
0.03
0.08
0.03
0.01
0.03
0.01
0.02
0.02
0.01

0.03
0.06
0.28
0.15
0.32
0.05
0.23
0.18
0.20
0.11
0.14
0.07
0.11
0.06
0.10
0.08
0.05
0.04
0.07
0.07

0.02
0.06
0.22
0.10
0.16
0.04
0.15
0.20
0.25
0.10
0.10
0.05
0.09
0.03
0.08
0.04
0.02
0.01
0.01
0.05

0.07
0.07
0.37
0.16
0.12
0.08
0.46
0.19
0.14
0.28
0.26
0.09
0.11
0.09
0.04
0.06
0.04
0.11
0.07
0.13
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Fig. 2. Scatter plots showin@) the relativeCI%.., values for each residue type averaged over all possible nearest-neighbor partners
for a-helix, and(b) CI% .., values for individual residue types averaged over all possible nearest-neighbor partners in the case of
B-strand structures. The symbabsand + represents the cases of analysis along downstream and upstream, respectively. The dashed
lines represent the cut-off values in respective cases.

irrespective of the nearest neighbor partners indi- patibility of the side chains with the backbone of
cating their intrinsic nature of structural preference. the residues. There are works, pointing out such
Similarly, the residues G and P are intrinsically possibilities before[31-34. Fig. 3a,b represent
incompatible for amx-helix. The residues V and |  the averageCIA value (CIAZc., and CIAR, ) of
have intrinsic preferences for fstrand. Such an  each residue type when its adjacent partner is
intrinsic preference may reflect the perfect com- varied over all possible ways in the cases ofoan
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Fig. 3. Scatter plots showin@a) the relativeCIAg.., Values for each residue type averaged over all possible nearest-neighbor
partners fora-helix, and(b) CIAE...values for individual residue types averaged over all possible nearest-neighbor partners in the
case of@-strand structures. The symbaols and + represents the cases of analysis along downstream and upstream, respectively.
The dashed lines represent the cut-off values in respective cases.

helix and B-strands, respectively. It is found that pointed out that in Fig. 2a, even though for
on average, the residues A, L, I, M, Q, R, K and residues H, D and NCI%... are lower than the

E are found to have highIA%,..,values for arx- CI%,. value, there are individual cases of nearest
helix, while for ap-strand the corresponding resi- neighbor pairs involving any of these residues as
duesare V, I, F Y, W, M and T. It may further be a partner, has quite high value making the pair
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compatible for anx-helix. Thus, for specific pairs
the compatibility may be quite different from the
average trend implying the importance of consid-
ering the compatibility at the level of residue pairs
instead of individual residues.

3.2. The influence of tertiary contacts and intra-
protein environment on compatibility features

The influence of tertiary contacts and intra-
protein environment on the pairwise compatibility

S. Sen / Biophysical Chemistry 103 (2003) 35-49

tacts on the pair-wise compatibility is significant
for B-strands while, the influence is small for
helices. Interestingly, the general trend of better
accuracy ina-helix predictions compared to the
accuracy forB-strands in statistical methods is in
accord with this effect. Considering the complexity
of the issue, the present demonstration appears
significant.

3.3. Location-dependent local compatibility scores
(LCI) of residues

has not yet been addressed. In order to gain some

insight in this issue, we have prepared two separate Each of the 20 amino acid residues can appear
and independent training sequence sets. One sein a protein sequence having a variety of nearest-
(S) contains sequences of monomolecular proteins neighbor partners as well as different adjacent

with residue numberéN) <200 and the other set
(L) contains large sequences wit¥i>600. The
ensemblesS and L are of similar sizes having
almost equal number of residuéapprox. 9000.

local residue pairs. As a result, depending on the
local sequence, the overall local compatibility
index [LCI*(I) or LCI*(I)] of a particular type of
residue can vary over a wide range as demonstrated

Using each of these ensembles, the compatibility in the Fig. 4a,b for ana-helix and B-strand,

indices (CI* or CI?) for an a-helix and 3-strand

respectively. It is clearly seen that for some specific

have been computed. It is assumed that proteinsresidues(G and P) the LCI* and LCI? scores are

with small N, have less possibility of tertiary

mostly below LCI* and LCI®, respectively, indi-

contacts and hence, the influence of tertiary effects cating again that these residues are intrinsically

will be less compared to that for proteins with
large N where a larger number of tertiary contacts

not compatible for any secondary structures. More-
over, it is seen that theCI* (or LCI®) values for

are expected. As a control, we have prepared two the residues A, V, L, K, R and E, vary over a

general ensembleS1 andG2 of similar size ad.

wider range than the others do and thus their

(and S) and contain sequences of any size. To structural preferences are most sensitive to the

remove any artifact arising from inadequate sam-

local sequence.

pling, we prepared a reduced data sets considering Fig. 5 compares the relative preferences of

only those cases of pairs @ (back which were
sampled larger tharmN, times whereN, is the

different residue types towarda-helix and 3-
strand structures, averaged over a large number of

average number of occurrence if each pair was different local sequences. It is evident from the

sampled equally. With these two reduced®
(back data sets obtained froil andG2, corre-

lation coefficient was computed as 0.85 as expect-

ed. Similarly, the reduced’l® (back data sets
obtained from ensemble$ and L yields a corre-
lation coefficient of 0.83 indicating that the pat-
terns of CI* (back sets are same as Gl and
G2, for a-helix. On the other hand, in the case of
the B-strand structures, the correlation coefficients
are found to be 0.56betweenS andL) and 0.79
(betweenGl and G2) indicating that the patterns
in the case of3-strands are considerably different

plot that each of the residues Q, A, M, L, E, K,
R, H and W has average equivaldn®/® (corre-
sponding toLCI%,) value aboveLCI® and thus
has potential to form am-helix. Similarly, each

of the residues V, |, Y and F is potentially capable
of forming B-strand. However, sincéCI%,. and
LCI? (corresponding td.CIS,.) are directly com-
parable, it is also seen that the residue Q, A, M,
L, E, K, R, H and W are potentially more suitable
for ana-helix and V, I, Y and F favors @g-strand

on the average. It is also noticeable that most of
the charged residues are highly compatible for an

in § and L ensembles. Thus, it demonstrates in a «-helix and do not suppoi-strand formation in

reasonable way that the influence of tertiary con-

general.
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Fig. 5. Comparison of the relative average preference of the different residue types towaetis and 3-strand structures. The
symbol <& represents th&CI® values averaged over different local sequences -anepresents the equivalehCI®  values corre-
sponding to theL.CI* values for different residue types. Thus, these data sets are directly comparable. The dashed line represents
the cut-off value.

3.4. Predictions of a-helices and B-strands in a in a long stretch of an assigned specific secondary
sequence structure(say H by the kind of the local trend
(i.e. H in this examplg increases the overall
In order to validate our method, we have pre- accuracy further to 63.3%+ 6.6% r.m.s. fluctua-
dicted the secondary structures of 100 ‘test’ tion) and up to 15% in the cases of individual
sequencegnot included in the ‘training’ setand protein (see Fig. 6. This criterion is logical
compared with their crystal structures. Some of because in a long stretch of a structure a few
the sequences are taken from other published testresidues with lower compatibility may be accom-
sequences[35] and some others are randomly modated. It is clearly seen that in most of the
selected. Thefg scores for all of the 100 test cases the prediction is above 60% even without
sequencega table showing these results can be this correction. In individual case the highest
obtained on requekindicate that such a minimal  degree of prediction accuracy for the selected test
statistical method can provide an average predic- sequences was found to be 78%ithout correc-
tion level of 59.6%(with a RMS fluctuation of  tion) and 79%(with correction.
+6.2%) that is comparable to that of methods
based on more sophisticated statistical schemes or4. Discussions
neural network11,12,35,3% Fig. 6 represents the
plot of fg values against the number of residues in  In the present work we have introduced the
each test sequence. An interesting observation isconcept of compatibility of the adjacent residue
that replacing one or two odd assignmetday B pairs in determining the preferences foelix or
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Fig. 6. Plot of the prediction accuradyg%) of the test sequences against the sequence lengths summarizing the prediction results.
The symbolsx and * represent thé& scores(%) with and without the correction for the continuous sequence stretch as discussed
in the structure prediction section.

B-strands and have analyzed the relevant pairwisethe overall relative patterns are not expected to
compatibility data from a large number of known change. Moreover, as the same compatibility data
structures. It may be noted that the statistical sets are used to obtain the different critical values
information on the compatibility of adjacent resi- for different criteria in structure prediction, it is
due pairs has not been considered in earlier meth-not expected that a larger ensemble will affect the
ods. These data have been used in a subsequengenerality of the results in a significant way. For
minimal statistical model for secondary structure further improvement of our insights in structure—
prediction. However, such statistical methods use sequence correlation it is essential to understand
only compatibility information averaged over a the physical basis of these observed compatibility
large number of sequences and thus are incapableproperties at the atomic level. Work in this direc-
of describing individual sequences with full accu- tion is in progress.

racy. Moreover, the effects of tertiary contacts are

not considered which we have shown here to be 5. Summary and conclusions

important forg-strand predictions. In spite of these

limitations, the present method gives a good over- The findings of the present work are summa-
all picture of the secondary structural architecture rized below.

of a given sequence indicating the validity of the =~ We have presented the statistical data on the
consideration of structural features. Our approach pair-wise compatibility of spatially nearest neigh-
is physically more realistic due to the inclusion of bors and the adjacent residues that has not been
the intrinsic structural features aefhelices ang3- presented before. Statistical analysis of compati-
strands in calculation. A sufficiently large ensem- bility of different residue pairs as spatially nearest
ble of protein sequences and structures was usedneighbor pairs forx-helices and3-strands shows

in computing theCI values to ensure adequate quite different patterns. Interestingly, the difference
level of statistical confidence. Use of even larger in the patterns is more pronounced in the cases of
ensemble may alter the individuall values but  the compatibility of adjacent residue pairs.
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The compatibility of the same residue pair as
the spatially nearest neighbors is different from
that when the same pair is adjacent to each other
indicating that the physical basi®©r nature of
the compatibility in each type is different from the
other.

Most interestingly it is found that the tertiary
contacts influence the pairwise compatibility more
in the case of-strands than in the cases of an
helix.

Depending on the local sequence, & and
the LCI® values of the same residue type vary
over a large range explicitly indicating the impor-
tance of the local context of the sequence in

S. Sen / Biophysical Chemistry 103 (2003) 35-49

ljgj:a, ljae, ljdc, 1jdo, ljdy:a, ljlx:a, 1jmf, 1jpc,

ljrh:h, ljrs:a, 1jsa, 1jsg, 1jst, 1juk, ljcr, 1jxp,

lkaa, 1kap:p, lkay, 1kbc:a, 1kbg:h, 1kbp:a, 1kct,
lkda, 1kdu, 1kel:a, lkev:a, 1lkfs:a, 1kgg:a, 1lkir:a,
lkmm:a, 1lkoa, lkra:c, lksa,:a, 1lksi:a, lkte, 1ktq,
1kvs, lkwa:a, 1kxb, 1lpba, lbop:a, 1pgx, lubq,
1ptf, lonc, 1ltsc:a, 1fus, lrev:a, land, 1cbn, 2ovo,
8rxn:a, lgat:a, 3cla, 1tmc:a, lapa, 2msb:a, laet,
laax:a, lalf, lamp, lath:a, lapx:a, lawp:a, 1fax:a,
1fhi, 1ftg, 1frg, 1gal, 1gbe:a, 1gen, 1gma:a, 1gzi,
lgux:a, 1llzs:a, 1llsm, 1lic, 1llsn, 1lyf, 1mat,

Imam:h, 1mck:a, 1mri, 1mol:a, 1mlg, 1mnj:a,

1nir:a, 1noc:a, 1npk, 1nyz:a, 1nwp:a, lofg:a lopd,
loui, loya, louu:a, lpbo:a, lpen, 1lpjp:a, 1lpot,

determining the preferred secondary structure. The 1bai:a, 1bah, 1beg, 1bmg; 1lprx:a, 1lpsp:a, 1pxb,
structural preferences for the residues A, V, L, K, 1pyg:a, 1pyt:a, 1ghi:a, 1qrs:a, 1qtk:a, 1qul, 1ral,
R and E are found to be most sensitive to the 1rby, lrpm:a, 1rtd:a, 1rzl, 1ldjx:a, 1drh, 1ldvr:a,
local sequence. lruh, 1rin:a, 1slg:b, 1sha:a, 1sbh, ljen:a, ljet:a,

It has been shown that using the structural 1ljfd:a, 1ljhl:a, ljia:a, 1jld:a, 1sue, 1sph:a, 1syn:a,
characteristics of the secondary structures, a min-1szt, 1stf.e, 1tau:a, ltas:a, 1tfr, 1taf:a, ltsn, ltuc,
imal model can be constructed for predicting the 1tyr:a, 1tyx, luky, luea:a, luro:a, lupj, luvth,

secondary structures from the sequence and its
predictive power is comparable to that of the more
rigorous statistical methods.
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Appendix A:

List of PDB entry of protein sequences used in
computing the compatibility indices.

1cbo:a, 1fug:a, limk:a, 1quh:a, 1xlIf:a, 9xim:a,
lauj, 1lind:e, 1qyp, 1xpa, 1bab:a, 1bgx, 1bqgz, 1bak,
ljan:a, 1ljaw, 1ljev:a, lbmk:a, 1cfy:a, lcmb:a,
lcax:a, 1caz, lcdk:a, 1ceb:a, 1cne, lctn, lcjw:a,
1czj, 1czm, 1bmr, 1bms:a, lbuz, 1bux, lbzr:a,
1lbzw:a, 1bzy:a, 1bao:a, 1lbap, ldbr:a, 1dbs, leac,
lefg:a, lena, leve, lexp, leba, ledk, ledn, lemf,
lhba:a, 1hdn, 1hgd:a, 1hjt, 1hng:a, 1hrh:a, 1htr:b,
1lhtt:a, 1hug, lhui:a, lhym:a, lhyp, lhea, lhia:i,

lice:a, lifd, lirw, lixx:a, liro, liux, lizb, lvpn:a;
lvkx:a; 1lvfa:a; 1lvwg:b; 1lvxg; lvam:a; lvwr:b;
lwej:f; 1wqq; 1wgt:a; 1wod; 1wkf; 1xis; 1xut;
1xys; 1xra; 1xif; 1xgs:a; lyek:h; lydr.e; lyma;
lysc; lyas:a; lyyy:a; 1zbd:a; 1zwj.a; 1zge:a; 1zsb;
1zxq; 1zin; 1zpr:a; laef, laxp:a; lazx:l; lbcx;
lbvs:a; 1caj; 1cud:a; 1cyg; 1ldea:a; 1dkt:a; 1djg:a;
ldut:a; lelg; leni; 1gai; 1gky; line:h, ligc:a;
1mks; 1mlk; 1mng:a,; 1njd; 1nhr; lola:a; lpop:a;
1sly; 1sox:a; 1grx:a; 1quk; 1gtz:a; 1wet:a; lwwc:a;
lycr:a; lypa:l; lyst:h, 1ytf:a.
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