Protein Structure Prediction Based on Secondary Structure Alignment
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Abstract

In molecular biology, sequence alignment is a fun-
damental but powerful technique. Biologists find the
similarity, the difference and even the function of the
input sequences (DNA, RNA and protein sequences)
by it. With various purposes, there are many algo-
rithms to align two sequences based on different cri-
teria.

Though there are various ways to align macro-
molecular sequences, a sequence alignment algo-
rithm traditionally considers only the primary struc-
ture, which is the amino acid chain. In this paper,
we present a new algorithm which aligns sequences
with consideration of their secondary structures. When
we make use of the information of protein secondary
structure such as a helix, (3 sheet etc., the sensitivity of
pairwise alignment can be improved.

1 Introduction

Sequence alignment is a fundamental technique in
biological sequence analysis. The identity, similarity
and even homology of biological sequences such as
DNA, RNA and protein sequences all can be analyzed.
In addition, pairwise sequence alignment is the very
first step toward multiple sequence alignment [4-7,13,
18-20]. Due to its importance, many methods have
been proposed [8-12, 15, 17].

The biological sequence can be represented as a
chain of characters in a alphabet set Z. In DNA, Z={A,
G,C, T}, inRNA, Z={A, U, C, T} and in protein, Z={
A CDEFRGHILKLMNPQRSTYV,
W, Y}. The sequence alignment problem is to find the
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alignment which has the best score with some scoring
criteria.

A simple example of pairwise sequence alignment
is given as follows. Suppose S and S, are two amino
acid segments. In alignment 1, the number of identity
in each vertical position is 6, but it becomes 9 in align-
ment 2. We can easily point out that the second align-
ment is better than the first alignment since it has 3
more identities. Dynamic programming has been used
to find the optimal alignment. For different purposes,
dynamic programming can be designed to solve such
problems with different scoring functions.

S1=EEHGWAGAEHG
S=EAHGMGEHG

Alignment 1

EEHGMGAEHG

| 1T
EAHGMGEHG

Alignment 2

EEHGMAGAEHG

| T T
EAHGMG EHG

Many algorithms have been proposed to find the
similarity and difference among sequences [1, 15-17]
and some of them are used to search databases [2, 3].
In this paper, we shall propose an alignment algo-
rithm based on not only primary structures but also
secondary structures. We hope that our work can find
more information that can not be found in traditional
alignment algorithms.

The rest of this paper is organized as follows. Some
preliminaries are given in Section 2. In Section 3,
we illustrate our sequence alignment algorithm which
takes protein secondary structure in consideration and
a real case is shown for clarity. Finally, we give our
conclusion in Section 4.



Table 1: Twenty natural amino acids found in biologi-
cal systems.

[ [ Name [ Threelatter code | Oneletter code |
1 Alanine Ala A
2 Cysteine Cys C
3 Aspartic Acid Asp D
4 Glutamic Acid Glu E
5 Phenylalanine Phe F
6 Glycine Gly G
7 Histidine His H
8 Isoleucine IIE |
9 Lysine Lys K
10 Leucine Leu L
11 Methionine Met M
12 Asparagine Asn N
13 Proline Pro P
14 Glutamine GIn Q
15 Arginine Arg R
16 Serine Ser S
17 Threonine Thr T
18 Valine Val \
19 Tryptophan Trp W
20 Tyrosine Tyr Y

T

Figure 1: Primary, secondary and tertiary structures of
a protein

2 Preliminaries

Proteins consist of 20 amino acids. Table 1 shows
these amino acids. We can say that amino acids are the
basic materials to build proteins. By different permu-
tation of amino acids, proteins can fold into different
forms of structures. There is a concept: the function
of protein is determined by the its structure. In other
words, protein function is determined by the permuta-
tion of amino acids.

For each protein, it has primary, secondary and ter-
tiary structures. The primary structure is just the linear
sequence of amino acid residues. The secondary struc-
ture is formed because of interactions between local
atoms and results in local structures such as a-helix
and B-sheet. Finally, the tertiary structure is formed
due to the secondary structure interaction. Figure 1
illustrates these structures.

Before getting into our algorithm, it is better to in-
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Figure 2: a-helix.
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Figure 3: (-sheet.

troduce some basic knowledge about the protein sec-
ondary structure. The secondary structure of a protein
is the conformation of its backbone. It can roughly be
divided into three classes: a-helix, B-sheet and loop. a
helix comes from hydrogen bond interactions between
two nearby turns. Figure 2 shows a typical conforma-
tion of a-helix.

A B-strand is a chain of amino acid residues with
a special property. That is, the sidechains of nearby
residues are placed in opposite direction. Furthermore,
the torsion angle of N-C-C-N is about 120 degrees. A
[3-sheet is another conformation due to a different kind
of hydrogen bond interaction. A B-sheet may consist
of two or more [-strands and any neighboring pair of
[-strands are combined by hydrogen bonds. If two
neighboring strands have the same direction, we say
that they are parallel. Otherwise, we say that they are
anti-parallel. Figure 3 shows an ideal conformation of
[B-sheet.



Table 2: Abbreviations of secondary structures.

| Abbreviation | Representation |

helix
residue in isolated beta bridge
extended beta strand
310 helix
pi helix
hydrogen bonded turn
bend

wH—|®OmoI

The secondary structure expression we use here is
according to an implementation of the method pro-
posed by Kabsch and Sander [14]. Table 2 shows the
abbreviation of each secondary structure.

3 A Nove Sequence Alignment Algo-
rithm with Protein Secondary Struc-
turein Consideration

In this section, we shall propose a new protein
alignment algorithm, which considers the combined
information of primary structures and secondary struc-
tures.

Given two protein sequences A and B, A =
aiay- - -an, B=b1by- - -by, and secondary structure S(A)
= S Se2" - San, S(B) = So1Sh2° - - Som, We apply dynamic
programming to perform our algorithm. Let C(i, j) de-
note the score of optimal alignment of &; and b; where
1<i<nand 1<j<m.

There are four probabilities:

1l.a=bjand § = S

2. & #Dbjand Sy = S;

3. a4 =Dbjand Sy # S

4. g #bjand Sy #

From the four cases, we choose the best one, which
is the alignment with the highest score. In summary,
we use the following formula to calculate A(i, j).

C(i,j) =
C(i—1,j—1)+0o-p(a,bj) +

maxq C(i—1,j)—gp
C(i,j—1)—gp

(1-0)-q(a,b))

Here qg(ay,bj) denote the score of alignment of the
secondary structures of & and bj. o and 1-o are
weights on primary score and secondary score respec-
tively. 0<o<1. It is clear that if we set o to 1, it
becomes the global alignment algorithm. Similarly, if
we set o to O, it becomes the alignment between two

Table 3: The score matrix of secondary structure.

- H T S E G B |

1
-0 1
H|1 0 3
T|1 0 0 3
S|1 0 0 2 3
E|1 0 0 O O 3
G|1 0 2 0 O O 3
Bf1 0 0 2 2 0O 0 3
lf1 0 2 0 0O O 2 O 3

secondary structures. The scoring matrix of secondary
structure is illustrated in Table 3.

Here we give an example to illustrate our algorithm.
Suppose we are given two protein sequences A and B,
whose primary structure and secondary structure are as
follows:

A
primary structure : SMIDLLSAED
secondary structure : HHTTTTTHHH

B:
primary structure : ADQLTEEQ A
secondary structure : HH** HHHHH

We first set 6 to 1, the result is simply a Needleman-
Wunsch global sequence alignment, which is shown as
follows:

- - SMIDLLSAED
ADQLTE- - EQI A

The secondary structure of this alignment is

- HHTTTTTHH
HHH:** - - HHHH

The matrix involved in the dynamic programming
of this alignment is shown in Table 4

If we consider the secondary structures of each pro-
tein, the alignment will look like(c=0.5):

SMIDLLSAED
ADQLTEEQ A

The secondary structure of this alignment is

HHTTTTTHHH
HH:** HHHHEH



Table 4: The dynamic programming matrix of global alignment with PAM-80 scoring matrix.

0 1 2 3 4 5 6 7 8 9 10

T T T T T H H H

- S M T D L L S A E D
0 -| 10 |-13.0| -15.0 | -17.0 | -19.0 | -21.0 | -23.0 | -25.0 | -27.0 | -29.0 | -31.0
1 |H|A|-1830| 20 |-11.0|-13.0| -150 | -17.0 | -19.0 | -21.0 | -23.0 | -25.0 | -27.0
2 |H|D|-150| -11.0 | -40 | -13.0 | -11.0 | -17.0 | -21.0 | -23.0 | -23.0 | -22.0 | -28.0
3 Q|-170|-130 | -130| -7.0 | -170 | -6.0 | -19.0 | -21.0 | -23.0 | -24.0 | -21.0
4 L|-190|-150| -7.0 | -13.0 | -140 | -19.0 | -20 | -15.0 | -17.0 | -19.0 | -21.0
5 T|-210|-170| -200| -100 | -7.0 | -180 | -15.0 | -8.0 | -18.0 | -16.0 | -23.0
6 |[H|E|-230]|-19.0 | -220 | -23.0 | -40 | -11.0 | -17.0 | -21.0 | -11.0 | -17.0 | -20.0
7 |H|E|-250]-21.0 | -20.0 | -25.0 | -17.0 | -2.0 | -13.0 | -17.0 | -19.0 | -15.0 | -16.0
8 |H|Q|-270]| -21.0 | -22.0 | -22.0 | -19.0 | -15.0 | -3.0 | -14.0 | -18.0 | -20.0 | -11.0
9 |H| I |-290]|-25.0|-170 | -200| -21.0 | -170 | -9.0 | 3.0 | -10.0 | -12.0 | -14.0
10| H|A|-310|-270 | -19.0 | -17.0 | -23.0 | -19.0 | -13.0 | -5.0 | 3.0 | -10.0 | -12.0

Table 5: The dynamic programming matrix of novel algorithm with PAM-80 scoring matrix.

0 1 2 3 4 5 6 7 8 9 10

T T T T T H H H

- S M T D L L S A E D
0 -| 10 |-13.0] -15.0 | -17.0 | -19.0 | -21.0 | -23.0 | -25.0 | -27.0 | -29.0 | -31.0
1 |H|A|-130| 30 |-10.0 | -12.0 | -14.0 | -16.0 | -18.0 | -20.0 | -22.0 | -24.0 | -26.0
2 |H|D|-150]|-100| 15 |-105]|-105 | -145 | -17.5 | -185 | -19.5 | -20.0 | -24.0
3 Q|-170|-120 | -120| 05 |-120| -75 | -155 | -185 | -20.0 | -20.0 | -19.5
4 L|-19.0|-140| -90 | -105| -25 |-125| -50 | -135| -185 | -22.0 | -20.5
5 T|-210|-16.0 | -155| -100 | -7.0 | -4.0 | -15.0 | -8.0 | -15.0 | -18.0 | -24.0
6 |[H|E|-230]|-180|-175|-165| -65 | -85 | -65 | -180 | -9.5 | -145 | -20.0
7 |H|E|-250]|-200|-185|-185|-185| -50 | -9.0 | -7.5 | -19.5 | -11.5 | -14.0
8 |H| Q|-270]|-215|-19.0 | -19.0 | -200 | -175 | -50 | -80 | -70 | -19.0 | -8.0
9 |H| I |-290]| -240 | -180 | -175| -215 | -20.0 | -140 | -05 | -55 | -7.0 | -175
10| H|A|-310|-26.0|-195| -175 | -20.5 | -220 | -175 | -105 | 1.0 | -6.0 | -6.0




The dynamic programming matrix of this alignment
is shown in Table 5

Finally, we use a real case to show the differ-
ence between traditional global alignment and our
novel alignment algorithm. The two proteins are 1Lin
and 1AVS:B, whose primary structures and secondary

structures are shown as follows.

1Lin:
ADQLTEEQ A
ELGITVMRSLG
*x %k HHHHH
HHHHHHHHTT

M NEVDADGN
SEEEI REAFR
HHHHH: S5+ S
HHHHHHHHHH

SAAELRHVMT
DGDGQUNYEE
* HHHHHHHHH
SSSSSEEHHH

1AVSB:
ASMTDQRAEA
ADGEEDI STK
*kkkkkk HHH
TT* SSEE* HH

QNPTKEELDA
MWRQUKEDA
% 4% HHHHHH
HHHHHH: *

If we simply use traditional global alignment algo-

EFKEAFSLFD
Q\PTEAELQD
HHHHHHHHHT
4% HHHHHH

GTI DFPEFLT
VFDKDGNGYI

SSEEHHHHHH
HHTTT* SSEE

NLGEKLTDEE
FVQUMTAK
HTT#* % % HHH
HHHHHTTT

RAFLSEEM A
ELGTVMVRM.G
HTTTTHHHHH
HHHHHHHHTT

| | EEVDEDGS

HHHHH: SSS*

KDGDGTI TTK

TT* SSEE* HH

MVARKMKDTD

HHHE*** TTS

VDEM READI

HHHHHHHH S

EFKAAFDMFD

HHHHHHHHH

GT| DFEEFLV

SSEEHHHHHH

rithm, we shall obtain the following :
---------- ADQLTEEQ AEFKEAFSLFDK
DGDGTI TTKELGTVMRSLGQNPTE
ASMIDQRAEARAFL SEEM AEFKAAFDIVFDA
DGGGDI STKELGTVMRM.GONPTK

AELCQDM NEVDADGNGTI DFPEFLTMVARKM
KDTDSEEEI REAFRVFDKDGNGYI
EELDAI | EEVDEDGSGT| DFEEFL- VM - - M

SAAEL RHVMINL GEKL TDEEVDEM READI D

GDGQVNYEEFVQWTAK
N S .
........ E-----DA

The secondary structure of this alignment is:

---------- 4% % HHHHHHHHHHHHHHT
TT* SSEE* HHHHHHHHHHTT* * ** H

400 5 HHHHTTTTHHHHHHHHHHHHHH
TT* SSEE* HHHHHHHHHHT T ** £ H

HHHHHHHHHH: SS* SSSEEHHHHHHHHH: *
*% TTS* HHHHHHHHHHHTTT* SSEE
HHHHHHHHHH: SSS* SSEERHHHH HH- - -

* HHHHHHHHHHT T * * * HHHHHHHHHHH: S

SSSSSEEHHHHHHHHTTT
o HHH H e
* * %

However, if we perform our novel sequence align-
ment algorithm, the result is

---------- ADQLTEEQ AEFKEAFSLFD
KDGDGT1 TTKELGTVIVRSLGQNPTE
ASMIDQQAEARAFLSEEM AEFKAAFDIVFD
ADGGGEDI STKELGTVMRMLGONPTK

AELQDM NEVDADGNGT! DFPEFLTMVARK
NKDTDSEEE| REAFRVFDKDGNGYI
EELDAI | EEVDEDGSGTI DFEEFLVMWRQ
VK- - - - - - E--DA-eeeennee

SAAEL RHVMINL GEKL TDEEVDEM READI
DCDGVNYEEFVQWTAK

The secondary structure of this alignment is:

---------- %% % HHHHHHHHHHHHHHT
TT* SSEE* HHHHHHHHHHT T+ * H
%005 5 HHHHTTTTHHHHHHHHHHHHHH
TT* SSEE* HHHHHHHHHHT T £ H

HHHHHHHHHH* SS* SSSEEHHHHHHHHH! *
#% TTS* HHHHHHHHHHHTTT* SSEE
HHHHHHHHHH* SSS* SSEEHHHHHHHHHHH

* HHHHHHHHHHTT* * * * HHHHHHHHHHH: S
SSSSSEEHHHHHHHHTTT

From this real example, we can easily obtain better
alignment when we make use of secondary structure
information in sequence alignment problem. The re-
sult seems more meaningful compared with those ob-
tain by traditional alignment algorithms. In fact, the
RMSD between these two proteins is 1.0A.



4 Conclusion

In this paper, we first introduce some basic knowl-
edge in molecular biology. Then, we propose a new se-
quence alignment algorithm for protein sequences that
combines not only the primary structure information
but also the secondary structure information. Since
protein secondary structures are more conserved than
primary structures, we believe that our algorithm is
more sensitive and specific in identifying homologies
between proteins.

Additionally, our algorithm can be applied in pro-
tein structure prediction. As we know, homology mod-
eling predicting methods relay much on good tem-
plates. Traditional methods in finding homology tem-
plates are to perform sequence alignment. Since tradi-
tional structure alignment algorithms do not use the in-
formation regarding secondary structures, we believe
that our algorithm can find good homology templates
that lose similarities in the primary structure level.
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