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Abstract

A software package that allows one to carry out multiple
alignment of protein and nucleic acid sequences of almost
unlimited length and number of sequences is developed on
C-DAC parallel computer—a transputer-based machine. The
Jarming approach is used for data parallelization. The speed
gains are almost linear when the number of transputers is
increased from 4 to 64. The sofiware is used to carry out
multiple alignment of 100 sequences each of a-chain and
B-chain of hemoglobin and 83 cytochrome c¢ sequences. The
signature sequence of cytochrome ¢ was found to be PGTKMXF.
The single parameter, multiple alignment score, S, has been
used to categorize proteins in different subfamilies and groups.

Introduction

In the last few years the size of the protein sequence databank
has increased considerably due to advancements in DNA and
protein sequencing. These protein sequences are from various
species, organs, tissues and have different functions. They
provide a useful tool to get an insight in one of the major
challenges in molecular biology, namely identification of amino
acid sequence elements that are directly involved in the function,
stability, antigenic property, etc., of the protein. Three-
dimensional structures, obtained from either X-ray crystallo-
graphy or high-resolution NMR studies, are ideal but this
information is available for only a few proteins. Another
approach, which is not only more popular but also seems to
be providing very useful information regarding the function of
the protein, is to determine signature sequences responsible for
functions of the proteins. Site-directed mutagenesis help to
confirm the role of these patterns and the extent of their
involvement in various functions of the proteins. Earlier studies
have pointed out the usefulness of obtaining signature patterns
(Jongeneel et al., 1989; Doolittle, 1990).

In order to obtain such patterns the first step is to align
sequences optimally. The pairwise alignment of proteins using
the algorithms of Needleman and Wiinsch (1970), Sellers (1974)
and Waterman et al. (1976) and methods based on the Wilbur
and Lipman (1983) algorithm have helped to categorize proteins
in superfamily, family, subfamily, group and entry. In
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NBRF-PIR this division is indicated by assigning a unique five-
digit number to each entry (Barker ez al., 1990). In recent years,
methods have been developed to carry out multiple alignment
of sequences (Feng and Doolittle, 1987, 1990; Barton and
Sternberg, 1987; Higgins and Sharp, 1988; Taylor, 1988.
Lipman et al., 1989; Vingron and Argos, 1989; Barton, 1990;
Schuler et al., 1991). One method attempts to generalize
dynamic programming algorithm of Needleman and Wiinsch
(1970 to align more than two sequences (Jue et al., 1980; Murta
et al., 1985; Johnson and Doolittle, 1986). Unfortunately,
generalization in this way leads to an explosive increase in
computer time and storage requirement with number of
sequences considered for multiple alignment. Although these
methods give very useful results, they are computer intensive.

The availability of transputer-based, general-purpose parallel
computers has led to their extensive use to solve computer-
intensive problems which are parallelizable (Lander et al.,
1989). Although there are many examples of data paralleliza-
tion, there are very few known cases where algorithmic
parallelization is carried out to achieve efficiency. This is
particularly true for problems in biology. A computer program,
‘Parallel Multiple Alignment of Sequences’ (PRAS), in which
data parallelization has been carried out to achieve multiple
alignment of sequences on a parallel computer, indigenously
developed at the Centre for Development of Advanced
Computing (C-DAC) India, is discussed.

The method is applied to align 83, 100 and 100 sequences
of cytochrome ¢, a-hemoglobin and 8-hemoglobin respectively.
An attempt is made to calculate the multiple alignment score
(), which indicates how closely the sequences under considera-
tion are related. Our studies indicate that S can be used to pick
up homologous sequences. The algorithm used and its
implementation on a hardware platform are discussed, along
with results obtained, in the following sections.

Systems and methods
Hardware

Recently, the C-DAC India has developed reconfigurable,
distributed-memory, MIMD-type parallel computers based on
transputers called PARAM. These systems use T805 transputers
(25 MHz) with a 4 Mbytes memory per transputer as the basic
unit, called a node. It is designed to have 1—64 cards, each
having four such nodes. PARAM is a backend supercomputing
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resource with a variety of industry standard hosts, e.g. IBM
PC-AT compatibles, MicroVAX II, Sun workstations and other
popular VME or Multibus II machines with Unix/Xenix
environment. We have used an IBM PC-AT (80286) as a host
end.

System software

The host operating system can be MS-DOS 3.2 or above. The
programs were developed using version 1.30 of the parallel C
toolkit (3LC Ltd, UK). This implementation of parallel C offers
a special library of functions to exploit parallelism on the given
architecture. It offers a very clean abstraction for implementa-
tion of the farming approach discussed below.

Algorithm

The algorithm used for multiple alignment is similar to that used
earlier (Feng and Doolittle, 1987, 1990; Barton and Sternberg,
1987; Barton, 1990) and belongs to alignment methods by
hierarchial clustering (Corpet, 1988; Higgins and Sharp, 1988;
Taylor, 1988; Vingron and Argos, 1989). It can then be divided
into three steps: (i) alignment of a pair of sequences using the
dynamic programming approach; (i) clustering; and (iii)
profiling. Profiling is done by using the iterative procedure of
Gribskov et al. (1988) and Vingron and Argos (1989).
Calculation of the multiple alignment score, S, for Z
sequences is done using the following simple formula

§=E£22
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where P is the average real similarity score
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N is the number of random runs, and M; is the similarity score
for a randomized sequence pair at the Lth random run.

Sd(Q) is the standard deviation associated with the mean
scores (Q).
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Fig. 1. A bar diagram showing benchmark timings of multiple alignment of
100, 100 and 83 sequences each of a-hemoglobin ( FZZ4 ), B-hemoglobin
( ) and cytochrome ¢ ( ). See text for details.

Table I. Benchmark timings in hours:minutes

Sequences Numbers of transputers
64 32 16 8 4

Cyto 83 00:35 01:01 01:50 03:50 08:10
% gain 86.40% 86.49% 81.25% 84.00% 86.72%
Hem o 100  01:49 03:25 06:42 13:08 26:07
% gain 90.90% 91.00% 88.00% 88.40% 87.60%
Hem 8 100 01:58 03:39 06:33 13:54 27:55
% gain 92.48% 92.5% 83.6% 87.75% 88.12%

Gain is calculated as % gain = [(observed speedup)/(expected speedup)] 100.

Thus, the calculated multiple alignment score, S, will have
similar properties to those of an alignment score for a pair of
sequences.

The formula used to calculate the variability index (V) is
the same as that given by Wu and Kabat (1970):

= number of different amino acids at ith position
frequency (F) of the most common amino acid at ith position

where

F = Number of occurrences of most common amino acid at ith position
total number of sequences considered for multiple alignment

Implementation

The algorithm discussed above is implemented on a transputer-
based system by carrying out data parallelization. The pairwise
alignment and profiling processes are parallelized by using the
farming approach. In this approach one processor generates
work units by chopping the large data set into smaller subsets.
The processor then passes this work unit to one of the other
processors (the worker) in the farm. The work unit is collected
only by a worker processor that is free. The farming approach
thus consists of dynamic distribution of work. There is no direct
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CCHY ~GDVEK-GKK IF IKKCSQCHTVEKGGKHKTGPNLHGLF GRKTGO-APGYSYTAANKRK-G-1{W-EDT-~-LME-YLENPKKY [PGTKNIFYGIK--KEE-RADLIAYL---K-KATNE
CCHOR - ~GDYEK-GKKIF IMKCSQCHTVEXGGKHKTGPNLHGLFGRKTGO-APGYSY TAANKNK-G- I TH-EDT-~-LHE-YLENPKKY IPGTKMIFYGIK--KEE-RADLIAYL--~A~KATNE
oect - ~GOVEK-GKNIF IKKCSQCHTYEKGGKHKTGPNLHGLFGRKTGQ-APGYSYTAANKNK-G- [ I¥~EQT~~~LNE-YLERPKKY IPGTKNIFVGIK--KEE-RADLIAYL---K-KATNE
COKT G-¥-=--PA-GNAEN-GKK [FVQRCAQCHTYEAGGKHKYGPNLHGFYGRKTGQ-APGF SYSHANKAK-G- 1 TX-D0T---LFE~YLENPKKY IPGTKKVFAGLK-~KNE-RADLIAYL--~h-ES T~

CCRT  =mmmmmmmee GDVEX-GKKIFVOKCAQCHTYEKGGKHKTGPNLHGLFGRKTGA-AAGF SYTOANKRK-G-1TN-E0T--~LME~YLENPKKY IPGTKNIFAGIK-~KGE-RADLIAYL---K-KATRE

CCHO ~GOVEK-GKK IFYQKCAQCHTYEX GOKHKTGPHLHGLFGRKTGQ-APGF Y TDANKNK-G- 1 TW-EE T~~~ LKE-YLENPKKY IPGTXMIFAGIK--KTE-REDLIAYL-~-K-KATKE
CCPe -GOVEK-GKKIFYQKCAQCHTYEKGGKHKTGPRLHGLFGRKTGQ-APGF SY TDARKNK-G-1T¥~ ~LHE-YLENPKKY [PGTRNIFAGIK--KGE-REDLIAYL-~-A-KATNE
CCHOO ~GOVEK-GKKIFYQKCAQCHTYEKGGKHX TGPHLHGLFGRKTGQ-APGF Y TDAHKNK-G-1T~ ~LME-YLENPKKY [PGTKMIFAGIA--KTE-REDLIAYL---K-KATHE
CCBN ~GOVAK-GKKTFVQXCAQCHTVENGGKHK YGPRLWGLFGRKTGQ-AEGYSY TDANKSK-G-IVW-ENT---LHE-YLENPKKY [PGTKMIFAGEK--XGE-RQDLYAYL---X~SATS-
[44t1 ] -GDVEK-GKXIFYQKCAQCHTVEKGGKHK TGPNLHGLF GRKTGQ-AYGF SY TDANXNK-G- ITW-EET---LME-YLENPKKY IPGTKKIFAGIX--KGE-RADLIAYL--~K-KATNE
CCCH ~GOVEX-GKKIFYQXCAQCHTVEKGGKHKTGPNLHGLFGRRTGQ-AVGFSY TDANKNK-G-1TW-EET~~-LHE-YLEKPKKY IPGTKKIFAGIK--KGE-RADLIAYL --~k-XATRE
CCWHC ~GOVEK-GKKIFVQKCAQCHTYEXGGKHKTGPNLHGLFGRKTGQ-AVGF SYTDANKNK-G- ITW-CET---LKE-YLENPKKY [PGTKMIFAGIK--KGE-RADLIAYL---X-KATNE
CCRB -GDVEK-GKKIFYQKCAQCHTYEKGGKHKTGPNLHGLFGRKTGQ-AVGF SY TDANKNK -G~ [TW-EDT~~~LKE-YLENPKKY IPGTKMIFAGIK--XDE-RADLIAYL-~-X~KATNE
CCSF - ~GAVEK-GKK IFYQRCAQUHTYEXAGKHKTGPNLNGILGRKTGQ- AAGF SYTDANRKK~G- [TW-NET-~~LFE-YLENPKKY [PGTKHVFAGLK--XKE-RADLIAYL---E-AATK-
CCHA - ~GZAZK-GKKIFTQKCLOCHTVEAGGKHKTGPHLSGLFGRKQGE-APGFAY TDANKGK-G-1Tw-XaT---LFE-YLENPKKY IPGTKNVFAGLK--BTE-RVHLIAYL-~~Z-ZATKK
CCHP == ~GDVEK-GKKIFYQKCAQCHTYEKGGKHKTGPHLHGLFGRKTGQ-SPGFSY TOANKNK-G-110-EET---LME-) LENPKKY IPGTKMIFAGIK~-KGE-RADLIAYL---1-QATNE
CCCA - ~GDVEK-GKKVFXQXCAQCHTYZBGGKHNYGPNLYGLFGRKTGA-APGFSY TBABKSK-G-1¥N-2ZT--~LHE-YLIBPKKYIPGTKMIFAGIK--NGE-RADLIAYL--~K-SATS-
CCLK - -GDVEK-GKKYFYQKCSQCHTVEKAGKHK TGPHLSGLFGRKTGQ-APGF SY TDANKSK-G- 1VW-0ET--~LFY-YLENPKKY [PGTKMIFAGIK~-XGE-RKDL IAYL-~~K-KSTSE
ccLe G- PQ-GDVEX-GKXIFYQRCAQCHTVEAGGKHKTGPNLHGLFGRKTGQ-APGFSY TDANKSK-G-1TW-ENT--~LF1-YLENPKKY IPGTKNYFAGLK--KEE-RADLIAYL~~-K-ESTK~
€C06 -GDVEK-SKKIFVG!CAOCHTVEKGGKHKIGPHLHGLFGKKIGO‘APGFSYIDANK!@- ITH-EET---LHE-YLENPKKYIPGTKMIFAGIK--KGE-RADLIAYL---K-KATKE
CCSLE -GDYEX*BKK LFYQKCAQCHTYEXGGKHK TGPRLHGLF GRKTGQ-APGF SYTDANKNK-G-FTW-EET---LHE-YLENPKKY IPGTKHIFAGIX--KGE-RADLIAYL---A-TATXE
CC81S ~--GOYEK-GKKIFYQXCAQCHTYEKGGKHK TGPNLHGLFGRKTGQ-APGF SYTDANKKK-G-ITX-EAT--~LNE-YLENPKKY IPGTKMIFAGIX--RAE-RADLIAYL--*X-KATKE

CCKGE  -=---mmmee GOYEX-GKKIFYQKCAQCHTYEXGGKHKTGPNLKGIFGRKTGQ-APGF TY TOANKRK-G-FIW-EDT~~-LHE-YLENPKKY IPGTKNIFAGIK-~KGE-RADLIAYL--~N-KATHE

ccHe PA-GOPEX-GKKIFYQXCAQCHT [ESGGRHKYGPNLYGYYGRKTGA-APGYSY TDANKGK-G-TN-KET~~-LFE-YLENPXKY IPGTKMVFAGLK--KQE-RADLIAYI---E-QAS-K
CCPY ~GOIEK-GKKIFYQKCSQCHTVEXGBKHKTGPNLHGLF GRK TGO-AEGFSYTOANKNK-G-1T¥~EDT~~~LME-YLENPKKYIPGTKNIFAGIK--KAE-RADLIAYL-~-K-QATAK
CCCH ~GDIEX-GKKIFYQKCSQCHTVEXGGRHKTGPNLHGLF GRKTGQ-AEGF SYTDANKNK-G-{TN-EDT--~LHE-YLERPKKY IPGTKHIFAGIK--KSE-RVDLIAYL---K-0ATSK
CCTK - ~GDIEK-GKKIFYQKCSQCHTVEXGGRHKTGPHLHGLF GRKTGQ-AEGF SYTDANKNK-G-1TX-EOT---LHE-YLENPKKY IPGTXHIFAGIX--KSE-RVOLIAYL~--K-DATSE
CCoK -GDYEK-BKKIFYQKCSQCHTYEKGERHK TGPRLHGLFGRKTGQ-AEGFSY TDANKNK-G- 1 TH-EDT-~~LHE-YLENPKKYIPGTKHIFAGLK--KSE-RADLIAYL-~-K-0ATAK
CCPN - ~GDIEK-GKKIFYQKCSQCHTYEKGGKHK TGPNLHGIFGRKTGQ-AEGF SY TOANKNK-G- 1TH-EDT---LHE-YLENPKKY IPGTKNIFAGIK--KSE~RADLIAYL-~-K-DATSK
€Cos -- ~6DIEK-GKKIFYQKCSQCHTYEXGGKHKTGPHLOGLFGRKTGQ- AEGFSYTDANXNK-G- 1 TW-EDT-~-LNE-YLEHPKKY IPGTKMIFAGIK--XSE-RADLIAYL---K-DATSK
CCEY == ~GDIEK-GKKIFYQKCSQCHTVEXGGRHKTGPNLNGLFGRKTGQ-AEGF SY TOANKNK-G-1TN-EDT---LME-YLENPKKY IPGTKKIFAGEK--KSE-RADLIAYL---X-DATSK
cest -- ~GOVEK-GKRIFYQKCAQCHTVEXGGKHK TGPNLKGLIGRKTGQ-AEGF SYTEANKNK-G-1TH-EET~-~LHE-YLENPKKY [PGTKMIFAGIK--KAE-RADLIAYL~--K-DATSX
CCRS ~GOVEK-GKRIFSMKCGTCHTYEEGGKHK TGPNLHGLFGRKTGA-AVGYSY TAANKNK-G-11¥-00T---LHE-YLENPKKY IPGTKNVF TGLKS-K-E-RTDLIAYL---K-EATAX
CCHH ~GOYEK-GKRIFYQRCAQCHSAQANLKHKTGPNLNGLFGRQTGQ-ASGYYY TDANKAK-G-1TW-ADT ---L-DVYLENPKKY IPGTKNVFAGLKK-A-E-RADLEAYL---K-QATNL
CCHXP - ~GOVFK-GKRIFIMKCSGCHTYEKGGRHKTGPNLHGLF GRKTGQ-ASGF TY TEANKNK~G-11¥~EDT~~~LKE-YLENPKKY IPGTRNIFYGIKK-K-E-RADLIAYL-~~K~KATNE
CCFG - ~GOVEK-GKRIFYQKCAQCHTCEXGGKHKVGPNLYGLIGRKTGQ-AAGF Y TOANKNK-G-11¥-EDT---LH-EYLENPKKY [PGTRNIFAGINK-K-E-RADLIAYL---K-SACSK
CCOF -- DVEK-GKKYFYQKCAQCHTYENGGKHK TEPNLSGLFGRKTEQ-AQGF SYTDANKSK-G-1T¥-QET---LR-1YLENPKKY IPGTKMIFAGLKK-K-E-RADLIAYL---K-KTAAS
]} -GG IPAUDYEK~GKT IFKQRCAQCHTYDKGGPHKTGPNLHGIFGRATGUAA-GF AYTOANKSK-G-1TNKD-T--~LYE-YLENPKKYIPGTKNVFAGLK--H-KQRANLIAYL---E-~QETK
CCFFCK ~-GYPAGDVYEK-GKKLFYQRCAQCHTVEAGGKNKYGPNLHGLIGAXTGQAL-GF AY TOANKAK-G- [TWED-T---LFE-YLENPKKY [PGTKNIFAGLK--K-NERGDLIAYL-~-K~-SATK
CCFFON  ------ GYPAGDYEK-GKXLFYQRCAQCHTYEAGGKHKVGPNLHGLIGRKTGQAA-GF AY THANKAK-G-1TNDD-T---LFE-YLENPKKY IPGTKHIFAGLK --K-NERGDLIAYL---K~-SATX
CCHFGB  ------ GYPAGDVEK-GKKIFYQRCAQCHTYEAGGKHKVGPNLHGLFGRKTGQAP-GFAY TNANKAK-G-1TWDD-T---LFE-YLENPKKY [PGTKNIFAGLK--K-RERGOLIAYL ---K~-SATX
CCFHHF --GYPAGDYER-GKKIFVARCAQCHTVEAGGKHKYGPHLHGLFGRKTGAAA-GFAY TNANKAK-G-1TNOD-T~~-~LFE-YLENPKKY IPGTKHIFAGLK-~K-NERGDLIAYL---K-~SATK
CCEl STF~-ABAPPGBPAK-GAKIFXAKCAZCHTYBAGAGHKQGPNLNGAFGRTSGTAA-GF SYSAABKBK-T~ADNZB-T-=-LYD-Y{LNPKKY [PGTKNYFAGLK--K-IBRADLIAFL---K-~DATA
CCRPBK  ASFD-EA-PPGH-SKAGEKIFKTKCAQCHTYDRGAGHKQGPNLNGLF GROSGT TA-GYSYSAANK-KKA-VENEEKT---LYD-YLLNPKKY IPGTKNVFPGLK~-K-GDRADLIAYL---K--EATA
CCRPBO  ASFD-EA-PPGN-SKAGEKIFKTKCAQCHTYDKGAGHKQGPNLNGLFGRASGTTA-GYSYSAANK-NKA-VENEEKT---LYD-YLLKPKKYIPGTKNYFPGLK--K-QDRABLIAYL---K--EATA

CCPU - ASFD-EA-PPGH-SKAGERIFKTKCAQUHTYOKGAGHKQGPHLNGLFGRASETTP-GYSYSAANK-HRA-VINEEKT~~~LYD~YLLNPKKY IPGTKNYFPGLK--K-QORADLIAYL---KEATA--
cen ASFO-EA-PPGN-SKSGEKIFRTXCAQCHTYDKGAGHKQGPNLNGLFGROSETTA-GYSYSTANK-KNA-VINEEKT---LYD-YLLNPKKY IPGTKKYFPGLK--K-QDRADL IAYL--~KESTA--
ez ASFS-EA-PPGN-PKAGEKIFKTKCAGCHTYORGAGHKQGPKLNGLFGRASGTTP~GY SYSTANK-NNA-YINEENT---LYD-YLLRPKKYIPGTKMYFPGLK--K-QERADLISYL--~KEATS--
CCED ASFA-EA-PPGK-PKAGEX IFKTKCNQCHTYDKGAGHKQGPNLNGLF GRQSGT TA-GYSYSAANK-NNA-YRNEEKT---LYD-YLLRPKKY IPGTKNVEPGLK--K-QORADLIAYL --~KQSTA-~
CCIK ASFS-EA-PPGN-PKAGEX IFKTKCAQCHTYEKGAGHKQGPHLNGLFGROSGTTA-GYSYSAANK-NKA-VYWEENT~~-LYD-YLLHPXKY IPGTRNVFPGLX--K-QERADLIAYL---KEATA--
CC6K ATFS-EA-PPGD-PKAGEKIFKTKCAZCHTYZKGAGHKQGPNLHGLFGRASGT TA-GYSYSTGNK-NKA-YNYGLZT---LYE-YLLNPXKY IPGTKHYFPGLK--K-ZZRADLISYL--~KQATSOE

1 3 3 bl 121
CURCC  ASFB-ZA-PPGB-SKAGEKIFKTKCAECHTVGRGAGHKQGPNLNGLFGRASGT TA-GYSYSAANK-NHA=YTNZZKT---LYD-YLLNPKKY IPGTKNVFPGLK--K-ZBRADL IAYL---KESTA-~
CCF§ ASFA-EA-PAGD-PTTGAXIFKTKCAQCHTVEXGAGHKRGPRLNGLF GRASGT TA-GYSYSAANK-RHA-V INEERT---LYD-YLLNPKKY IPGTKMYF PGLK--K-QERADL IAYL---KTSTA--
CCHD ASFB-IA-PAGB-SASGER IFKTKCAZCHTVBZGAGHKZGPRLHGLFGRQSGTVA-GYSYSAANK-NKA-YNNEEKT -~~LYD-YLLNPKKY IPGTKKVFPGLK--K-ZZRABLLAYL~-~KESTA--
CCPZ. ASFA-EA-PPGD-KDYGGKIFKTKCAZCHTYZLGAGHKQGPRLNGLFGRASGT TA-GYSYSAANK-NKA-YLNABBT--~LYD-YLLNPKKY IPGTXNYFPGLK~~K-QORADLIAYL-~~KHATA--
CCES ASFB-7A-PPGB-VKSGERIFKTKCAQCHTVDKGAGHKQGPNLNGLFGRASGT TP~GYSY SAANK-NMA-Y INGENT---LYD-YLLNPKKY IPGTXNVF PGLK-~K-QERADLIAYL---KEATA-~
CCes ASFB-IA-PPGB-YKAGEA[FKTKCAQCHTVEKGAGHKQAGPRLNGLFGRASGTTA-GYSYSAANK-NMA-YQWGENT---LYD-YLLNPKKY IPGTXNYFPGLK--K-QORADLIAYL-~~KZATA-~
cecH ASFQ-A-PPGB-AKAGEN [FKTKCAQCHTYDKGAGHKQGPNLNGLFGRQSET TA-GYSY SAANK-HHA-VONGENE-—-LYD-YLLNPKKY IPGTXMYFPGLX--K-QDRADLIAYL---KSTA--
CCAB ASFQ-7A-PPGB-ANAGENIFKTKCAQCHTVEKGAGHRQGPRLNGLFGRASGTTP-GYSYSAANN-NMA-VNNGENT---LYD-YLLNPKKY IPGTXNYFPGLK--K-QDRADLIAYL---KISTA--
€10 ASFN-EA-PPGH-PKAGEAIFKTKCAQCHTVEKGAGHKEGPNLHGLFGRQSGTTA-GY SYSAANK-NHA-VRNGENT--~LYD-YLLNPKKY IPGTXMYFPGLK~-K-QQRADLIAY L ---REATA--
CCPo ASFG-EA-PPGN-PRAGERIFKTKCAQCHTYDKGAGHKEGPNLNGLFGRQSGT TA-GYSYSHARK-NHA-YINGENT---LYD-YLLKPKKY IPGTKHVFPGLK--K-QDRADLIAYL---KEATA--
CCxG ASFA-EA-PAGD-AKAGEKIFKTKCAZCHTVZKGAGHKQGPNLNGLF GRQSGT TA-GYSYSAARK-NKA-YANZZB5---L1D-YLLNPKXY IPGTKHVFPGLK--K-ZIRADLIAYL---RASTA--
CCRY ASFA-EA-PPGN-PKAGEKIFKTKCAQCHTYEKGAGHKQGPNLNGLFGRQSGTTA~GYSYSAANK-NKA-VINEEST---LYD-YLLNPXKY [PGTKMVFPGLX--K-QERADLIAYL-~~KESTA-~
CeNs ASFA-EA-PAGD-NKAGDKIFKNKCAQCHTYDKGAGHKQGPNLNGLFGRQSGTTA-GYSYSAANK-NKA-¥LNZIAT~--LYD-YLLNPKKY IPGTKNVFPGLK--K-QDRADLIAYL---K--ESTA
CCBx ASFA-EA-PPGN-PAAGENIFKTKCAQCHTYOKGAGHKQGPNLKGLFGRQSGTTA-GYSYSAANK-NKA-YNMGYNT--~LYD-YLLNPKKY IPGTKHYFPGLK--X-QORADL IAYL---KQSTAA-
CCLK ATFS-A-PPGB-ZKAGQKIFKLKCAQCHTVEKGAGHKQGPHLNGLFGRQSGTAA-GYSYSAANK-NNA-YVHIZBT~-~LYD-YLLNPKKY IPGTKMYFPGLA~-K-QORADLIAYL---R~EST-2
cese ATFS-EA-PPGN-KDYGARIFKTKCAQCHTYOLGAGHKQGPNLNGLF GRASGTAA-SYSYSAANK-NKA-VINSEDT ---LYE-YLLNPKKY IPGTKNVFPGLK-~K~QDRADLIAYLA--K-0ST-Q
CCFa ATFS-EA-PPGN-1XSGEKIFKTKCAQCHTVEKGAGHKQGPNLNGLFGRQSGT TA-GYSYSAANK-NKA-YTWNGEDT---LYE-YLLNPKKY IPGTKMVFPGLK--K-QERADLIAYL---h--BSTZ
COxT ASFS-E-APPGNP-DAGAKIFKTKCAQCHTVOAGAGHKQGPNLHGLFGROSGT TA-GYSYSAANKNK-A-VENEENT---LY-DYLLNPKKY [PGTKNYFPGLK--K-QORADLJAYL--~Kk-ATSS

CCHS ==-GDA-EAGKKIFYQKCAQCHTYEKGGKHKTGPNLYGLFGRKTGQ-APGF SYTDANKNK -G~ IVWIZ-T-~-LK-ZYLZBPKKY [PGTKHIFAGIKX-K-E-REOLIKYL ---KQ-ATSS
COHST - ~GA-EAGKKIFYQKCAQUHTYEXGGKHKTGPNLNGLFGRKTGQ-APGFSY JDANKNK -G~ 1YN2Z-T~-~LK-ZYLZBPKKY IPGTKNIFAGIKK-K-E-REDLIKYL---KQ-ATSS
ceus D--GDA-KKGARIFKTRCAQCHTLGAGEPNKYGPNLHGL FGRKSGTVE-GF SYTOANX-KAGQY-WEE-T--FL--EYLENPKKY EPGTKNAFGGLXKEN-0-RRDLYTYL---RE-ET-h

CCHY -==-PAPFXKGSEKK-GATLFKTRCLQCHTYEKGGPHKVGPNLNG I FGROSGK-AEGYSY TDANIKK-AYE-¥-3-EQ-TH-SOYLENPKKY IPGTKMAFGELKKEK-D-RNOLYTYLA-~NA-TK--
ccY HKAKESTGFKPGSAKK-GATLFKTRCAQCHT IEEGGPRKVGPHLKG] FGRHSGA-VKGYSYTDANINK-NVK-¥-D-ED-SK-SEYLTNPKKY IPGTKNAF AGLXKEK-D-RNDLITYHT--KA-AR--
CCBYEC  MAKESTGFXPGSAKK-GATLFKTRCQQCHTIEEGGPNKYGPNLHGIFGRHSGQ-VXGYSY IDANINK-NYK-W-0-E0-SK-SEYLTNPKKY IPGTXMAFAGLKREK-D-RNDLITYNT--kA-AK--

CCoBA ---~PAPYERGSEKK-GANLFKTRCLQCHTYEEGGPHKVGPHLHGYYGRTSGA-AQGF SYTDANKKK-GYE-W-T-EQ-DL-SDYLENPRKY IPGTKNAFGBLKKAK-D-RNOLITYLY--KA-TK~-
240y --=-PAFFEQGSAXK-GATLFKTRCAQCHT 1EAGGPHAYGPHLHGIFSRHSGQ-AEGYSYTDANKRA-GYE-N-A-EP-TH-SDYLENPKKY IPGTKNAFGGLKKAK-0-RNDLY TYML-~EA~SK-~
CCHL --AKEISFEPGDASK-GANLFKTRCAQCHSVEQGGANK1GPHLHGLF GRKTGS-VEGYSYTDANKQA-GLT-K-K-ED-TL-FEYLERPKKF IPGTRMAFGELKKNK-D-RNDLITYLK-~EA-TK~~
CONC FSAGDSKK-GANLFKTRCAQCHTLEEGGGNK IGPALHGLFGRKTGS-VOGYAY TOANKQK-GIT-¥-D~EN-TL-FEYLENPKKYIPGTKNAFGBLKKDK-D-RNDI I TFRK-~EA-TA-~
oot ~PY-A--P--GD-EXKGASLFKTRCAQCHTVERGGANKVGPHLHGYF GRN TGQ-AEGF SYTEANK-0RGIT-¥-8-22-TLF-AYLENPYKY IPGTKHAF AGFKKPA-O-RNNVHTYLK--RA-TS-E
CCEG --==G--0--AE--R-GRXLFESRAAGCHSAQKGY-NSTGPSLWGYYGRTSGSVP-GYAYSNANK-RAATY-¥-E~EE-TL-HKF LERPXKYYPGTKNAFAG] KAKK-0-RQDIIAYHK-~TL-KD--

CCCRCO  PPKAREFLPPGDA-AKGENIFKGRAAGCHTGAKGGANGYGPRLF GIVNRHSGTVE-GFAYSKAKA-DSGYY-¥---TPEVL-DVYLENPKKFHPGTKMSFAGIXKPQ-E-RADLIAYLERLK---=-~
CCCRCF PPKARAPLPPGDA-ARGEKLFKGRAAQCHTANQGGANGYGPNLYGLYGRHSGTIE-GYAYSKANA-ESGVY-X---TBOVL-DVYLENPKKFMPGTKHSF AGHXKPQ-E-RADYIAYLETLRG-----
COMHON 6 F CH GPLGE R G 1 ¥ L PK PGIKKFG R

Note the total length 1ncrease 1s onlv about 20% even when Cytochrome ¢ Sequences trom 83 ditterent species are aligned steultaneously.
NBRF-PIR I0COOES are q1ven.

Flg 2. Multiple alignment output of 83 cytochrome c sequences using PRAS. Note the conserved sequence region PGTKMXF at the C-terminal region, which
is unique to cytochrome c¢ proteins.
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Fig. 3. Variability index plot obtained using multiple alignment output for 8-hemoglobin sequences from 100 different species. Note several regions of VI = 1.

communication among worker processors in the farm and the
communication between the processors will be always routed
through the farmer processor. Such an approach is most useful
under the following conditions: (i) the time required to process
a single work unit is significantly larger than the time required
to generate and distribute the work in the farm,; (ii) the order
in which the results are obtained should have no effect on the
final solution. These prerequisites are satisfied in the present
problem of multiple sequence alignment by carrying out data
parallelization at both the pairwise sequence alignment and the
profiling stages. During the multiple alignment of Z sequences,
one will have to carry out Z(Z — 1)/2 pairwise alignments.
Further, during every optimal alignment of the pair of the
sequences, to calculate the maximum average similarity score
(M) one generates a large number of shuffled sequences and
repeats the alignment process. This process of aligning the real
and shuffled sequences of a pair is considered as one single
work unit as it requires significantly more computer time than
that required to generate and distribute the work. The results
obtained are order independent. The length of the sequences
under consideration may not be identical and thus the pairs
formed can take different times; thus dynamic load balancing,
which is an essential component of the farming approach, has
been utilized during implementation to achieve maximum gain
factor. In the profiling stage, the profile matrix requires two
segments of the given sequence. These segments form the work
unit. Calculation of each element in the profile matrix is treated
as an independent process. In other words clustering, collapsing

of sequences and calculation of the VI are carried out by the
farmer processor. The scores P;;, @;; calculated during
pairwise alignment are stored and used in calculation of S.

Discussion

During each pairwise alignment, to obtain the average similarity
score (Qy) per pair, 100 runs using randomized sequences
were carried out for each pair. The sequences are randomized
using a pseudorandom number generator which works with a
fixed seed on every worker, keeping the length and composition
of the sequence the same. This makes the multiple alignment
of the same set of data repeatable across many runs and
processors. The time given for multiple alignments in Figure
1 thus includes the time required for calculations of M and Q.
The parameters such as bias (B) and penalty (P) can be varied
and in the present study we have used B = 6, P = 6. Similarly,
one can use various types of matrices such as the unitary matrix,
the mutation data matrix (Dayhoff et al., 1979), the genetic
code matrix (Sellers, 1974; Smith er al., 1981), the alternate
amino acid matrix (McLachlan, 1971), the conformational
similarity weight matrix (Kolaskar and Kulkarni-Kale, 1992),
etc. We have chosen the mutation data matrix in the present
study. It can be seen from Figure 1 that as the number of
transputers increases from 4, 8, 16, 32 to 64, the time required
for multiple alignment decreases. The gain factor and the time
required for the multiple alignment of the sequences (Table I)
indicate that the data parallelization used in the present study
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is near to the ideal and the algorithmic parallelization will not
improve the gain factor considerably. Further, the farming
approach, which provides dynamic load balancing, keeps every
processor at work during almost the entire alignment process
if the number of sequences is larger than the number of nodes.

The multiple alignment output for 83 cytochrome ¢ sequences
is given in Figure 2. It can be seen from Figure 2 that residues
at positions 17, 21, 28, 29, 40, 41, 43, 45, 49, 52, 60, 73,
86, 89, 91, 94—98, 100, 102, 111 are invariant. It was reported
earlier that CXXCH is the consensus sequence for the cyto-
chrome ¢ sequences (Dickerson, 1971; Doolittle, 1990).
However, it can be seen from Figure 2 that in species Euglena
gracilis (CCEG), Crithidia oncopelti (CCCRCO) and Crithidia
fasciculata (CCCRCF) the pattern is AXXCH. Further, the
CXXCH pattern occurs in the denitrification system component
nirT (O4PSZ), adrenodoxin (AXBO), putidaredoxin (TXPSEP),
nitrate reductase [B-chain (RDECNB), thymidine kinase
(KIVZSW), kinase-related transforming protein-erbB
(TVCHLYV), epidermal growth factor receptor (GQFFE),
phosphotransferase (QQBEJ5), DNA-directed RNA polymerase
(RNBY3L), etc., in addition to the cytochrome ¢ sequences.
On the other hand, the pattern **P G T K M X F'® seems to
be the signature for cytochrome ¢ sequences. This pattern occurs
only in cytochrome ¢ sequences and in no other protein listed
in either SwissProt, release 21 (February 1992) or NBRF-PIR,
release 32 (March 1992).

Multiple alignment of 100 a-hemoglobins consisting of a-I,
a-Il and a-A was carried out. In such a set there is no long
pattern of conserved amino acids. However, the VI at several
positions is small. On the other hand, the alignment output of
only 3-chain of hemoglobin from 100 different species gives
VI = 1 for several residues, showing that the amino acids in
these positions are conserved (Figure 3). The high variability
is seen at positions 70 and 76. The multiple alignment out-
put of B-chain of hemoglobin shows that L S E L H C**
and K VV X GV A X AL A" are two long, conserved
regions. It was noticed that the patterns LSELHC and
KVVXGVAXALA occur in the 3, 8-1, B-II, B-A, 8-C, 6, e,
6 chains of hemoglobins. No other protein has these patterns.
These examples show that multiple alignment of a large number
of sequences provides very useful information.

Multiple alignment score

In pairwise sequence alignment studies, the alignment score (4),
the maximum real similarity score (P), the average similarity
score (Q) and the standard deviation (Sd) associated with Q are
used by Barker et al. (1990) and Dayhoff et al. (1979) to assign
superfamily, family, subfamily, group, etc. Recently, Wu
et al. (1992) used a neural net to categorize the given
sequence. We have attempted here to show that the single-
parameter, multiple-alignment score (S) can be used to
categorize sequences with high accuracy and resolution if the

Table II. Effect on multiple alignment score (S) with addition of proteins from
different groups

Data set Multile alignment
score (S)
10 o 298.4
0a+18 253.8
0a+28 143.2
VDa+38 92.9
10 & + 1 globin v 92.7
10 o + 2 globin v 57.5
10 o + 3 globin v 39.6
10 o + 1 myoglobin 56.3
10 & + 2 myoglobin 324
10 @ + 3 myoglobin 24.5
10 +38+ 3myog + 3globv - 18.5

size of the family is large. The example of o-hemoglobin is
discussed.

It can be seen from Table II that S(o) = 298 (for 10
a-hemoglobins), and decreases significantly and continuously
as one, two and three B-hemoglobins are aligned with ten
a-chains. Further, the decrease in S is very large when a single
myoglobin is aligned with the set of 10 a-hemoglobins. A
decrease in the value of S is observed when two and three
myoglobins are aligned. This indicates that sequences of
a-chains are closer to B-chains of hemoglobin than to
myoglobins, in agreement with the experimental studies.
Alignment of globin v sequences along with 10 c-chain
sequences shows that S(« + globin v) < S(e), but correspond-
ingly that S(o + globin v) > S(a + myoglobin). One can thus
draw the conclusion that the set of a-chain sequences is similar
to B-chain, globin v and myoglobin sequences, in that order.
This example shows that if a new sequence belongs to a different
group, S decreases considerably and thus the position of the
new sequence can be asigned by comparing the change in S
among various groups. In short, the parallelization approach
discussed above brings into focus the use of multiple alignment
studies for categorizing protein sequence data.
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