J. Mol. Biol. (1987) 198, 327-337

A Strategy for the Rapid Multiple Alignment
of Protein Sequences

Confidence Levels from Tertiary Structure Comparisons

Geoffrey J. Bartonf and Michael J. E. Sternberg

Laboratory of Molecular Biology
Department of Crystallography
Birkbeck College, Malet Street, London WCIE 7THX, U.K.

(Received 28 April 1987, and in revised form 18 July 1987)

An algorithm is presented for the multiple alignment of protein sequences that is both
accurate and rapid computationally. The approach is based on the conventional dynamic-
programming method of pairwise alignment. Initially, two sequences are aligned, then the
third sequence is aligned against the alignment of both sequences one and two. Similarly,
the fourth sequence is aligned against one, two and three. This is repeated until all
sequences have been aligned. Iteration is then performed to yield a final alignment.

The accuracy of sequence alignment is evaluated from alignment of the secondary
structures in a family of proteins. For the globins, the multiple alighment was on average
999, accurate compared to 909, for pairwise comparison of sequences. For the alignment of
immunoglobulin constant and variable domains, the use of many sequences yielded an
alignment of 639, average accuracy compared to 419, average for individual variable/
constant alignments. The multiple alignment algorithm yields an assignment of disulphide
connectivity in mammalian serotransferrin that is consistent with crystallographic data,

whereas pairwise alignments give an alternative assignment.

1. Introduction

The advent of fast techniques for DNA
sequencing has led to a rapid expansion in the
number of known protein sequences (currently
~4000 in the PIR databank: George et al., 1986).
Access to these primary structures leads to the
alignment of two or more protein sequences that
can identify conserved regions of functional and/or
structural importance. Furthermore, if homology
can be shown with a biochemically or crystallo-
graphically  well-characterized protein, many
properties or aspects of three-dimensional structure
may be predicted (e.g. see Browne et al., 1969).

Since the early work of Fitch (1966) and
Needleman & Wunsch (1970), techniques for the
comparison and alignment of two protein or DNA
sequences have been developed for speed (e.g. see
Gotoh, 1982; Taylor, 1984; Fickett, 1984,
Wilbur & Lipman, 1983), the identification of local
similarities (e.g. see Sellers, 1979; Goad & Kanehisa,
1982; Boswell & McLachlan, 1984) and increased
sensitivity (Argos, 1987). Although the alignment of
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three sequences has been used to confirm weak
homology between two sequences (e.g. see Doolittle,
1981), the practical limitations of computer
memory and central processing unit (CPU) time
restrict the rigorous extension of two sequence
methods (e.g. see Needleman & Wunsch, 1970) to
short sequences (Murata et al., 1985).

The multiple alignment of four or more sequences
cannot in practice be solved by a rigorous method,
since the number of segment comparisons that must
be carried out is of the order of the product of the
sequence lengths (many more if gaps are explicitly
considered). Thus, multiple alignment algorithms in
common with fast pairwise methods (e.g. see Wilbur
& Lipman) seek to identify an optimum alignment
by considering only a small number of the total
possible residue or segment comparisons.

Sankoff and co-workers (Sankoff & Cedergren,
1976) provided a workable multiple alignment
algorithm applicable to nucleic acid sequences,
which requires the sequences to be linked by a
predetermined evolutionary tree. Sobel & Martinez
(1986) described an algorithm that bases the
alignment of DNA sequences on the identification
of common subsequences of a specified minimum
length. Waterman (1986) elaborated a similar
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technique but also allowed for mismatches, whilst
Bains (1986) described a related algorithm that
works well for some families of closely similar
nucleic acid sequences. None of these methods has
been applied directly to protein sequences, although
Waterman (1986) described how his algorithm
could be so applied.

The algorithm of Taylor (1986) allows large
numbers of protein sequences to be aligned
but for maximum effect requires that three-
dimensional structures are known for some of the
sequences in order to provide a ‘‘seed’ alignment.
Johnson & Doolittle (1986) described a more
general multiple alignment algorithm for protein
sequences whereby a small subset of all possible
segment comparisons is considered. Although their
algorithm can cope with the three-way alignment of
long sequences, alignment of more than four
sequences is restricted to short proteins, due to
excessive CPU demands. Bacon & Anderson (1986)
reduced the number of segment comparisons
performed by considering the sequences in an
arbitrary order and maintain only the best-scoring
segments as each new sequence is added. Their
algorithm does not explicitly cater for gaps, nor
does it produce a complete alignment of the
sequences; however, it presents a sensitive
technique for the identification of significant short
homologies.

This paper reports an algorithm that can
generate a multiple alignment including the
consideration of gaps for a large number of protein
sequences without the need to introduce additional
non-sequence information. Performing all pairwise
comparisons for the sequences suggests confidence
levels for the multiple alignment of particular
sequence groups.

2. Procedures
(a) Needleman & Wunsch algorithm for two sequences

(1) A matrix of amino acid pair scores, D, is chosen.
Throughout this study the MDM,g; matrix was used
(Dayhoff, 1978) with a constant of 8 added to remove all
negative terms.

(2) The protein sequences are defined as Al,, A2,
where m and n are the number of residues in sequence Al,
A2, respectively.

(3) A matrix R, , is generated with reference to D,
where each element R; ; represents the score for Al; versus
A2;.

(14) R, . is acted on to generate S, ,, where each
element §; ; holds the maximum score for a comparison of
Al , with A2; .

(5) Either suitable pointers are recorded in (4), or a
traceback procedure through' R, , is performed to enable
an alignment with the maximum score for Al,, versus A2,
to be generated.

In order to limit the total number of residues aligned
with blanks, a gap-penalty, @, is subtracted during the
process of generating S, , whenever a gap is introduced.
In our earlier work (Barton & Sternberg, 1987) we
studied the effect upon the accuracy of pairwise
alignment of varying both length-dependent and length-
independent gap penalties. The results indicated that a

length-dependent penalty is unnecessary. Further
unpublished results suggest that for the given D matrix, a
length-independent penalty in the range 6 to 10 often
yields a reasonable alignment. Ideally a range of penalties
should be investigated. However, on the basis of these
findings and to provide a consistent benchmark we chose
the penalty of 8 (which is not necessarily optimal) for use
throughout the current study.

(b) Multiple alignment

Let the sequences to be aligned by Al ... AN, then:

(1) Align A2 with Al using Needleman & Wunsch
algorithm. Let the length of the aligned sequences be
denoted L1, 2.

(2) Align A3 with the alignment of A2 and A1l obtained
in step (1).

(3) Align sequence A4 with the alignment of Al, A2
and A3 length L1, 3.

(4) Similarly align the sequences A5 to AN.

In general, for the kth sequence align with the
previously obtained alignment for Al through A(k—1).

When generating the matrix R in order to align the kth
sequence a scoring scheme is adopted that includes a
contribution from all previously aligned sequences, thus
highlighting conserved regions in the alignment.

Let ¢ be the position of an aligned residue in sequences
Al...A(k—1) such that 1 <i<Ll, (k—1). Let j be the
position of a residue in sequence Ak then:

1 p=k-1

Boa=m—
k=1 L

p=1

Api,Ak;* (1)

For example, if 3 sequences have been aligned so far and
we are considering the comparison of the ith position in
the alignment (Ala-Val-Leu) with the jth amino acid in the
4th sequence (Ala), then the score (R, ;) is given by the
score for (Ala versus Ala) + (Ala versus Val) + (Ala
versus Leu) x 1/3 =(104+8+6)/3=8. The value of
Dy, ax; when Ap; is a gap is set to the minimum value for
any residue to residue score (0 in this work).

The multiple alignment obtained in (4) may be refined
by realigning each sequence with the completed
alignment less that sequence. Accordingly, sequence Al is
aligned with the alignment of sequences A2...AN
(having first removed any gaps that are common to
A2...AN). A2 is then realigned with the alignment of
Al, A3...AN. This process is repeated until AN has
been realigned with Al...A(N-1). The complete cycle
may then be repeated.

(c) Criteria for assessing the quality of alignment

The unique conformation that a globular protein
adopts and the resultant disposition of key catalytic or
binding residues ultimately determines its biological
activity. Therefore, when 2 or more protein sequences
are aligned it is of crucial importance that residues

defining a common tertiary fold are correctly
equivalenced. Although the general fold may be
conserved, there can be considerable variation in

3-dimensional structure within a protein family. In
particular, the presence of insertions or deletions makes it
impossible to assign structurally equivalent residues over
the full length and common to all members of a family.
Even when insertions and deletions are absent, it can be
difficult to justify a particular structural alignment
especially in the loop regions that connect elements of
secondary structure. In the light of these observations we
use those regions that are common and also found in the
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core f-strands or a-helices of the proteins as test zones.
An automatic alignment method should at least be able
to align these zones correctly, although sequence
alignments based on structure may also be justified
outside these regions.

We define the accuracy of an alignment of 2 sequences
as the percentage of residues within these zones that are
aligned in the same way as in the reference alignment.

(d) Order of alignment

The order in which the sequences are added may be
expected to have an effect on the final multiple
alignment. However, for N sequences there are N!
alternative orders, so it is important to have a systematic
approach to selecting the single order. Qur previous
findings suggested that a pairwise sequence comparison
that gives a significance score of >6-0 s.p. may be aligned
to >759, accuracy within regions of secondary structure
(Barton & Sternberg, 1987). Further results presented in
this paper for 49 pairwise comparisons of immunoglobulin
and globin sequences (Fig. 1) support this observation
and indicate that the alignment accuracy is correlated
with the significance score. Accordingly, our strategy for
determining the alignment order first identifies the pair of
sequences that have the highest pairwise significance
score. Having established Al and A2, A3 is identified as
the sequence having the highest significance score with
either Al or A2. Similarly, A4 is the sequence that
exhibits the highest significance score with Al, A2 or A3.
This procedure is continued until all sequences in the
group have been entered in the order.

(e) Reducing calculation time

Before applying the ordering algorithm to a group of
sequences it is necessary to perform all pairwise
comparisons for the group. The calculation of significance
scores for all pairwise alignments of N sequences is an
expensive procedure since if M randomizations per pair
are performed then N x (N —1)x M/2 comparisons must
be carried out. If no pairwise comparisons have
previously been made then it is necessary to determine
the cheapest (in CPU time) approach to determining an
order.

Feng et al. (1985) considered how many randomizations
need to be performed on a pair of sequences before
consistent results are obtained and suggested on the basis
of 4 pairs of sequences that as few as 25 could produce a
genuinely reflective score. We have repeated this analysis
with a larger data set by carrying out all pairwise
comparisons for 9 members of the immunoglobulin
superfamily and 6 serine proteinase sequences (47 pairs in
all), using from 10 to 100 randomizations in steps of 10.
The results indicate that instabilities in significance score
do not damp out until at least 60 randomizations have
been performed. It would seem impractical therefore to
use this approach routinely for establishing an alignment
order when more than a small number of sequences are
involved.

Doolittle (1981) has demonstrated the usefulness of
scoring systems based upon a single alignment score and
not involving randomization of the sequences. Fig. 2
illustrates the relationship between one such scheme, the
match score divided by the length of the shortest
sequence (NASs) and the significance score for 2 groups of
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Figure 1. The relationship between alignment accuracy

as measured by reference to alignments obtained from

3-dimensional structure superposition and the significance score for 21 pairwise alignments of 7 globin sequences and 28
alignments of 8 immunoglobulin domains (Variable refers to immunoglobulin variable domains, Constant to

immunoglobulin constant domains).
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Figure 2. Relationship between the normalized
alignment score (NASs) calculated from the match score
divided by the length of the shortest sequence and the
significance score for each of 47 pairwise comparisons
within the serine proteinases and immunoglobulin
superfamily. The data are correlated at 0-957. NASa
(match score divided by the number of residues not
aligned with a gap) for the same sequences gave a
correlation value of 0-958.

A B

sequences that contain some very closely related
members and many with tenuous similarities. Although
these data are not sufficiently representative of proteins
in general to allow a conclusion to be drawn on the
quantitative relationship between NASs and significance,
the qualitative relationship is clear. For groups of
proteins where randomization procedures would be too
expensive, NASs values or the slightly more expensive
NASa (match score divided by the number of residues not
aligned with gaps), may be used to generate
systematically a rational order for multiple alignment.

(f) Test sequences and reference alignments
(1) Globins

Globins belong to the a/a class of proteins and have a
common fold that is highly conserved in proteins from
organisms distantly related in evolution. The sequences,
however, show considerable variation and provide an
interesting test for the alignment method. Seven globin
sequences and their reference alignment were taken from
Lesk & Chothia (1980) without modification (human
haemoglobin a-strand (HAHU), human haemoglobin
B-strand (HBHU), horse haemoglobin a-strand (HAHO),
horse haemoglobin f-strand (HBHO), sperm whale
myoglobin (MYWHP), sea lamprey cyanohaemoglobin
(PILHB) and root nodule leghaemoglobin (LGHB)).
Seven zones totalling 95 residues and corresponding to
the A, B, C, E, F, G and H a-helices were defined for each
sequence as illustrated in Fig. 3(a).

(ii) Immunoglobulin domains

The immunoglobulin domains belong to the /8 class of
proteins and have been studied in detail in terms of both
sequence and tertiary structure (e.g. see Amzel & Poljak,
1976; Beale & Feinstein, 1976; Lesk & Chothia, 1982).
Although the overall fold of the domains is conserved,
there is considerable sequence variation, particularly
between the variable and constant domains. These
sequences thus provide a particularly stringent test for an
alignment method.

Eight domains were selected (Brookhaven data bank

C E

HBHU vh1tPEEKSAVTALWGKY n|VDEVGGEALGRLLVVypWTQRf fesfgdlatpdavagnPKVKAHGKKVLGAFSDGLIahldn

HBHO vqlsGEEKAAVLALWDKY n|EEEVGGEALGRLLVVjyp/WTQRf fdsfgdlenpgavagnPKVKAHGKKVLHSFGEGVhhldn

HAHU v1sPADKTNVKRAWGKyY ga NNAGEYGAEALERMFLS|f pTTKTy fphf dlsh gs|AQVKGHGKKVADALTNAVjahvdd

HAHO v1s[ARDKTNVKARWSKy g gh(RGEYGAEALERMFLGIF p|TTKTy Fphf dlsh g3|AQVKAHGKKVGDALTLAV]gh1dd

Pi1LHB pivdtgsvaplsAREKTKIRSAWAPNys dYETSGYDILVKFFTSit plAREEf fpkfkglttadelkksADVRWHAERIIDAVDDAViasndd

MYWHP v1s[EGEWAQLVLHVWAKY e a d[VAGHGADILIRLFKShp[ETLEkfdrfkhlktoeaenkas/EDLKKHGVTVLTALGAILkkkgh

LGHB galtlESAQAALVKSSWEEf nanIPKHTHRFFILVLETlap/ARKD|l fsaflkggtsevpqnnPELOAHAGKVFKLVYERRAi qlevtgvvasDATL
F G H

HBHU ATLSELHCDK 1 hv dPENFRLLGNVLVCVLAHHf gkeftppvqaAYQKVVAGYANALAhKkyh

HBHO AALSELHCDk 1 hv dPENFRLLGNVLVVVLARHf gkdftpel qalSYQKVVAGVANALAhkyh

HAHU SALSDLHAHK 1 r v dPYNFKLLSHCLLVTLAAH] paeftpavhaSLDKFLASYSTVLTekyr

HAHO SNLSDLHAHK 1 rvdPYNFKLLSHCLLSTLAVHIl pndftpavhaSLDKFLSSVSTVLTjskyr

PiLHB KDLSGKHAKs f e v PEYFKVLARYIADTVAAG daGFEKLLRMICILLRsay

MYWHP KPLAQSHATk hk i p IKYLEFISEAIIHVLHSRhpgdfgadaqgAMNKALELFRKDIAakykelgyqg

LGHB KNLGSVHVSkgvvoDAHFPYVKERILKTIKEVvgakvseelnsANTIAYDELAIVIKkenddaa

(a)
Fig. 3.
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A B C D L

FABCL qpkaapSVYTLFPpssee lqanka|TLVCLIedfypga v[TVAHKadespvkal tpskqennkyaASSYLSLitpe
FRABCHL uutkgpSVFPLﬂﬁnakl teggtaALGCLVkdylPpep v[TVSWNagalt pavliqesglyslLS3SVVTYV| pse
FCCH3 qprepQVYTLPperes atknqviSLTCLVkgfypad i[AVEWEjsngqp en ppvidadgsf fILYSKLTVdks
FCCH2 p|SVFLFPpkpkdtlatartpEVTICVVvdvahedpqvKFNKYvdgvqv hna qqynstyr/VVSVLTV[lhq

F C

FABCL qukshksYSCQVTheg otVEKtvapteos
FABCH1 salgtqt kpentk vepksao
FCCH3 ruqqgny ealhnhy mlel
FCCH2 nuldgkel kalpap tiskakg

A B B D E

qqlpgtapkllif hnnnr{SVSK SSATL
qqlpguapkllily rdanrpagvptr?SGSK3gTSASL

qapgkglevvaiivddgedqhyadsvkgr fITISRNdekiNTL
THLVNt o kINQF

FABVYL xs
FB4VL es|VLTOPPlsasgtpgqry,
FB4VH eviQLYQSGiggvvqpgral
FABVH xv[QLEQSGjpglvrpaqt]

VLTQPPlsvegapgqry

qppgrglevigyvPyhgtsdt dtplrery

F G

FABYL AlltglqaedeadYYCQ SYldrslrVF gtkltvle
FB4VL AllsgleasdesdYYCA SHnssdnay VFGtgtkvtvlgq
FB4VH FLQMdelrpedtgv[fFCARDgghgfossasafgpdYWGiqgtpvtvas
FABVH _EEEE""““d‘"'YYCH RNliagef d[VWGiqgslvtves

(c)

A B C

FABVL xsVLTQPPsvsga pgqr;TISCTG ssnigag nHVKWYlqqlpgtapkllif hanartS

FB4VL osVLTOPPsasgt pgqrv[TISCTGteanigs {|TVNHYlqqlpgmapkllify rda mrpesgvptrf|S
FB4VH ov[QLVASGggvvq pgrsl gfifss y qapgkglevvaiivddgsdqhyadsvkgrf|TIS
FABVH xv[QLEQSGpglvrpaqt! gtsfdd y qppgrglevigyvfyhgtsdt dtplrsrv|THL

FCCH2 pISVFLFPpkpkdtlamisrtp
FABCL qpkaapSVTLFPpsseel qankaq
FABCH1 astkgpSVFPLApsskst sggta
FCCH3 qprepQVYTLPpsreen tkngqv

dvehedpqy dgvqvhnalKT KPReqqy
despvkalGVET tpskqs
galts|GVHTF pavlqs

ngqpen/NYKT ppvlds

dfypga v
dyfpep v

gfypsd i

D E F C

FABVL VSKSg[SSATLAIlt gl qaedeadYYCQ SYldrslr[VF Gjggtkltvlr
FB4VL GSKSgQ[TSASLAIlsgleaedesdYYCA SWnaadnay|VFGltgtkvtvlgq

FB4VH RN ckNTLFLDHdllrpld!ngFCﬂRdgghgfnliulcfgdeHG gtpvtves
FABVH VNt s kKNQFSLRLjssvtaadtav[YYCA RNiingu(dVUG galvtvaes
FCCH2 nstyrVVSVLTVlhqnvldgkeYKCK VSnkalpap(I EKtiskakg

FABCL nnkyoASSYLSLitpequkahks|YSCQ VT

FABCH1 8glyslLSSVVTVps sslgtqt/fICN VNhkpsntklV DKkvepkso

FCCH3 dgeffILYSKLTVdksruqqgnv|FSCS VMhealhnhy[TOKs1lsl

(d)

Figure 3. Test multiple alignments. Regions of the sequences written in capitals and boxed correspond to test zones
selected from homologous secondary structures. (a) Alignment (1) 7 globin sequences: A, B, C, E, F, G, H are a-helixes;
(b) alignment (2), 4 immunoglobulin constant domains; (c) alignment (3), 4 immunoglobulin variable domains;
(d) alignment (4), 8 immunoglobulin domains including variable and constant. In (b) to (d), A, B, C, D, E, F and G are
p-strands.
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codes). Four from 3FAB: (1) light chain constant region
CA (FABCL); (2) light chain variable region VA (FABVL);
(3) heavy chain constant region 1 Cyl (FABCHI1);
(4) heavy chain variable region Vy (FABVH). Three from
1FCI: (1) heavy chain constant region 2 Cy2 (FCCH2);
(2) heavy chain constant region 3 Cy3 (FCCH3). Two
from 1FB4: (1) light chain variable region VA (FB4VL);
(2) heavy chain variable region Vy (FB4VH). The
reference alignment for the 8 domains was taken
principally from Cohen et al. (1981) and Lesk & Chothia
(1982). However, the most recent version of the co-
ordinates deposited in the Brookhaven data bank
(Bernstein et al., 1977) for 3FAB shows a modified
sequence in the B-C loop and C strand of FABVL. From
a consideration of hydrogen bonding, and least-squares
fitting of the domains, the alignment was revised in this
area to take account of these changes. In addition it
should be noted that the sequence of FB4VL used here
(taken from the Brookhaven data bank structure 1FB4)
differs slightly from the earlier version used by Lesk &
Chothia: threonine (T) has been substituted for serine at
residue numbers 23 and 33, whilst alanine (A) substitutes
for glycine (G) at 75. Seven test zones comprising 38
residue positions in total and corresponding to the 7
homologous B-strands A to G were defined as illustrated
in Fig. 3(b) to (d)).

3. Results

(a) Patirwise comparisons

For each of the 28 unique pairwise comparisons
for the immunoglobulins and 21 comparisons for

100} a0
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A
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O Variable domains (alone) (3)
X Constant domains (with variable) (4)
A Variable domains (with constant) (4)
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| | | 1 |
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Pairwise accuracy (%)

Figure 4. Comparison of accuracy for multiple
alignments (1) to (4) with the same sequences aligned
pairwise. Points above the diagonal line indicate an
improvement in accuracy on multiple alignment.

the globins, the percentage agreement with the
reference alignment was calculated. In addition, a
conventional test for significance was carried out by
randomizing each pair of sequences 100 times and
calculating the mean (m) and standard deviation
(s.n.) of the distribution. The significance score is
quoted as (V—m)/s.p., where V is the alignment
score for the two native sequences.

Figure 1 illustrates the result of these compari-
sons. Alignments that score >15-0 s.D. (7 examples)
give at or near 1009, agreement with the reference
alignment. Those scoring between 5:0 and 150 s.p.
(25 examples) give better than 709, agreement with
the reference alignment, whilst scores below 5-0 s.D.
(17 examples) show a sharp rise in alignment
accuracy correlated with significance score and
ranging from 09 (0-57s.0.; FABCHI1 wersus
FB4VH) to 84 9%, (2:4 s.p.; FABVL versus FABCL).
Above 5:0s.p. there are no poor alignments;
however, in the lower s.p. range small changes in
observed significance score can indicate a consider-
able difference in alignment accuracy.

When aligning two sequences it is useful to bear
in mind these findings since they can suggest the
likely quality of the alignment obtained. As an
approximate guide we consider an s.D. score above
50 to indicate a ‘“‘good” alignment, with the
confidence in alignment increasing with alignment
score. An alignment giving a score below 50 s.p. we
regard with a caution that becomes more stringent
as the score decreases.

(b) Test multiple alignments:
comparison with pairwise

In each of four test alignments performed, the
sequences were ordered by similarity on the basis of
100 randomizations as shown.

(1) The seven globin sequences HBHU, HBHO,
HAHU, HAHO, MYWHP, PILHB, LGHB.

(2) The four constant domains FABCL,
FABCHI, FCCH3, FCCH2.

(3) The four variable immunoglobulin domains
FABVL, FB4VL, FB4VH, FABVH.

(4) The eight immunoglobulin domains FABVL,
FB4VL, FB4VH, FABVH, FCCH2, FABCL,
FABCH1, FCCH3.

Figure 4 shows the accuracy of alignment
obtained for pairs of sequences within multiple
alignments (1) to (4) (Fig. 3, (a) to (d)) compared
with the same sequences aligned pairwise. Points
above the diagonal line represent an improvement
in alignment when the multiple alignment
algorithm is applied. Multiple alignment of the
globins (1) results in an improvement from 909, to
999 overall with the most dramatic improvements
for the more distantly related sequences P1LHB,
MYWHB and LGHB and the largest change
occurring for the comparison of LGHB with HBHO
(77 to 999%). The final alignment shown in Figure
3(a) has 94 out of 95 defined residues correctly
aligned for all seven sequences. Furthermore, the D
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o-helix, which is only present in HBHU, HBHO,
MYWHP and P1LHB, is also correctly aligned.
The single error occurs at the beginning of the F
helix and may in part be caused by the choice of
score used for a residue versus a pre-introduced gap
(discussed further below). Analysis of the globin
significance scores by the technique of single linkage
cluster analysis (Dayhoff et al., 1972; Sokol &
Sneath, 1973) in the light of these results suggests
that sequences that cluster above 5:0s.p. align at
least as well by the multiple algorithm as they do
pairwise. The immunoglobulin constant domains (2)
that cluster at 8-5s.p. and align to 869, accuracy
pairwise and 909, by the multiple algorithm with
30/38 positions correctly equivalenced across the
complete four-sequence alignment (Fig. 3(b)) and
the variable domains, which also cluster at 8-5s.D.
with mean accuracies of 839, (pairwise), 849,
(multiple) and 29/38 positions correctly aligned
across all four sequences (Fig. 3(c)), lend further
support to this hypothesis.

When all eight immunoglobulins are aligned (4),
the accuracies of variable wversus variable and
constant wversus constant domain comparisons
marginally deteriorate (84+109, to 81+79%);
however, there is a striking improvement in the
alignment accuracy for variable versus constant
domains from a mean value of 41+289 to
63+ 39,. This is most noticeable for the alignment
of FB4VH wversus FABCH1 and FB4VH wversus
FCCH3, which were completely misaligned when
compared pairwise. FABVH versus FABCL, which
could only be aligned pairwise to <309, accuracy
even after optimizing the gap penalty (Barton &
Sternberg, 1987), are aligned by the multiple
algorithm to an accuracy of 639%,. Thus a
considerable improvement in the alignment of
distantly related sequences is obtained at a slight
loss in accuracy for more closely related sequences.

The eight-sequence alignment (4) has 22 out of 38
residues (589,) correctly aligned in all sequences
(Fig. 3(d)). This may seem to be a rather poor score;
however, it must be noted that it is difficult to show
any significant homology between immunoglobulin
constant and variable domains (Edelman, 1970;
Moore & Goodman, 1977), and pairwise methods
can fail even to align the two cystine residues
correctly. Closer examination of the alignment
shows the B, C and E strands to be totally correct
along with the first four out of six residues in the F
strand, the last two residues of this strand are only
misaligned in relation to FB4VH, principally as a
result of a long insertion in that sequence. The A
and G strands are misaligned due to convincing
sequence similarities that do not coincide with the
structural alignment. Whilst the alignment of the
D strand, which shows considerable sequence
variation, is confused by the presence of a long
insertion in the variable domains between C and D
(the C’ strand).

Although the overall trend indicated by Figure 4
is one of improvement on multiple alignment, 13
out of the 61 points shown indicate a deterioration

in accuracy. This drop is not surprising for seven of
the 13 examples, since these are for variable versus
variable and constant versus constant domain
alignments within the complete constant and
variable domain alignment (4). The inclusion of
information from less-similar sequences can clearly
have a detrimental effect on the alignment of
closely similar sequences. This effect is also noticed
for FABVL wversus FB4VL (979, pairwise, 949,
multiple (3)) and FABVH wversus FB4VH (1009,
pairwise, 959, multiple (3)) where the errors in the
F and G strands (Fig. 3(c)) are the result of
convincing alternative alignments that would not
be available to a pairwise comparison. The
remaining reductions in accuracy are for four
comparisons of variable and constant domains, and
are difficult to rationalize; however, these are small
errors to accept in the light of the considerable
improvements in overall alignment accuracy for
these domains.

In general, the multiple alignments reflect the
type of alignment that might be produced by hand
if only sequence information was available. The
most obvious errors in alignment occur within the
severe test presented by alignment (4) (Fig. 3(d)), in
particular the segment QLEQSGpg in strand A of
FABVH would certainly be shifted two residues to
the left by a human expert at the expense of
introducing an additional gap. In other parts of the
alignment alternative arrangements may be
proposed; however, these become more difficult to
justify when the positions of the secondary
structures are unknown.

(c) Effect of iteration and order of alignment

Table 1 illustrates the effect on alignment
accuracy of performing up to four iterations. With
the exception of alignment (3) there is little change
in alignment accuracy for iterations beyond two.
The multiple alignments described above are
therefore the result of adding the sequences in order
of similarity, then performing two iterations. The
improvements for the variable domain alignment
for three to four iterations (3) (Table 1) are due to
rearrangements of residues at the end of the F and
beginning of the G strands. However, although the
residues are similarly arranged in this region of
alignment (4) after two iterations, further iteration
does not improve the alignment. This difference in
behaviour is due to the score of zero given to the
matching of a residue in the Akth sequence with a
previously generated gap. Application of equation
(1) results in the weighting down of gaps that occur
simultaneously in more than one sequence
(desirable to highlight conservation). However,
once a gap has been established in the initial
alignment, the score for matching with that gap
may be too low to ever allow a residue to align at
that position. This can lead to the formation of
columns of aligned residues (e.g. the beginning of
the F helix in alignment (1)), which iteration cannot
overcome. Alternative scoring schemes where
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Table 1

Effect of iteration on the mean alignment accuracy of pairs of sequences within the
multiple alignments

Iteration (mean accuracy+1s.p.)

Alignment¥ 0 1 2 3 4
(1) 98-9+1 99-51+0-5 99-5+0-5 99-5+0-5 99-5+0-5
(2) 88-2+6 88-2+6 89-5+7 89-5+7 89-5+7
(3) 83-3+9 83319 84-2+9 85519 87-317
(4) 62-6+14 70-5+12 70-8+10 70-5+10 71-6+10

t (1) 7 globins; (2) 4 immunoglobulin constant domains; (3) 4 immunoglobulin variable domains; (4)

8 immunoglobulin domains (4 constant, 4 variable)

residue versus pre-existing gap is given a score >0
during iteration can help to alleviate this problem
but may also introduce errors at other points in the
alignment (results not shown). Averaging also has
an effect on the non-gap regions of the alignment,
so that the effect of iteration becomes less apparent
as the number of sequences is increased. This
property can be an advantage for very large
alignments, since a single alignment pass with no
iterations may be sufficient to yield a final
alignment.

The alignment of sequences in one specific order
is the main route by which this algorithm reduces
the number of comparisons to manageable propor-
tions. To investigate the importance of order on the
final result, ten unique alternative orders were
generated for alignments (1) and (4). The mean
alignment accuracy for the ten globin orders was
little different, at 98:79,, from that obtained for
alignments ordered by s.p. score (99-59,) or NASa
(98:99). However, the ten immunoglobulin orders
gave a mean value of 57-69, compared to 70-89%
for the alignment ordered by s.p. score. This result
is hardly surprising, since many of the orders start
with the poor alignment of a variable and constant
domain that is not subsequently corrected. Indeed,
the order that performed least well of the ten was
one in which variable and constant domains
alternated (FABVH, FABCH1, FB4VH, FCCHS3,
FABVL, FABCL, FB4VL, FCCH2). This gave only
389% accuracy before iteration with no correctly
aligned positions across all eight sequences. After
two iterations, the accuracy had improved to 469
and 4/38 residues (the first four of the F-strand
were in complete alignment). The order defined by
NASa scores (FABVL, FB4VL, FB4VH, FABVH,
FABCHI1, FABCL, FCCH3, FCCH2) is very similar
to the s.p. score order and gave an alignment
accuracy of 67-29,.

Although it might appear from the variable and
constant domain example that a bad initial
alignment will always lead to a generally poor
overall alignment, this is not necessarily true. For
example, it is possible for a multiple alignment of
20 sequences to be poor for the first ten, yet good
for the second ten provided that the second ten are
closely related. This feature is another consequence

of the scoring scheme shown by equation (1), since
one good comparison can be identified against a
background of average scores.

4. Applications and Conclusions

One advantage of the algorithm described here is
its speed. For example, the complete seven-
sequence globin alignment (Fig. 3(a)) (2 iterations)
required 65 seconds, whilst the same operation for
the eight-sequence immunoglobulin alignment
(Fig. 3(d)) took 50 seconds CPU time on a
VAX 11/750. Pairwise comparisons to establish an
order without randomization required 44 seconds
for the globins and 34 seconds for the immuno-
globulins. For comparison, the Johnson & Doolittle
(1986) algorithm requires 60 minutes CPU time to
align five sequences of less than 50 residues in
length.

The determination of an alignment order wia
pairwise comparisons is the most time-consuming
part of the procedure, particularly if random-
izations are performed. However, such an analysis
is often carried out as part of the characterization
of a newly determined sequence and would not need
to be repeated to permit multiple alignment. If the
time required to perform all pairwise comparisons is
prohibitive then the seven-globin alignment
suggests that an arbitrary order may perform
almost as well for an alignment of similar
sequences. Kach iterative pass of our algorithm
requires time approximately proportional to NM?,
where N is the number of sequences and M is the
length of the sequences when aligned. Although it is
expensive to align long sequences, the task is not
impossible: however, the longest alignment that
may be produced is limited by the need to store one
array of dimensions M x M.

Aligning large numbers of medium-length protein
sequences (150 to 300 residues) is therefore a matter
of routine. For example, the alignment of 128
globin sequences, including haemoglobin-a and g,
myoglobin and leghaemoglobin from a wide range
of species, required 25 minutes of CPU time
including two iterations (Fig. 5). The sequences
used in the previous section to test the method are
indicated on the Figure together with the test
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A B C

F,

MYDD GLSDGEWQLVLNVWG \GHGQDVL IRLFK £ DKFKHLKTEADMKASEDLKKHGNTVLTALGA ILKKKGH AELKPLAQSHATK HK IF|IKYLEF ISEAT THVLHSRHPAEF GADA( ELFRKDIAAKYKELGFHG
2 MYPE GLYEGEWQLVLNVRG \GHGQDVL IRLFK( FDKFKHLKTEAEMKASEDLKKHGNTVLTALGG ILKKKGH AELKPLAQSHATK HKIFIKYLEFISEAT IHVLHSRHPAEFGADAQ ELFRKDIATKYKELGFHG
MYDDAR GL! LYLNTHG! AGHGQDVL IRLFK LEKF DKFKHLK TEAEMKASEDLKKHGNTVLTALGG ILKKKGH AELKPLAQSHATK HK IPTKYLEFISEA IHVLHSRHPGDFGADA ELFRKDIAAKYKELGFHG
SEAITHVLHSRHPGDI
2 :\;:GU CLYDGERQLVLNVAG] AGHGQEVL IRLFK KFDKFKHLKSEDEMKASEDLKKHGNTVLTALGG 1 KKKGH AELTPLAQSHATK HKIPUKYLEF ISEAT I QULQSKHPGDFGADA! K] YKELGFQG
e My GLSDGEWQLVL r TRLFKGHPETLEKFDKFKHLKSEDEMKASEDLKKHGATVLTALGG ILKKKGH AETKPLAQSHATK HKIPVKYLEF ISECIIQVL PGDI ELFR NYKELGFQG
RaLhE St A IRLF TLEKFDKFKNLKSEDEMKGSDDLKKHGNTVLSALGG ILKKKGQ AELKPLAQSHATK HKTPVKYLEFISEAITQUL PGD! .GFQG
B GLSDGERQLVL ISLFKGHPETLEKFDKFKHLKSEDEMKASEELKKHGVTVLTALGG TLKKKGH AELKPLAQSHATK HKTPVKYLEF ISDATVHVLQKKHPGDI
10 MYBD GLIpOE AGHGQEVL IRLETGHPETLEKFDKFKHLKT TVVLTALGG ILKKKGH AELKPLAQSHATK HK IPITKYLEFISDATIHVL KALELFRNDIAAKYKELGFQG
11 MYHH o LVE IRLFKGHPETLEKFDKFKHL HGNTVLTALGGILKKKGH AELKPLAQSHATK HKIPVKYLEF ISDAIAQUL NF' "RNDIAAKYKELGFQG
1 CLSDGEWQLUL PGl VLIRLEKOHPETLEKFDKFKHLKSED) TULTALGGILKKKGQ AQLAPLAQSHANK HKIPVKYLEFISEAT ELFRNDIAAKYKELGFQG
12 oL AGHGQEVL IRLFHTHFETLEKFDKFKHLI DL FVLTALGATLKKKGH AETKPLAQSHATK HKIPVKYLEFISEAT THVL ELFRNDINAQYKELGFQG
%i arvoy oL IVLNTWGKVET RLFKMHPETLDKFDKFKHLK TEDEMKGSEDLKKHGNTVL TALGGILKKKGH AELKPLAQSHATK HKIPVKYLEFISDAIIQUL ELFRNDIAAKYKELG]
it e GL PGHGQDVL IRLFKGHPETLEKFDRFKHLK TEDEMKASEDLKKHGTTVLTALGG I LKKKGQ AEIQPLAQSHATK HKIPVKYLEFISEAIIQUVI ELFRNDIAAKYKELGFQG
16 MYELI G I RLFXGHPETLEKFDKFKHLKSEL TVLTALGNILKKKGN AELKPLAQSHATK HKISVQFLEFISEAIIQU AKYKELGFOG
Ie PGHGEFVLVRLET TLEKFDKFKHLKTEGEMKASEDLKKQGVTVL TALGGILKKKGH AEIQPLAQSHATK HKIPTKYLEFISDAIIHVL ELFRNDIAAKYKELGFQG
MYDE GL LVL IRLFTGHPETLEKFDKFKHLKTEAEMKASEDL] TVLTALGGILKKKGH AEVKHLAESHANK HKIPVKYLEFISDAITHVL ELFRNDMAAQVKVLGFQG
15 Myso o L TRLFTGHFETLEKFDKFKHLK TEAEMKASEDLKKHGNTVLTALGG ILKKKGH AEVKHLAESHAMK HKIPVKYLEFISDAT THVL el
13 Mo, GLSDGEWQAVL IRLETGHPETLEKFDKFKHLKT DL "VLTALGG ILKKKGH AEVKHLAESHANK HKVPITKYLEF ISDAI THVLHAKHPSNF. ELFRNDANEKYKVLGFHG
21 MYOR e shobdals TRLFKS TLH KSEL ITVLTALGNILKKKGH AELKPLAQSHATK HKIPVQFLEFISDATIQUI
L QEVL IRLFKTHPETLEKFDKFKGLKT TVLTALGNILKKKGQ AELKPLAQSHATK HKISIKFLEYISEATTHVL
22 MYCH GL VL 1A MRLFH] LLDRmK“GmMGSEDLKKHGQWLTALGAQLKKKGH ADLKPI ATK HKIPVKYLEFISEVIIKVL EL
23 MYCH2 GLSDQEWQQVLT TWGKVEAD AGHGHEVLMRL FHDHPETLORFDKFKGLK SEDLKKHGATVLTQLGK ILKQKGQ SDLKPLAQTHATK HKIPWVKYLEF ISEVIIKVIAEKHAAL EL K
g; MYTTM GLSDDERHHVLGI AHGQEV I IRLF TQH -manKTvnn TVLTALGRILKLKNN PELKPLAESHATK HKIPVKYLEFICEIIVKVL
MYTTG Gl L. TAHGQEVI IRLFQL} TQERFAKFKNLTTIDAL TVLTALGRILKQKNN QELKPLAESHATK HKIPVKYLEFICEI IVKVIAEKHPSDI "GFLG
26 MYLZM GL PSHGQEVII KNLKTL TVLTALGRILKQKGH AETAPLA( fr HKIPTKYLEFICEVIVGVI .ELFRNDMASRYKELGFQG
27 MYAQ MEL PEHGHEVI IRLL TQERFEKFKHMKT FTALGNILKQKGN EVLKPLAKSHALE HKIPVKYLEFISEIIVKVI. KALELFRNDMASKYKEFGYQG
28 MYCA HDAELVL TRL TQKLFPKFUGIASNE LAl KKLGELLKARGD AILKPLATTHANT HKIALNNFRLIT EX AGL VIGDIOTY G
29  MYTUY ADFDAVLKC TTMGGLVLTRLF TQKLFPKFAGIAQAD TAGNAAISAHGATVLKKLGELLKAKGS ATLKPLANSHATK HKIBINNFKLISEVLVKVMHEK AGL IIADLHANYKELGFSG
3tz LokreRTI DR TGTETEERLET T DL O A REUNEXLLBHCLLVTLA oo T IKEANE
VSMAAKTSTQADTIGTETL TKTVFPHF 10D Y F L.
32 HACHPE ALTQAEKAAVTT ESIGLESLERLFASYPRTKIVFPHF DVS QGSNOL NAIGEAVKNIDD IR GALAKLSELHAY[I LI LLSHCILC: TI SSISSVLIEKYR
33 HAAK VLSSDDKC] CANPRTKIVFPHF DLS HGSAQT VFAALHEAVNHIDD GALCRLSELHAHS LRVDPUNFKFLAQCVLVVVATHHPGSLTPEVHASLOKFLCAVSSVLTSKYR
34 HADK VLSAATL LERMF IAYPRTKTWFPHF DLS HGSAQTKAHGK] v GALSKLSDLHAQK LRVDPVNFKFLGHCFLVVVATHHPAALTP! YR
35 HACH2 VL TFTKIL TTYPPTKTYFPHF DLS HGSRAQT! AALTEAANHIDD GTLSKLSDLHAHK LRVDPUNFKLLGQCFLVVVAIHHPAALTPEVHASLDKFLCAVGTVLTAKYR
36 HAGC VLSPTDKS ERMFLSFPITKTYFPHF DLS ) SALSALSDLHAHK LRVDPUNFKLLSHCLLVTLACHHPAEL' LTSKYR
37 HABD VLSPADKANTKATWE ERTFASFPITKIVFPHF DLS TNAVAHLDD GALSALSDLHAYK LRVDPVNFKLLSHCLLVTLACHHPAEFTP! LSSVSTVLTSKYR
38 HADG VLSPADKTNIKSTHE QSFPI'TKTVFPHF DLS TTAVAHLDD GALSALSDLHAYK LRVDPVNFKLLSHCLLVTLACHHPTEFTP! DKFFAAVSTVLTISKYR
39 HAOEE VL SN IKAARWD) \GEYGAEALERTFTS} DLS HGSAQVKAHGKKVADAL' LR LSHCLLVTLA( NDFTPAL LDKFLATVSTVLTSKYR
v s AD] \GEYGAEALERMFLS] HE_DLS HGSAQVKGHGKKVADAL TNA SAL LLSHCLLS .PAEFTPAY
SHAGEYGAEALERMFLG] DLS HGSAQUQAHGKKVGDALTQAVGHLDD GALSALSDLHA' SHCLL! DI AT
:z 1R % nwm‘u«s: ggu:u.gm gts HG! o mn D GALSALSDLHAYK LR LLSHCLL DETPA LDKFLSNVSTVLTSKYR
AEAL) S "HGSAQUKAHGKKVGDALTLAVGHLDD GALSNLSDI
44 HAOL VL SPEDKNHVRS TWDKIGGI GAEALERMET VS HGSAQUKAHGKKVADALAN. D GALSALSD!
45  HAHY VLSAKDKTNI F PHF DVS DD GALSALSDLHAHK LRVDPVNFKLLSHCLLVTLANHHPADFTP! FASVSTVLTISKYR
46 HAYA2 VL ERMFLSFPITKTVFPHF DLS TKAVGHLDD GALSELSDLHAHK LRVDPVNFKLLSHSLLVTLASHLPSDFTPAVHASLDKFLANVSTVLTISKYR
:; mﬁ VL LSFPCTKTYFPHF DLS TKAVGHLDD GALSELSDLHAHK LI LSHSLLVTLASHLPNDFTP DKFLANVSTVLTSKYR
ERMFLSFPTTKTVFPHF DLS DD GTLSDLSDLHAHK LR LSHSLLVTLACHLPNDFTP! DKFLANVSTVLTISKYR
49 HAEKN VL MFLSFPTTKTVEPHF DLS GTLSDLSDLHAHK LI LSHTLLVTLAAHLPSDFTP! DKFLANVSTVLTSKYR
50 HAPG VL ERMFLGFP'TKTVFPHF NLS .TKAVGHLDD GALSALSDLHAHK LR .LSHCLLVTLAA} DKFLANVSTVLTSKYR
51 HATSM VL Al CTKTVFPHY DLS GALSALSDLHAHK LR! LSHCLL) ADFTP] DKFLASVSTVLTSKYR
32 HAKGG VL ABGL [ITKIVFPHF DLS HGSAQTQAHGKK IADALGQAVEHIDD GTLSKLSDLHAHK LR LSHCLLVTFAAHLGDAFTP! DKFLARVSTVLTSKYR
53 HAGP VL VAEGLTRMFTSFEITTKTVFHHI DVS PGSGDI TTAVGHLDD TALSTLSDVHAHK LRVDPVNFKFLNHCLLVTLAAHLGADFTPS IHASLDKFFASVSTVLTISKYR
54 HAOR ML ERLFQAFPITTKTVFSHF DLS HGSAQT ALSTAAGHFDD SALSALSDLHAHK LR! LAHCIL "PGEFT! LSKVATVLTISKYR
55 HATG VL T ERLFLSFPITKTVFSHM DLS SALSALSDLHAHK LRVDPUNFKLLAHCF TP LSRVATVLTSKYR
56 HACH1 MLTAEDKKLI TTYPRTKTYFPHF DLS PC GAL QAMAELSNLHAYN LR LSQCIQV T \AFDKFLSAVSAVLAEKYR
57 HAFEDR MLNAEDKKLIQQ! QEFGAEAL PHF DLS PGSDQI GAL QAMSELSNLHAYN LR LSQCT] SAVSAVLAEKYR
58 HAJSB VLTAEDKKLIQQTWGKLGGAEEETGAEAL TKTVFPHF DLS QGSDQT LGNAIKNLDN QALSELSNLHAYN LR u:gCLQV"“\ AVLAEKYR
59 HATTD MLSADEXQLIL DF T KTVFHHF DLH I AALCKLSDLHAYN LR LSHCFHVVLAGH LAAVSDVLAEKYR
60 HASNV VLSEDL TSVGKNP] T PHF DLS SGSPI DALDNAVEGLDD ATLSKLSDLHAQK LR ILSQCLLSTL SVDKFLCNVSEVLESKYR
61 HAXL2 MLLSADDKKHIKATMPS]T LVNPKTKTVFPSF DFH HNSKQ NEAANHLDN GSMSKLSDLHAYD LI LAHNLL DKFLATVSTVLTSKYR
62 HAGY SLSDKE GSRADE GRMI SHWSDLS 1DD GALSALSELHAFK LRIDPANFKILAHNVIVV T ALALSEKYR
63 HACC1 SLSDKDKADVK IAWAKI TKTYFAHWADLS I DD GGLASLSELHASK LRVDPSNFKILANC ITVVIMFYLI ALALGOKYR
64 HANE MKLSAET TT AEALFRMFTSLPATRTVFPA KDLS EG! SNAVRHIDD AALCKLSDKHAQD L¥ LAHN I LVVMG IHLKAHLTYPVHQSVDKFLDY YR
65 HAXM FKL TG PD KDLN EGSFALHSHGKKVMGALSNAVAHIDD ATLVKLSDKHAHD L .AEDILVVLGFHLPAKFTYAVQQS IDKFLHVTMRLC ISKYR
66  HEGT1 MVHFTREEKAA ITGLWGKV GRLI TQREFDSFGNLSSASA 'SFGEAIKNLDN GAFAKLSELHCDK LHVOPENFRLLGNVIVI ILATHFGREFT YH
67 HEPG VHFT] ITGLRS L TORFFDS! GTFAKLSELHCDK LHVDPENFRLLGNMIVI ILA: T YH
68 HEHU VHFTRAEEKAAVTSLHSKM GRLI TR FOSEGHLSSPEATH TSFGDAIKNMDN PAFAKLSELHCIK mvnmr.mwnvuumn.mx TALAHKYH
69  HBRB4 VHFTPEEKCIISKQRGQV NI RLLY TORFFDNF 'SFGDAIKNMDN GAFAKLSELHCTK L LGNVLL IVLATHFGKEFT TALAHKYH
70 HEMSY2 VNF INGLHSKV GRL QR FDSFONLSSASA TAFGES TKNLDN SALAKLSELHCDK Luvnpmnwmvzw., YH
71 HGMQP GHFTEEEDKAT ITSLIAC GRLL FDSF ASA ‘TSLGDAIKNLDD GTFAQLSELHCIK Lt {FGKEF ISRYH
72 HGHUA GHFT} TITSLWG! LGRLL FDSF SASA .TSLGDAIKHLDD GTFAQLSELHCDK LHVDPE:NFKLLGWLWVLAIH:umA ISRYH
73 HBRB3 MVHF AITSTWK LI T SSSSA SELHCDR LHVDPENFKLLGNVLY IVLAK¥FGKEFT} YH
74 HBLRS VHL "TALWG] (L RL DL DN GTFAKLSELHCIK LF L VLA T YH
75 HBMQF VHL TTLHG! GRLL TQRFFESFGDL DGLAHLDN GTFAQLS K L L T YH
76 HBMKP VHLTGEEKAAVTALWGKV ~ NAT LGRLL FESFGDLST DGLAHLDN GTFAQLS! K LHVDPENFRLLGNVLYC T YH
77 HBMQA VHL TTLAGKV NVDEVGGEALGRLL TQRFFDSFGDLSTPDAVMNN DGLITHLDN GTFAQLSELHCDK LHVDPENFRLLGNVLVCVL T YH
78 HBMOR VHLTPEEKNAVTTLAG! GRLLL) FGDLSSPDAVMGNPKVKAHGKKVLGAFSDG A LHVDPENFKLLGNVLY! KEFTPQUONAYQKVVAGUAN] YH
VHL' SAVTAL RLL! FGDLSTPDAVMG] DG! GTFATLS!
VHL AVNALRGI \VGGEALGRLL! FGDLSSPDAVMGNPKVKAHGKKVLGAFSDG! GTFSQLS!
81 HBGC VHLTPDEKNAVCALG! EALGRLL SPGDLSSPSAVMGNPKVKAHGKKVLS; LGNVLV KDFTPEVQNAVEXVVAGVAT! YH
EALGRLL SFGDLSNPGAVMGNPKVKAHGKKVLHSFG GTFAALS]
HBRNW VEL’ EALGRLLY FGDLSTPAAVMGI GTFAALS|
84 HBTPJ VELTIGEEKAAVLAL GRLL TQRFFDSFGDLSTA VTFAQLSELHCDK LHVD) L LAQQFGKAFTPEL YH
85 HBLL VNL GRLL GTYAKLSELHCTK LHVT} KEFTP] YH
86 HBBOG MLTAEEKAAUTAFWGKY GRLL TQRFFESFGDLST GTFAALSELHCDK LHVDPENFKLLGNVLVVVLARHFGKEFTPVLQADI YH
87 HBBOB ML TAFWGK} GRLI GTFAALSELHCDK LHVDPENFKLL VVLARNFGKEF TPVLQADF YH
88 HBYAZ MLTAEEKAAVTAFWGKY GRLL A GTFAALSELHCDK LHVDPENFKLLGNVLVVVLARHFGKEFTPVL QADI YH
89 HBEKN M TAFWGKY GRLI TORFFEF GAFAKLSELHCDK LHVD) VVVLARHFGKEFTPELQADYQK MHRYH
90 HBGTA TGFWGK} GRLL TQRFFEHF GTFAQLSELHCDK LHVD) VVVLARHHGSEFTPLLQAEF YH
91 HBGTC PNKALITGFWSKV GRLL TQRFFEHFGDLSSADAVL GTFAELSELHCDK LHVDPENFRLLGNVLY IVLARHFGKEFTPEL( YH
92 HBDE3 M TGFWGK GRLL TORFFEHF GAFAELSELHCNK LHVDPENFRLLGNVL! TPLYQADI YH
93 HBOL VHL WSKV GRLL FDSFGDL! GTFSSLSELHCDK LHVDPENFKLLGNVIVVVLAHH AHKYH
94 HBRT VHLTDAEKAAVNGLRGKN GRLL ASAT GTFAHLSELHCTK L YH
95 HBMS VHI GRLL TQRYFDSFGDLSSASALL GTFASLSELHCDK LHVDPENFRLLGNMIV IVLGHHLGKDFT LMHKYH
96 HBPG VHL GLAGKV GRLL TORFFESF GTFAKLSELHCDY Lk LGNVIVVVLARRLGHDENPD! AHKYH
97 HBBOF MLSYAEEKAAVTSLFAKY KUL GRLL! TQRFFESFGDLSSADALL GAFASLSELHCIK Lk LGNVLVVVLARRFGSEF SFEL MHRYH
98 HBGTF ML SLFAK GRL FEHF SADAIL GAFASLSELHCDK LHVDPENFRLLGNVLVVVLARRFGGEFTPELQANFQK AHRYH
HBTSM VHL VTGLHG GRLL TQRFFDSF GTFAKLSELHCDK LHVDPENFRLLI JVLASK TPPVQAAF YH
100 HBHY VHLTIDAEKALVTGLWGKY GRLL TQRFFEHF THSFADGLKHLDN GAFSSLSELHCDK LHVDPENFKLLGNMI I TVLSHIL I YH
101 HBHH LUTGLWGKV GRLLVVVEWTQRFFDSF QSMGDGIKNLDN GTFSKLSELHCDK LHVDPENFRLLGNVLVCVLARHFGKDFT! Q) KYH
102 HBOEE VHLSGEEKGLVTGMAGKV N SASA IT GTYAKLSELHCDK LHVDPENFRLLGNVLVCVLARNL Q) QKVVLGVATALAHKYH
103 TNLIG] VKELGGEALSRL STAEAVLHNAKVLAHGEKVLTSFGEGLKHLDN mADL!E.HCDﬁ LHVOPENFRLLGNVLVIVL? T YH
10 0! VHL TNLAG! INELGGEALGRLL Q TSFGDALKNLDD GTFAKLSELHCDK LHVDPENFNRLGNVL IVVLARF GHKYH
105 HBKG2G ITSLAGKY AT GRLLI £ AHGAKVLVAFGDATKNLDN GTFAKLSELHCOK LHVDPENFKLLGNI IVICLAEY T YH
106 HBCH ITGLAGKV NVAECGAEALARLLI SSPTAILG! DN NTFSQLSELHCDK LHVDPENFRLLGDILIIVLAA TP} KYH
107 HECH VHASAEEKQLITSVASKY ~ NVEECGAEALARLLIVWHWTQRFFASFGNLSSPTA DN NTYAKLSELHCDK LHVOPENFRLLGDILI IVLASHFARDETPAC ARICTH
108 HFCHR VHRSAEEKQLITSVWSKV ~NVEECGAEALARLL IVYEWTQRFFDNFGNLSSPTAL SFGEAVKNLDN NTYAKLSELHCEK LHVOPENFRLLGNILIIVL TKDETP” YH
109 HBGP VHLTAAEKSAILDLWG] ! GRLL FEKFGDLSSASA ASFS GTFAKLSELHCIK LI LGEMIVIALANIE TECT KT NALAKTH
110 HBAK Asrnpun(guconm. TVAHC SRML NAQAT ASFGEAVCHLDG AHFANLSKLHCEK LI L TVLAAHYPKDFGLEX
111 HBAQ ASFT VDLWAKV CVAQCGADALSRML 1 N GHFANLS) K KLLGDIIIIVLAAH \AF EYH
112 HBFGRE GSDLVSGFWGKV [AHKIGGEALARLL TTFGNLGSADAICHNAKVLAHGEKVLAA AHYAKLSEYHSNK LHVOPANFRLLGNVF I TVLARHFQHEFTP C. AKAYH
113 HBXLT1 VHLSADEKSAINAVWSKV NI TRL NVAA AVDES THHLDD NFLSVLSTKHAEE LHVOPENFKRLGDVLY IVLAGKLGAAFTPQVQNAREXF SAGLVAALSHGYF
114 HETR1 TISAVAC NIDEIGPLALARVLI PAAL ATYKSLSETHANK LFVOPDNF TVL TP}
115 HBXL GLTAHDRQLIN: L g GRLL IGEATKHMDD GYYAQLSKYHSET LHVDPLNFKRFGGCLS IALARHF TP "DATADALGKGYH
11 GL APQH FSRF DIS PGSQDLLTHGGKTFGALGEATKSLDN LOKYQDLHTNK LKLSEMLLSMIIWAP‘Y}GENN pnmcﬂmuuss
117 HBRKJ KHSLGAKAL TVYFWTTRYFGNLKEFT AC GD SQFTDLSKKHAEE mvnvrx ISKEYH
118 HARKJ STSTSTSDYSAADRAELAALS] YKDET 'S TKAHGAKVUTALAKA THLHKLATFHG! n.svcuwmw TEFS] TNVCHELSSRYR
TRS] 5 L KFKGLTT! MKDI
GALTESQAALVKS:! PKHTHRFF ILVLE: 'SSFLKGGTS [T QLEVTGUVASDATLKNLGSVHV:
Q S: TPKNTHRFFTLVLE. 'SFLKGSSEVP QLEVNGAVASDATLKSLGSVHV!
122 GPSYC3 GAF TNIPQYSVVEYTSI FSFLAN LKA  SGTWVIDAALGSTHAQK AITDPQ
123 GPSYC2 GAF IPQYSUVFYNSIL FSFLANGVD LKA  SGTVVADAALGSIHAQK AVTNPE F w"'l"-'r! .
124 GPSYS AF IPQYSVVEYTSIL FSFLANGVD LKA GSVHAQK AVTDPQ KTIKA
125 GPSYC1 GAF IPQYSVVFYNSI L.FSFLANGVD XT VSTHAQK AVTDPQ Ll('.u sg
126 GPFBA GAF PQYSVVFYTSIL FSFLANGVD RA _NGAVVADAALGSTHSQK GVSNDOFLVVKEALLKTL
127 GPPMI GF UNSS SEFKQNLPGYSILFYTIVL AKGLFSFLKDTAG Lcmm_uuuv K GUTNP HF LTI
128 GPVF GF KQ YSVLFYTI ILOQKAHTAKAMFSFLKDSAG v LRA ﬂm 10K GVLDP HF LKTTI

Figure 5. Multiple alignment of 128 globin sequences taken from the PIR databank (databank codes shown). The 7
sequences of known 3-dimensional structure illustrated in Fig. 3(a) are indicated (4 MYWHP, sperm whale myoglobin;
40 HAHU, human a-haemoglobin; 43 HAHO, horse a-haemoglobin; 79 HBHU, human f-haemoglobin; 82 HBHO, horse
B-haemoglobin; 119 PILHB, sea lamprey cyanohaemoglobin; 120 LGHB, root nodule leghaemoglobin).

zones, whilst the alignment order was determined
by similarity, on the basis of NASa scores for all
pairwise comparisons. The seven test sequences are
aligned correctly except for the beginning of the
F-strand (as before), and the last two residues of
the G-strand in PILHB. Furthermore, the
remaining 121 sequences also appear to be aligned

in a consistent manner. For example, the proximal
and distal histidine residues are aligned in all but
two sequences. The exceptions are the distal
histidine of MYELI (sequence 16, Indian elephant)
where Gln is substituted, and HACCI1 (sequence 63,
desert sucker a-chain) in which the His is displaced
by one residue. In a recent detailed study of residue
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Figure 6. Connectivity of disulphide bridges in the
transferrins. Bridges 1 to 4, 3 to 5 and 2 to 6 correspond
to bridges 4, 5 and 11 in the nomenclature of Williams
(1982). TFHUL, human lactotransferrin, TFHUP,
human serotransferrin, TFCHE, chicken ovotransferrin;
P97, human melanoma antigen. (a) Connectivity for
TFCHE; (b) connectivity suggested by Metz-Boutigue et
al. (1984), and Rose et al. (1986); (c) connectivity
suggested by the rabbit serotransferrin crystal structure;
and (d) multiple alignment that supports the connectivity
in (c).

conservation in the globins based upon pairwise
alignment with manual corrections (Bashford,
Chothia & Lesk, personal communication), the
second example was identified as a sequencing
error, since the order of residues as shown
(H G K K) would lead to a shift in the E helix by a
quarter turn; the sequence should be (K H G K).

We stress that the alignment shown in Figure 5
was produced entirely automatically, without any
manual intervention or pre-alignment of key
regions. To our knowledge there is no other
algorithm that will permit an objective global
alignment of so many protein sequences and to such
a high level of accuracy.

Application of the multiple alighment algorithm
has proved valuable during the crystallographic
determination of a mammalian serotransferrin
(rabbit) in this laboratory (Gorinsky et al., 1979;
P. Lindley et al., personal communication). Human
transferrin  (TFHUP) shows strong sequence
homology ~with chicken transferrin (TFCHE),
human lactotransferrin (TFHUL) and human

melanoma antigen (P97). TFCHE has been studied
biochemically and the connectivity of the
disulphide links determined (Williams et al., 1982).
Figure 6(a) illustrates the topology of disulphides
1 to 4 and 3 to 5, which are unambiguous in the
alignment of TFCHE, TFHUL and P97. However,
TFHUP in common with rabbit serotransferrin has
an additional disulphide in this region, and the
topology as indicated by the published alignments
for TFHUP with TFCHE and TFHUL (Metz-
Boutigue et al., 1984) as well as TFHUP with P97
(Rose et al., 1986) is shown in Figure 6(b). However,
inspection of the electron density map for serotrans-
ferrin at 3-3 A (1 A =0-1nm) resolution suggested
that this topology could not be accommodated, but
that the arrangement shown in Figure 6(c) was
more likely. To provide independent evidence, the
multiple alignment algorithm was applied to the
four sequences. Pairwise comparisons showed that
the sequences clustered at 41 s.p., suggesting a high
level of confidence in the alignment, whilst multiple
alignment of the complete sequences (=~800
residues) performed with two iterations lead to the
alignment partly shown in Figure 6(d). This
alignment supports the crystallographic interpreta-
tion of topology shown in Figure 6(c).

The algorithm presented in this paper represents
a practical solution to the problem of automatically
aligning more than two protein sequences when
only sequence information is available. Tt appears
most valuable when there are weaker similarities
(e.g. immunoglobulin constant wversus variable
domains). However, the great sensitivity of align-
ment accuracy below 5-0 s.p. (Fig. 1) to changes in
significance score and the sensitivity to alternative
alignment orders make the level of success in an
alignment that includes weakly similar sequences
difficult to predict.

The test systems presented here suggest that
when a group of sequences cluster at >5-0s.p.
multiple alignment by our algorithm will provide a
convenient representation, which is likely to be
>709% correct within secondary structures and
more accurate than individual pairwise alignments.

Our results suggest the overall accuracy of
alignment that might be expected for a particular
significance score; however, the problem still
remains of identifying which regions of the
alignment are correct. Argos (1987) has described a
sensitive procedure for identifying significant local
homologies between two sequences or pre-aligned
families of sequences and shown that these often
correspond to regions of similarity in three-
dimensional structure. Thus, when there are two or
more distinct clusters of sequences to be aligned,
the Argos method may be applied to alignments
obtained automatically by our algorithm and
provide an indication of which regions are correctly
equivalenced.

Although the incorporation of properties in
addition to the Dayhoff matrix can improve the
sensitivity of sequence comparison methods by
reducing background noise (Argos, 1987), without
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a more complete understanding of the relationship
between sequence and three-dimensional structure
it is difficult to envisage a scoring scheme that
would, for example, lead to the correct alignment of
the A f-strands of immunoglobulin variable and
constant domains (Fig. 3(d)). When sequence
similarity is weak, sequence alignment becomes an
exercise in structure prediction and correct
alignment is constrained by the fact that the code
relating amino acid sequence to three-dimensional
structure is degenerate.

Alignments of clearly similar sequences generated
by our algorithm have been used as the basis of an
improved secondary structure and active site
prediction algorithm (Zvelebil et al., 1987) and also
to align four different strains of human immuno-
deficiency virus (HIV) env (800 residues), gag (500
residues) and pol (1000 residues) polyproteins with
the aim of predicting potential T and
B-lymphocyte-defined epitopes (Coates et al., 1987;
Sternberg et al., 1987).

It has been suggested that a few key residues can
be sufficient to define a tertiary fold (e.g. see
Wierenga et al., 1986). The multiple alignment
algorithm provides a useful tool for identifying such
patterns from closely related sequences. We are
currently developing and calibrating techniques for
identifying these patterns, and rapidly scanning the
protein sequence databank to identify proteins of
potentially similar tertiary folds.

We thank Professor T. Blundell for his continued
support, M. Zvelebil and I. Haneef for helpful
discussions, and R. Garrett, B. Gorinsky and P. Lindley
for presenting the transferrin problem. This work was
funded by the Science and Engineering Research Council.
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