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Evolutionary relationships among the serpins

CRAIG J. MARSHALL
Department of Biochemistry, University of Otago, Box 56, Dunedin, New Zealand

SUMMARY

The serpins are a widely distributed group of serine proteinase inhibitors found in plants, birds,
mammals and viruses. Despite the great evolutionary divergence of these organisms, their serpins are
highly conserved, both in sequence and structurally. Amino acid sequences were aligned by a
combination of automatic algorithms and by consideration of conserved structural elements in those
serpins for which crystal structures exist. The program HOMED was used which allowed the alignment of
amino acids to be simultaneously converted into the equivalently aligned nucleotide sequences. The
aligned amino acids were used as the basis for superposition of the four known three-dimensional
structures for which coordinates are available and compared with an optimal three-dimensional
superposition in order to estimate the reliability of the sequence alignment. Phylogenetic relationships
implied by these nucleotide sequence alignments were determined by the method of maximum
parsimony. The proposed gene tree suggested that as much diversity existed between the plant serpin
and mammalian serpins as was present among mammalian serpins and provided further evidence that
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the architecture of serpin molecules is highly constrained.

1. INTRODUCTION

Among the wide variety of proteinase inhibitors, the
serpins (serine proteinase izhibitors) are characterized
by a high molecular mass and a mechanism involving
the separation of the amino acids about the scissile
bond by about 70 At after proteolytic cleavage of the
reactive centre (Bode et al. 1989). There is consider-
able evidence to suggest that a loop of peptide is
exposed in the active serpin and is maintained in a
configuration favourable for inhibition of a bound
proteinase by the tendency of a strand to insert into a
B-sheet (Carrell ¢t al. 1991). Insertion of this strand
proceeds to completion after cleavage of the active
centre, which occurs upon the release of the protein-
ase, and results in a five-membered sheet converting to
one of six strands. In this process a pair of parallel
strands become an antiparallel trio upon insertion of
the other strand (Loebermann ¢ al. 1984; Huber &
Carrell 1989; Engh et al. 1990).

The distribution of serpins ranges from protein Z in
barley (Brandt et al. 1990), to chicken ovalbumin
(McReynolds ¢t al. 1978; Hunt & Dayhoff 1980; Stein
et al. 1990), and to a variety of serpins found in
mammals (Huber & Carrell 1989). In addition, there
are a number of viral serpins that are probably
derived from the genome of some host. The majority
of serpins known are either viral or human; no serpins
are known from fish, reptiles, or crustaceans; and only
a few from insects (Kanost ¢t al. 1989; Takagi et al.
1990), but it is probable that this represents the scope
of investigations rather than the actual distribution of
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the family. Not all serpins act as proteinase inhibitors;
ovalbumin apparently functioning as a storage protein
in birds’ eggs, angiotensinogen acting as a peptide
hormone precursor, and barley protein 7 demonstrat-
ing no inhibitory activity and possibly present in the
barley endosperm as a storage protein.

The structures of four serpins are known: antitryp-
sin (Loebermann ¢t al. 1984), ovalbumin (Wright e al.
1990; Stein et al. 1991), antichymotrypsin (Baumann
et al. 1991), and plasminogen activator 1 (PAII)
(Mottonen ¢t al. 1992). However, two of these struc-
tures, antitrypsin and antichymotrypsin, are of the
cleaved molecule. The structures of both the cleaved
and intact forms of ovalbumin are known and are
essentially identical, but ovalbumin is not known to be
inhibitory. Furthermore, the structure of PAII is of an
intact but inactive form, as PAIl loses activity
relatively rapidly unless subjected to harsh conditions.
Thus, although the structures of a number of members
of the family are known, little direct information has
been gathered about the nature of the inhibitory
mechanism.

Examination of the serpin structures shows a high
degree of architectural similarity (figure 1). The root
mean square differences amongst the C,s of serpins
range from 0.67 A between antitrypsin and antichy-
motrypsin, to 1.68 A between antitrypsin and PAII,
and to 1.71 A for the comparison of ovalbumin and
PAIl. This conservation of structure implies that
there are considerable constraints on the residues
present at any particular part of the molecule, and
that the serpins might be susceptible to phylogenetic
analysis despite the large evolutionary distances
involved. The structural similarity is reflected in the
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Figure 1. Cartoon representation of four serpins of known structure. Shown are the secondary structure elements of
antitrypsin, antichymotrypsin, ovalbumin and plasminogen activator inhibitor I using the program Molscript
(Kraulis 1991). The structures are each shown in an equivalent orientation. Some residues were disordered in the
PAIl coordinates and hence are absent in this figure.
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Figure 1. Continued.
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sequences where strong conservation is found through-
out the serpins. Simple assessments of sequence homo-
logy suggest conservative amino acid similarities of
between 509, and 1009, despite the considerable
evolutionary distances between many of the distantly
related sequences.

2. METHODS
(a) Sequences

All sequences used in this study were derived from
either the EMBL 24 or GENBANK 66 nucleic acid
databases except where specified otherwise. Where
errors were detected the corrected version was used in
this study and the error reported to the appropriate
database operators. Only those serpins for which the
complete nucleotide sequence was available were
used. These are shown in table 1 along with the
common names used in this paper, the reading frame
used to produce the coding sequence, and the equiva-
lent entries in the SWISSPROT protein database
where appropriate.

(b) Sequence alignment

The translated nucleotide sequences were trimmed
of the regions coding for peptide leader sequences, and
in the cases of Ci-inhibitor (HSCIINHB) and anti-
plasmin (HSAPLA), regions corresponding to long
amino or carboxy terminal extensions were removed.
Initial alignment was done using the program AMPS
(Barton & Sternberg 1987). An initial pairwise analy-
sis using the Needleman and Wunsch algorithm
(Needleman & Wunsch, 1970) was performed and
used as the basis for subsequent multiple alignments.
Most satisfactory results were obtained with a gap
penalty of 12.0 and a constant of 8.0 (see Barton &
Sternberg (1987) for details of these values).

The alignment produced was loaded into the
program HOMED (Stockwell 1988). Regions of con-
served secondary structure were determined from the
superimposed structures of antitrypsin (Loebermann
et al. 1984) and ovalbumin (Stein et al. 1990). The
sequence alignment was refined manually; changes
being made according to the principle that gaps and
deletions in the sequence are more likely to be found
in loops between regions of secondary structure than
in a-helices or B structure (Lesk & Chothia 1980,
1982; Chothia & Lesk 1986; Lesk et al. 1986).
However, relatively minor adjustments were required
to produce a satisfactory alignment. Where appro-
priate, leader sequences and previously removed
extensions were reintroduced to the alignment. No
attempt was made to align the leader sequences as
homologies in these regions were considered to be
unrelated to their properties as serpins. This align-
ment is shown in figure 2. Also indicated in this
alignment are the secondary structure assignments for
antitrypsin and the antitrypsin numbering as well as
those regions used in the phylogenetic analysis below.

The proportion of identical and conservative amino

Phil. Trans. R. Soc. Lond. B (1993)

acid replacements was determined. The percentage of
identical amino acids was calculated by assigning a
value of 1 for a match or 0 for a nil match, and
averaging the score over the length of the alignment.
The distribution of identical amino acid replacements
is shown in figure 3a. Conservative amino acid
replacements were calculated by reference to a PAM
250 matrix adjusted by addition of a constant to
remove all values less than or equal to zero. The value
assigned to the pairing of residues ¢ and j considered to
be aligned was determined to be #;/n; where n; was
the Dayhoff value for replacement of residue ¢ by
residue j and n; was the Dayhoff self-replacement
value for residue i. The calculation was repeated for
each aligned residue in the pair of sequences and the
score averaged over the total length of the alignment.
This procedure was repeated for each pair of aligned
sequences (see Stockwell 1988) and the distribution of
the values produced is shown in figure 34.

To calculate theoretically expected values the rela-
tive frequencies of each amino acid in the aligned
sequences was determined. For identical replacements
the theoretical percentage identity can be determined
by equation 1 where f; is the relative frequency of the
ith of the twenty amino acids.

20
Ipredicted = Z f12 (1)

i=1
For conservative replacements the theoretical value is
given by equation 2 where f; and f; are the relative
frequency of each pair of amino acids, n;, ny, n; and n;;
are as above.

20 j<if_.f N n
7 7
Cpredicted: Z z - _J+l . (2)
= 2 \moomy

Each pair of amino acids were considered as amino
acid 7 replacing amino acid j and as j replacing 7 as a
proportion of the self-replacement value (i.e. as ¢
replacing ¢, and j replacing j), and the average of the
two used as it was considered equally likely that ¢
should replace j as j replace i. The theoretically
expected scores are shown in figure 3a,b.

The amino acid alignment was converted to an
alignment of nucleic acids using a new version of the
program HOMED. In this version, nucleotide sequences
comprise the database, but may be displayed and
edited as either DNA or amino acid sequence.

(¢) Gene trees

The aligned sequences were prepared for phyloge-
netic analysis by the removal of regions where many
gaps and deletions were present, and by the removal
of amino and carboxy terminal sequences. The major
region removed from analysis was the area corres-
ponding to the loop between the C and D helices of
antitrypsin. Figure 2 indicates the regions of sequence
used in phylogenetic analysis. The edited regions were
written out from HOMED in a form suitable for analysis
by the puyLIP package of programs developed by
Felsenstein (1988) and analysed as set out below.
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Analysis by DNAPARs was done on 2000 bootstrap
replacement sequence alignments produced by the
program SEQBOOT, using the multiple sequence option
of the program. During DNAPARs runs, a threshold
level of 12 was chosen, whereby only the first twelve
steps at a particular site in the analysis were con-
sidered in scoring, making the analysis intermediate
between maximum parsimony and maximum likeli-
hood (Felsenstein 1983, 1988). This has the advantage
of reducing the tendency of maximum parsimony
analysis  to differences between
sequences. The outgroup species was defined as barley
protein Z (HVPROTZG) on the grounds that this
was a priort the most evolutionarily distant sequence.
Trees produced by these runs were weighted in inverse
proportion to the number found in each individual
analysis and the consensus sequence determined by
the program coNnsENsE from the package puyYLIP. The
sequences were then fitted to this tree and the number
of steps between each node determined and used for
calculating the branch lengths. A similar analysis was
done by adding the sequences to the tree in a random
order which gave results very similar to that produced
by the bootstrap method. An indication of the reliabi-
lity of each of the branches of the tree was produced
by calculating as a percentage the fraction of occur-
rences that a particular branch occurred in all the
trees. These data are shown in figure 5 at each
branch.

All analyses were performed on either a Digital
DECStation 5000/200 running Ultrix V 4.2, or a
MicroVAX II running the VMS operating system V
5.4.

over-emphasize

(d) Structural analysis

The structures of antitrypsin (6API), ovalbumin
(IOVA) from the Brookhaven Structural Database
(Bernstein et al. 1977; Abola et al. 1987), PAIl and
antichymotrypsin were overlaid according to sequence
similarity as determined above, or by comparison of
similar secondary structural elements. The ovalbumin
structure used was that of the intact form (Stein et al.
1990, 1991), as the cleaved and uncleaved forms are
essentially identical.

The root mean square differences between G, atoms
of each structure after three-dimensional multiple
least squares alignment were calculated by the pro-
gram Quanta running on a Silicon Graphics Iris 4D25
computer. Superpositions were made by pairing resi-
dues considered to be structurally equivalent either by
considering the sequence alignment in figure 2 or by
examination of the known secondary structure of the
molecules. The region corresponding to sheet s4A and
the beginning of sheet s1C in antitrypsin (residues 345
to 365 inclusive) was not included in any of the
alignments or calculations of fit as this region is known
to vary widely in position in three of the four
structures. The superpositions are shown in table 2
where the differences between the two different
methods of superposition for each of the six possible
pairings are shown.

Phil. Trans. R. Soc. Lond. B (1993)
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3. RESULTS
(a) Sequence alignment

The aligned sequences are shown in figure 2.
Sequences are labelled with the EMBL or GENBANK
identifiers. A key to the common names can be found
in table 1. Only those serpins for which the complete
nucleotide sequence was available have been included
in this study to avoid problems with aligning incom-
plete sequences and subsequent difficulties in deter-
mining phylogenetic relationships from incomplete
data. Mouse contrapsin was one sequence excluded on
these grounds. In addition, some sequences were not
susceptible of analysis as although the protein
sequence was available, the nucleotide sequence was
not. Mouse angiotensinogen fell into this category.
Indicated in figure 2 is the numbering and structural
elements for antitrypsin (Loebermann et al. 1984), as
are the regions selected for phylogenetic analysis.

Automatic multiple alignment of the serpins using
amps (Barton & Sternberg 1987) was found to be
significantly improved by the removal of amino and
carboxy-terminal extensions. For example, the amino-
terminal extension of Ci-inhibitor of about 200 amino
acids containing a repeated glycosylation site, has a
sequence quite unlike any of the other serpins. As this
region is heavily glycosylated and appears to form a
domain distinct from the serpin-like sequence, it is not
surprising that its presence confounds attempts to
align Ci-inhibitor with other serpins. Some serpins
proved difficult to align and required considerable
attention in some regions. In particular C;-inhibitor
caused difficulties which appear to be related to the
presence of a repeated motif in the amino-terminal
half of the sequence at about residue 100. Other
proteins that were problematic included pig uterofer-
ritin-associated protein and barley protein Z. How-
ever, even in these sequences, conserved motifs were
present and allowed relatively unambiguous align-
ment of these regions at least.

The alignment produced by amps conformed well to
other alignments (Huber & Carrell, 1989) and, with
few exceptions, placed regions of sequence variation,
especially of length, in the regions between structural
elements. The notion of structurally conserved regions
joined by loops of essentially variable structure and
length is well established (Chothia & Lesk 1986; Lesk
et al. 1986) and is a very useful consideration when
aligning sequences where at least a few structures are
known.

The sequence similarity expressed as percent identi-
cal amino acids and percent conservative amino acid
replacements is shown in figure 3. The proportion of
identical amino acids varies from about 129, to 100%,,
with the majority in the range 159, to 309, (figure 3a)
suggesting rather low similarities in some instances.
The calculated match for a set of sequences of this
composition was 4.69%,, less than half of the lowest
measured value.. Consideration of percent conserva-
tive amino acid changes indicates much stronger
similarity with values typically in the range 55-759%,
(figure 3b), compared with a calculated value of 279%,.
Both distributions are skewed towards the upper
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Table 1. The sequences used in the alignment

(The common name for each sequence and the abbreviation used in the text, where
applicable, is shown along with the EMBL or GENBANK identifier and the
corresponding identifier from the SWISSPROT protein database where appropriate.
The regions selected to produce the final reading frame are indicated.)

Common Name and abbreviation EMBL 24 SWISSPROT Regions Selected for

used in the text Entry Entry Reading Frame
@ Bovine plasminogen activator in- BTPAI1MR PAI1$BOVINE  122..190, 191..1327
hibitor 2 (bovine PAI2)
] Chicken ovalbumin CHKOVALM! OVAL$CHICK  66..1226
< Chicken gene Y GGOVAY OVAY$CHICK 1822..1989, 2535..2585,
>-4 >" 2941..3069, 3917..4036,
O = 4258..4398, 4480..4635,
Cﬁ 8| ) ) : 5512..5910
- Human antichymotrypsin HUMA1ACM A1AC$HUMAN 15..86, 87..1310
O Human antitrypsin HSA1ATP A1AT$HUMAN 7317..7387, 7388..7961,
: O 9412..9682,
10939..11086,
= w 11910..12098
e Human angiotensinogen HSANG ANGT$HUMAN 40..138, 139..1494
<z Human antiplasmin HSAPLA A2AP$HUMAN 1..108, 109..1464
L_) o) Human antithrombin HSATIII ANT3$HUMAN 47..1438
T = Human Cl-inhibitor HSC1INB IC1$HUMAN 36..101, 102..1535
8 5 " ?uma.n cortisol-binding globulin HSCBG CBG$HUMAN 36..101, 102..1250
CBG)
85) O Human protein C inhibitor HSCINHP IPSP$HUMAN 47..103, 104..1264
= E Human glisl-derived nexin (hu- HSGDN GDN$HUMAN 1.1191
- man GDN)
E E Human heparin cofactor II (HCII) HSHCII HEP2$HUMAN 29..85, 86..1525
Human plasminogen activator HSPAI2 PAI2$HUMAN 56..1303
inhibitor 2 (human PAI2)
Human plasminogen activator in- HSPAIR PAI1$HUMAN 127..195, 196..1332
hibitor 1 (human PAI1)
Human thyroxine-binding globu- HSTBG TBG$HUMAN 331..390, 391..1575
lin (TBG)
Barley protein Z HVPROTZG? PRTZ$HORVU  Brandt et al. (1990)
Vaccinia serine proteinase M24217 SPI1$VACCV 927..1985
inhibitor 1
Vaccinia serine proteinase M24218 SPI2$VACCV 295..1320
inhibitor 2
Mouse antitrypsin MMAAT A1AT$MOUSE 9..1250
Manduca sezxta proteinase MSPROI SERA$MANSE 25..72, 73..1200
inhibitor
Mouse plasminogen activator MUSPAI2! PAI2$MOUSE  13..1257
E— inhibitor 2 (mouse PAI2)
Sheep antitrypsin OAPIA1AT AIAT$SHEEP  6..77, 78..1253
Sheep uterine milk protein OAUMPA A33309 49..1338
Rabbit fibroma virus serpin OCRFVHOM C* YSER$RABBIT  365..1447
- (of complement)
< Pig antichymotrypsin PIGA1ACM! 49..1326
>.4 >'* Baboon antitrypsin PPATRP A1AT$PAPAN 3..1229
O - Cowpox (CPV-W2) gene PXCPVWPV HI38$COWPX 295..1320
48] Vaccinia B13R gene PXVACBO1 121..1158
Qd - Rat angiotensinogen RNANG ANGT$RAT 62..1494
O Rat glial-derived nexin (rat GDN)  RNGDN GDN$RAT 1..57, 58..1191
E o Rat serine proteinase inhibitor 1 RNSEPI1 130..1338
Rat serine proteinase inhibitor 2  RNSEPI2 123..1343
[_" I Rat serine proteinase inhibitor 3 ~ RNSEPI3 129..1355
Rat spi-1 serpin RNSPI1 SI1$RAT 77..1045
Rat spi-2 serpin RNSPI2 SI20$RAT 60..1320
Rat spi-2.3 serpin RNSPI23 SI23$RAT 82..1329
Pig uteroferrin-associated protein = SSUFBP UFBP$PIG 64..1317

tEntry taken from GENBANK 66. *Entry modified from HVPROTZ according to Brandt et
al. (1990). *The “C” indicates that the complement of the sequence entry OCRFVHOM was used
in this study.
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range, a phenomenon caused by the presence of a
number of highly related sequences in the database.

Examination of the sequence alignment reveals a
number of features. The A helix is variable in length
being shortened by three or four residues, or one turn
at the amino terminal end, in the ovalbumin/PAI2
families and truncated by almost half in the pox virus
serpins. This suggests that this helix is not crucial for
structure despite its prominent position in ovalbumin
and antitrypsin. In antithrombin the region corres-
ponding to the A-helix is preceded by about 45
residues which play a significant role in the binding of
heparin to antithrombin and appear to be involved in
heparin-binding. Longer extensions are found in
heparin cofactor 11, antiplasmin, C;-inhibitor and the
angiotensinogens. It is not clear that these regions
form the same compact fold that is assumed for the
antithrombin extension. In C;-inhibitor at least, it
appears that this region forms an extended, highly
glycosylated ‘brush’ that is distinct from the serpin
fold. The angiotensinogens are a special case as the
amino-terminal region is the origin for angiotensin
which is released from the rest of the molecule in a set
of specific cleavages, and it is likely that this region
also forms an extended structure that allows proteases
access to the cleavage sites.

A block of strongly conserved residues are found in
strand six of sheet B (s6B) and helix B, including an
almost completely conserved Ser-Pro dipeptide at
antitrypsin residues 53 and 54. The region between
helix C and helix D, including helix Cl, is very
variable in length and includes an insertion of about
30 residues in PAI2 sequences. In addition, many of
the helix D residues are absent in the pox virus
serpins, and this helix is completely absent in the
malignant rabbit fibroma virus serpin (OCRFVHOM
C). Residues in the D-helix have been implicated in
heparin-binding in several serpins, namely heparin
cofactor II, antithrombin and protease nexin (Craig et
al. 1989; Sun & Chang 19894; Sun & Chang 19896;
Borg et al. 1990; Evans et al. 1990; Loganathan et al.
1990; Whinna et al. 1991; Evans et al. 1992), and it is
possible that this region, which forms a ‘face’ is
important in ligand binding and so might be expected
to be variable.

Further conserved regions of sequence are present
in sheet 2A and helix E. Helix I sits above and
approximately parallel with the A B-sheet. The pep-
tide strand forms a bend after the F helix and returns
alongside it in a series of B-bulges (Loebermann et al.
1984). Within the F helix occurs a highly conserved
dipeptide Ile-Asn, where a hydrogen bond between
the sidechain of the asparagine residue and the
backbone of the 8-bulges serves to pin these structures
together. This hydrogen bond would appear to be
important in the conservation of the structure of the
F-helix and bulges. Further conserved regions are
found in many of the regions of secondary structure,
particularly strands 3A, 4C and 3C, where it is likely
they play some role in maintaining those structures.

At the boundary between strands 5A and 4A lies an
area of strong sequence conservation, particularly a
glutamine at antitrypsin 342. A mutation at this Glu
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Figure 3. Distribution of homology scores. In each case the
scores have been divided into bins of width 59, and the
histogram plotted. (a) The scores obtained by calculation of
pairwise percentage identities are compared with the value
expected for a pair of sequences of the same composition as
the serpins but of random sequence order. (b) Pairwise
conservative amino acid replacement scores are shown
compared with the expected conservative value of a pair of
sequences of random order but of a composition similar to
that of the serpins.

to Lys in antitrypsin causes the Z antitrypsin pheno-
type associated with the formation of antitrypsin
aggregates in the liver of affected individuals. Recent
work has shown that this mutation favours the
insertion of s4A into the A-sheet either by releasing
strand 4 from its correct fold, or by making the A
sheet more receptive to the insertion of the s4A loop
(Lomas et al. 1992). The consequence of this interac-
tion is the formation of extensive aggregates with
serious effects on the liver of affected individuals. This
Glu is conserved in all but two of the serpins shown in
figure 2 — human and rat angiotensinogen — and these
two serpins are not known to undergo the character-
istic change of thermal stability after cleavage and are
not known to be inhibitory.

The region of the reactive centre loop, s4A in
antitrypsin, is quite variable in composition particu-
larly in the latter part of the strand, as are the P; and
P71 residues that form the active site itself. The region
between Glu342 and the reactive centre at P;—Pj is
quite conserved at the amino terminal end, a conse-
quence probably of the specific requirements for the
reinsertion of the strand into the sheet (Huber &
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Table 2. Differences among four serpins superimposed
either by a sequence or a structural basis. Structures
were superimposed and the root mean square (RMs)
differences in A between equivalent C, atoms calcu-
lated and shown for both sequence and structure
based superpositions, and for the difference between
them.

rMs differences in angstroms (A)

molecules
compared sequence structure difference
antichymotrypsin
vs antitrypsin 0.709 0.659 0.050
vs ovalbumin 1.534 1.468 0.066
vs PAIl 1.740 1.676 0.064
antitrypsin
vs ovalbumin 1.922 1.596 0.326
vs PAIl 1.631 1.594 0.037
ovalbumin
vs PAII 1.723 1.708 0.015

Carrell 1989; Carrell ¢ al. 1991), but becomes more
variable closer to the reactive centre itself. The
variability here probably reflects different specificity
amongst the serpins and the differing requirements for
interactions with the appropriate cognate protease.

Strand 1 of sheet C (s1C) is also quite variable in
length and composition although at the boundary
between it and s4B there is a conserved region
including a Pro—Phe pair. It has been suggested that
this region forms a ‘stalk’ important both for function
and perhaps for control of specificity (Huber &
Carrell 1989; Engh e al. 1990; Mottonen et al. 1992).
The region on this side of the reactive centre seems to
act as an anchor for the retention of structure after
cleavage and subsequent final folding and displays
considerable regions of local sequence homology
among all the serpins.

A more complete account of structurally significant
residues and their role in serpin architecture can be
found in Huber & Carrell (1989).

(b) Structural analysis

To make an estimate of the reliability of the
alignment shown in figure 2, superpositions were
made of the four available serpin structures. Superpo-
sitions were based either on the sequence alignment
where the three-dimensional superposition was based
around amino acids considered to be related in the
sequence alignment, or on secondary structure ele-
ments common to both structures. Table 2 shows the
result of these superpositions, where both the sequence
and structure based figures are presented, as is the
difference reported between each method. Superposi-
tion based on common structural units is to be
preferred where both structures are available as the
actual positions of amino acids in both structures are
known. The more accurate a predictor of structure is
the sequence alignment, the smaller should be the
variations in the fit of the different superpositions
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based either on sequence or structure. The data
presented in figure 2 suggest that this was so. The
variations in fit are from 0.015 A for ovalbumin—
PAIl, 0.064 A for antitrypsin-antichymotrypsin, to
0.326 A for the ovalbumin-antitrypsin comparison.
Examination of the data in table 2 shows that that
latter figure is the most different. Examination of the
superimposed structures showed that the region of
poor fit was in the helix G, Cl and D region where the
greatest diversity of length in the sequences occurs.
About five residues are poorly aligned here and
account for most of the variation observed in the
antitrypsin—ovalbumin pairing. It is noteworthy that
the prediction for antichymotrypsin—ovalbumin com-
parison is not similarly incorrect. That these varia-
tions are modest suggests that the alignment predicts
the secondary structure reasonably well.

A distinction must be drawn between these varia-
tions and the actual root mean square difference. The
root mean square difference would be expected to
grow as the sequence similarity declined, until at
values of sequence identity of only 10-15%,, the root
mean square deviation reaches about 2.4 A (Chothia
& Lesk 1986) and seems to be related to the finding
that structural elements remain well-conserved but
the exact orientation of the elements changes (Lesk &
Chothia 1980, 1982; Chothia & Lesk 1986; Lesk et al.
1986; Chothia & Finkelstein 1990). Although only
four serpins were able to be analysed in this way, the
results suggest some confidence may be placed in the
sequence alignment. The accuracy of the sequence
alignment is essential to the determination of the
phylogenetic trees as even a small area of misplaced
sequence may lead to quite incorrect trees.

(¢) Gene tree analysis

The best method for calculating gene trees from
sequence data is an issue that is still much debated.
Much of this debate centres on whether distance or
parsimony methods are more appropriate for phyloge-
netic analysis of sequence data. Recent work has
suggested that for a completely known phylogeny of
strains of phage T7, maximum parsimony analysis
gave the answer most consistent with the known
phylogeny (Cunningham et al. 1992). A number of
methods of phylogenetic analysis were considered
including heuristic methods such as maximum likeli-
hood (Felsenstein 1981, 1988) but preliminary work
indicated these methods gave inconsistent and contra-
dictory results. For this analysis the maximum parsi-
mony method was adopted which gave rise to some
problems. The number of possible unrooted trees N
for n sequences (or different characters) is given by

(2n—>5)!

N:2"-3(n—3)!’ ®)

and so to determine the minimum length tree by
examining every possible arrangement of the branches
for the thirty seven sequences analysed here would
require the examination of about 3.4 x 10* arrange-
ments. Since only some 10 seconds have elapsed
since the beginning of the Universe, this is clearly an
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impracticable number of trees to analyse and this is a
member of the class of NP-complete problems for
which no efficient solution exists. Even when using the
branch-and-bound algorithm of Hendy & Penny
(1982) to simplify the solution, the problem remains
intractable. Consideration was given to reducing the
size of the data set by removing the third codon
position. However many informative sites would have
been lost by this procedure and although the length of
the alignment would have been reduced by a third,
the number of sequences would have remained unal-
tered and the number of possible trees remained the
same. In general, removal of the third codon is a
useful procedure for datasets where the GC content of
the sequences varies widely, but has little advantage in
other circumstances.

The ‘bootstrap’ method was employed (Felsenstein
1985, 1988) to sample the possible tree-space and to
gain information about the reliability of the trees. In
this method, the same set of species is varied by
duplicating some characters and dropping others, to
leave the same number of sites as in the original data.
By doing this, a distribution is created comparable to
the sample of unknown distribution from which the
original data were drawn. Subsequent analysis of the
trees produced, and the calculation of the most
commonly occurring tree or trees, allows a statistical
estimate of the reliability of each branch. This pro-
cedure is not guaranteed to find either the most
parsimonious or the best tree, but provides a good
estimate of the actual phylogenetic tree.

Sequence alignment for tree analysis involved the
removal of regions of the alignment where there were
significant insertions or deletions. The rationale for
this pruning was two-fold. First, the difficulty of
ascribing a reasonable penalty value to such regions.
For example, in human and mouse plasminogen
activator inhibitor 2 (HSPAI2 and MUSPAI2) there
is an insertion of 25 amino acids with respect to
ovalbumin and more with respect to many of the
other sequences. It is difficult to ascribe a score to such
an event; should it be considered as one mutation, as
25 individual changes, or as some intermediate value?
The significant variation in the length of this region
suggests that different evolutionary constraints oper-
ate in the different molecules. Indeed, modelling of
this region in human PAI2 suggests an added loop
packing against the A-helix where there are a number
of mutations from a charged to a neutral amino acid
(C. Marshall, unpublished data).

Second, there is also the question of what role
highly variable areas may have in the protein.
Regions such as the insertion in PAI2 sequences may
confer unique properties on each serpin, but may not
reveal much about common features since the struc-
tural and functional, and hence evolutionary con-
straints, may be quite different. For these reasons,
regions at the amino and carboxyl termini, unique to
specific serpins, were removed from consideration.
The signal sequences, where applicable (and it should
be noted that PAI2 and ovalbumin lack cleavable
amino-terminal signal peptides and have instead an
internal signal sequence (Palmiter ef al. 1978; Ye ¢t al.
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1988, 1989; von Heijne e al. 1991)) were also removed
as it is clear that homology in these regions reflects
functions associated with export from the cell and does
not contribute to the serpin architecture.

The most parsimonious trees were then calculated
using a limited rearrangement of nodes. All the trees
so produced were analysed to find a majority-rule
consensus tree; that is, all the groups that occur in
more than half of the trees produced by the bootstrap
estimation. This was further refined by including
those groups which further resolved the tree and
which did not contradict more frequently occurring
groups. Also calculated was the relative frequency
with which each branch appeared in the final consen-
sus tree. These data are shown in figure 4 and can be
seen to range from about 89, to 1009, although
higher values predominate. The higher each value is,
the more reliable that particular branch is in the
overall alignment. It is clear that outer branches
consistently score higher values than some of those
closer to the ‘root’ of the tree. Overall the tree carries
a low statistical significance, although many of the
branches are well-supported, and consideration of the
tree must be made with this caveat in mind.

Phylogenetic relationships amongst the serpins cal-
culated by the procedure above are shown in figures 4
and 5. The gene tree in figure 5 better shows the
relationships among the whole superfamily of
sequences, whereas the cladogram in figure 4 indicates
the connections within the groups more clearly. The
gene tree shows the presence of three main branches.
The first of these branches (figure 5) contains the
outgroup barley protein Z (HVPROTZG), the insect
serpin from Manduca sexta, the ovalbumin and PAI2
family, the pox virus serpins (M24217, M24218,
PXVAXBOl and PXCPVWPV), and antithrombin
(HSATTII). This branch of serpins is the most diverse
and contains almost all the non-mammalian serpins.
Scores in this part of the tree are reasonably high
suggesting some reliability for this branch. The value
of 509, determined in the arrangement of vaccinia
inhibitor 2, vaccinia BI13R and cowpox CPV-W2
serpins, reflects a trivial rearrangement of these three
sequences. Less reliability is found for the antithrom-
bin branch, although examination of many of the trees
showed this branch to be in this region, if not in
precisely this position.

The grouping of PAI2 and the ovalbumin related
sequences is well supported and is perhaps surprising
considering that the divergence of the birds and
mammals is thought to have occurred about 180
million years ago. The finding that these sequences
lack an amino terminal signal sequence, having
instead an internal sequence that serves the same
purpose (Palmiter et al. 1978; Ye et al. 1988, 1989; von
Heijne et al. 1991), gives support to their being
related. It is likely that ovalbumin has changed from
being inhibitory to acting as storage protein. The role
of the closely related ovalbumin gene Y (and the
partly sequenced gene X protein) is not known, but is
likely to be similar to that of the ancestral ovalbumin/
PAI2 protein.

The second main branch contains the antitrypsin,
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Figure 4. Gene tree of the serpins calculated as indicated in the text. This representation shows the relationship
amongst branches of the tree. Note that the sequence HVPROTZG (barley protein Z) was defined as the outgroup
as a priori it was considered the most evolutionary distant sequence. Branch lengths are proportional to evolutionary
distance. All branch tips, unless stated otherwise, are human.

antichymotrypsins and the related sequences. This
overall branch has a high percentage occurrence
although some of the sub-branches are less common.
Cortisol and thyroxine binding globulins (CBG and
TBG) are suggested to be closely related and to be
members of the antitrypsin family. Variation in the
branch placing here consisted mostly of CBG being
placed as a branch of the antitrypsin grouping and the
TBG branch ancestral to that. The tree for the
antitrypsin is sufficiently strong to be authoritative
and shows the branching pattern expected from
conventional phylogenetic data. The rat SPI and
SEPI sequences appear to be members of the antichy-
motrypsin branch, and the 419, at the branch
involving rat SP12, SP123 and SEPI2 reflects a trivial
rearrangement of the very closely related branches.
The branching pattern suggests that human and pig
antichymotrypsins are not particularly closely related,
and these, and the last member of this branch, human
protein C inhibitor (HSCINHP) receive strong sup-
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port from the fraction of times that branch occurs.
The support for the relationship between the antitryp-
sin and antichymotrypsin branches is low, although
examination of alternative trees suggests the basic
pattern is correct.

The last of the main branches is less reliable than
the other two. Many of the branches occur infre-
quently, and this should be considered the most
speculative branch of the whole tree. The angiotensi-
nogens (HSANG and RNANG) appear to be related
to antiplasmin (HSAPLA) and C;i-inhibitor
(HSCI1INHB), either from a single common ancestor,
or having diverged from the parent branch one after
the other. All these sequences have amino terminal
extensions. In the angiotensinogens this region is
processed to form angiotensin, a peptide active in
control of blood pressure. Ci-inhibitor, as discussed
above, has an extra, highly glycosylated domain at the
amino terminus. Antiplasmin also has an amino
terminal extension although no specific function has
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programs.

been ascribed to it. These data provide some biologi-
cal evidence of relatedness.

Heparin cofactor IT (HSHCII) is a member of the
third main branch. Physiologically heparin cofactor IT
appears to be related in function to antithrombin and
the control of blood-clotting, and both are activated
by sulfated polysaccharides such as heparin. However
the phylogenetic evidence suggests that the sequences
are not particularly closely related and their similarity
of function is more likely to be the consequence of
convergent evolution. The exact placement of the
heparin cofactor II branch is very poorly supported,
the branch shown here being present in only 8%, of
the total trees. However, in very few of those

Phil. Trans. R. Soc. Lond. B (1993)

alternative trees were antithrombin and heparin
cofactor II considered to be related.

Also on this branch are sheep uterine milk protein
(OAUMPA) and pig uteroferrin associated protein
(SSUFBP). The function of these serpins is unknown
but they appear to play some role in reproduction. A
serpin (OCRFVHOM Q) initially isolated from a
rabbit cell line, and later shown to be derived from a
fibroma virus infecting the cells (Upton et al. 1986), is
related to this branch. It is likely that this sequence is
derived from a rabbit serpin in this group. Further-
more, this viral serpin appears to be rather distantly
related to the pox virus serpins (M24217, M24218,
PXVAXB0Il and PXCPVWPV).
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The final grouping on this branch is that of the
glial-derived nexins (HSGDN and RRGDN) and the
plasminogen activator inhibitors I (BTPAIMR and
HSPAIR). These serpins are both involved in tissue
remodelling and appear to be relatively closely
related. The relatively low proportion of times this
branch occurs (499,) is partially related to variation
in the placement of the rabbit fibroma virus branch
rather than placement of either the PAIl or glial-
derived nexin (GDN) branches elsewhere.

4. DISCUSSION

The serpins are a family of proteins widely distributed
throughout the animal and plant kingdom and pos-
sessing a diverse range of functions. Despite the
evolutionary distances among serpins and their differ-
ent functions, the overall serpin structure appears
highly conserved. The conservation of structure sug-
gests that the serpin architecture can tolerate only a
limited range of changes. Evidence for this is particu-
larly apparent when the structures of the human
proteinase inhibitor antitrypsin and the chicken egg
storage protein ovalbumin are compared. It has been
suggested that intact serpins can be considered as
trapped folding intermediates, which can only reach a
final, stable state after cleavage (Loebermann et al.
1984). Some physical evidence favouring this view has
been adduced which suggests that intact and func-
tional serpins have strained secondary structural ele-
ments that adopt a relaxed form upon cleavage and
rearrangement (Gettins & Harten 1988; Gettins 1989;
Haris et al. 1990; Carrell et al. 1991). It is possible that
it is these constraints that have maintained the
similarity of structures and sequences within the serpin
family.

The alignment described in this paper has been
made by considering both sequence data and struc-
tural information. A number of features appear that
assist in aligning new sequences. Confirmation of the
overall correctness of the alignment comes from the
similarity of structural superpositions based either on
sequence or secondary structure data. This allows the
alignment to be used with some confidence in identify-
ing regions of interest in new serpins, and should allow
the more reliable identification of the active site and
other regions of significance in new serpin sequences.

The use of the bootstrap in conjunction with
parsimony analysis has been found to be a powerful
technique and has been widely used in identifying
plausible phylogenetic trees (Thomas et al. 1989;
Tristem et al. 1990, 1992; Cunningham et al. 1992;
Hillis ¢t al. 1992). The danger of not adequately
exploring the possible trees inherent in a dataset has
been emphasized by recent work questioning the
phylogenetic analysis of a human mitochondrial data-
set by Wilson (Cann et al. 1987; Vigilant et al. 1991,
Gibbons 1992; Thorne & Wolpoftf 1992; Wilson &
Cann 1992).

A striking finding of the serpin gene tree and
cladogram is the evolutionary diversity among mam-
malian serpins when compared with those serpins
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expected to be evolutionarily distant. For example,
the evolutionary distance found in this analysis
between human antitrypsin and glial-derived nexin is
of a similar magnitude to that between human
antitrypsin and barley protein Z. Furthermore, the
tree distance between barley protein Z and the serpin
from the insect Manduca sexta is relatively small despite
the large evolutionary distance between these organ-
isms. Even with constraints limiting the degree to
which serpins can mutate and remain serpins, it is
surprising that the tree distance is not greater; perhaps
of a similar size to the distances found among the
mammalian serpins. It is possible that these relatively
small evolutionary distances reflect a limitation on the
amounts serpins can vary and remain serpins; a
suggestion which may possibly relate to the strong
architectural constraints on serpins discussed above.
However, the variation among mammalian serpins
remains surprisingly high. It is possible that there has
been a significant radiation of serpin function in
mammals, and possibly in birds (although it is possible
that this observation comes from sampling biased
heavily toward mammalian serpins).

To examine this possibility it would be instructive
to look for other serpins in birds and possibly in
reptiles and calculate their relationship with the
mammalian serpins. Recent findings include novel
serpins from wallabies (Patterson et al. 1991), a serpin
found in the endoplasmic reticulum of myoblasts
(Clarke et al. 1991), and another associated with
kallikrein-binding (Chai et al. 1991). An example of
an important area where serpins have newly been
found to have a significant role is in the control of
neural growth and remodelling where both PAIIl and
GDN have been shown to be important (Monard ef al.
1983; Reinhard ¢t al. 1988; Wagner et al. 1989;
Cunningham et al. 1990; Festoff ¢t al. 1990; McGrogan
et al. 1990; Seeds et al. 1990). If it is true that serpin
function has expanded in mammals, then it is likely
that many more serpins with new functions remain to
be found in this group.

I acknowledge the valuable help and advice of Arthur Lesk,
Peter Stockwell and John Cutfield. Rick Engh kindly
provided antichymotrypsin coordinates after Baumann ef al.
(1991) and Betsy Goldsmith the coordinates of PAIl after
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reassurance about producing phylogenetic trees. The author
was the recipient of an HRC-Wellcome Overseas Research
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