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Phylogenetic analyses of 110 serpin protein sequences revealed clades consistent with independent phylogenetic
analyses based on exon-intron structure and diagnostic amino acid sites. Trees were estimated by maximum like-
lihood, neighbor joining, and partial split decomposition using both the BLOSUM 62 and Jones-Taylor-Thornton
substitution matrices. Neighbor-joining trees gave results closest to those based on independent analyses using
genomic and chromosomal data. The maximum-likelihood trees derived using the quartet puzzling algorithm were
very conservative, producing many small clades that separated groups of proteins that other results suggest were
related. Independent analyses based on exon-intron structure suggested that a neighbor-joining tree was more ac-
curate than maximum-likelihood trees obtained using the quartet puzzling agorithm.

Introduction

Serpins (serine protease inhibitors) are a large,
structurally heterogeneous, and functionally diverse
family of proteins found in organisms ranging from
viruses to vertebrates (Potempa, Korzus, and Travis
1994; Gettins, Patson, and Olson 1996). Serpins are
characterized by a conserved domain of approximately
370-390 amino acids occasionally flanked by amino-
and carboxyl-terminal extensions. The tertiary struc-
ture consists of three beta sheets and nine alpha helices
(Huber and Carrell 1989; Gettins, Patson, and Olson
1996). The reactive center loop of the molecule con-
nects beta sheets A and C and often acts as **bait”’ for
a target serine protease (Potempa, Korzus, and Travis
1994).

The evolutionary origin of serpinsis unclear. Mem-
bers of this superfamily have not been found in pro-
karyotes or even in yeast; however, they are present in
viruses and many different groups of eukaryotes, in-
cluding plants, nematodes, arthropods, and vertebrates.
This distribution suggests that serpins may have arisen
early in eukaryotic evolution, possibly by fusion of two
ancestor polypeptides that ligated an N-termina helix-
rich domain to the carboxyl domain of present-day ser-
pins, which consists primarily of B-sheets (Wright
1993).

Several aspects of the serpins suggest that they
might provide an excellent vehicle for studying impor-
tant questions about protein evolution, structure, and
function. First, there has been an extensive functional
radiation among serpin proteins. Serpins regulate nu-
merous separate intracellular and extracellular process-
es, including blood coagulation, fibrinolysis, cell migra-
tion, cell differentiation, embryo implantation, comple-
ment activation, tumor suppression, and other functions
(Potempa, Korzus, and Travis 1994). While most serpins
appear to act as protease inhibitors (Wilczynska et al.
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1995), some have lost this inhibitory role and function
instead in blood pressure regulation (angiotensinogen)
or hormone binding (corticosteroid-binding globulin).

Second, there is considerable gene clustering. For
example, the genes coding for human «j-antichymo-
trypsin, protein C inhibitor, kallistatin, «j-antitrypsin,
and corticosteroid-binding globulin all occur in close
proximity on the same human chromosome, suggesting
that they might have arisen by tandem duplications from
acommon precursor (Billingsley et al. 1993; Rollini and
Fournier 1997). However, in spite of their close physical
proximity, these proteins have disparate functions, rais-
ing interesting questions about the evolution of gene
function and expression.

Third, serpin genes exhibit a variety of distinct
exon-intron patterns. The exon-intron structure of genes
may contain important phylogenetic signals, and several
authors have suggested the feasibility of evolutionary
classifications based on comparative intron positioning
(Long, de Souza, and Gilbert 1995; Logsdon, Stolzfus,
and Gilbert 1998). This is certainly true for the serpin
genes (Bao et al. 1987; Ragg and Preibisch 1988; Re-
mold-O’Donnell 1993; Ragg et al. 2001). However, it is
unclear whether classifications based on exon-intron
structure are congruent with those based on amino acid
sequence data. Indeed, it is well known that different
estimates of phylogenetic relationships may result from
analyses carried out on data from different levels of bi-
ological organization (e.g., Patterson 1987; Sanderson
and Hufford 1996; Li 1997; Patthy 1999). Considerable
data are available for serpin proteins from different lev-
els of organization which can be used for comparative
analyses of phylogenetic signals. Such comparative
analyses can provide important information about the
concordance of genomic, functional, and evolutionary
classifications.

Fourth, many groups of proteins exhibit dynamic
structural properties (Branden and Tooze 1999); how-
ever, the origins and diversification of such dynamics
are poorly understood. Because serpins exist in active,
cleaved, and latent forms (Irving et al. 2000), detailed
analyses of their evolutionary diversification may prove
to be very useful in resolving questions about the origin
and dynamics of such structural heterogeneity.



Thus, these attributes suggest that serpins constitute
an important group for comparative evolutionary anal-
yses of protein structure and function. However, such
studies require a well-documented phylogeny upon
which to base speculations about structural and func-
tional variation. For example, a reliable phylogeny
should provide a plausible explanation for variation in
genomic structure, since exon-intron structure is well
known to change over evolutionary time. Indeed, an un-
derstanding of the patterns of change in genomic struc-
ture will facilitate an understanding of the evolutionary
history of the genes and their products. Elsewhere, we
have shown that exon-intron structure is an important
indicator of phylogenetic history in the serpins (Ragg et
al. 2001). However, the most recent phylogenetic anal-
yses of the serpin proteins by Irving et a. (2000) ignore
the consequences of exon-intron structure on estimates
of phylogenetic relationships.

Here, we provide a robust evolutionary classifica-
tion for a large group of serpins derived from several
tree reconstruction methods. These analyses integrate
amino acid sequences with exon-intron structure and
family-specific diagnostic amino acid sites. They eval-
uate the null hypothesis that classifications based on
amino acid sequence data and exon-intron structure are
concordant.

Materials and Methods
Database

A total of 110 serpin sequences obtained from
SwissProt and GenBank were aligned using the Dialign-
2 agorithm (Morgenstern, Dress, and Werner 1996) and
subsequent manual improvement of the alignment by
eye. Abbreviations of protein names used throughout
this report are provided in the appendix.

To integrate exon-intron structure with amino acid
sequence changes, we constrained the database to in-
clude primarily those serpin sequences whose genes had
well-documented exon-intron structures. We included
only those vertebrate serpin genes for which the geno-
mic structure had been clearly established from the ge-
nomic and cDNA sequences available (as of fall 1999).
We took advantage of the fact that orthologous serpin
genes (i.e., those coding for the same protein in distinct
organisms) apparently exhibit the same exon-intron
structure, at least in the conserved part of the serpins
(i.e., downstream of amino acid position 32 using the
aq-antitrypsin standard of Ragg et a. [2001]). Conse-
quently, only one gene was chosen from any such family
of orthologous genes, and, when known, we chose the
human gene.

To conserve space, we have placed alist of protein
sequences, phenotypes, and accession numbers, the se-
guence alignment, and other descriptive materials on a
permanent website (http://bibiserv.techfak.uni-bielefeld.
de/library/serping/).

Phylogenetic Methods

Matrices of pairwise maximum-likelihood (ML)
distance estimates (Durbin et al. 1998) were computed
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from the aligned serpin domain sequences using either
the BLOSUM 62 or the Jones-Taylor-Thornton (JTT)
substitution matrix. The BLOSUM (blocks substitution
matrix) scores are derived from local, ungapped align-
ments of a large number of distantly related proteins
(Henikoff and Henikoff 1992). Severa variations of the
BLOSUM matrix are available (e.g., BLOSUM 62)
where the number refers to the minimum percentage of
identity of the blocks used to construct the matrix. In
contrast, the JTT substitution matrix (Jones, Taylor, and
Thornton 1992) uses a large collection of global align-
ments of closely related sequences.

Phylogenetic trees were estimated using ML and
neighbor-joining (NJ) methods. ML methods are often
preferred for estimating phylogenetic trees because
they are based on explicit statistical models. Unfortu-
nately, ML approaches are often not computationally
feasible, particularly for moderate-to-large data sets.
The quartet puzzling (QP) algorithm was introduced as
a faster way to carry out ML phylogenetic analyses
(Strimmer and von Haeseler 1996). Consequently, we
used QP (as implemented in PUZZLE 4.0.2) for these
analyses because the computation requirements of oth-
er ML methods could not be satisfied for a data set of
110 sequences.

QP reconstructs ML trees for every quartet that can
be formed from n sequences. Starting with one of the
ML quartets, the neighbor relations of the remaining
quartets are used to direct the addition of taxa, and this
process continues until a complete n-taxon tree is con-
structed. This **puzzling” step is repeated 1,000 times
with a different initial quartet and taxon addition order
each time. A majority-rule consensus then generates the
QP tree using only the well-supported taxon groupings.
QP provides a resolved tree, reflecting only if the data
are conclusive; otherwise, a multifurcating tree is con-
structed. The resulting ML trees estimated from BLOS-
UM 62 and JTT are denoted ML(B) and ML (J), respec-
tively. Estimates of support analogous to bootstrap val-
ues are assigned to each node of the tree. QP also com-
putes the number and percentage of unresolved quartets,
i.e., those for which the ML values of the three quartet
topologies are so similar that it is impossible to chose
among them (Strimmer, Goldman, and von Haeseler
1997).

In addition, NJ trees (Saitou and Nei 1987) without
QP were produced using the ML pairwise distance ma-
trices from BLOSUM 62 (NJ(B)) and JTT (NJ(J)).
These trees were each bootstrapped 500 times, and a
consensus NJ tree was constructed.

To simplify comparisons, al trees in these analyses
were rooted on PRTZ, which is the major endosperm
abumin and the only plant sequence analyzed here.
Levels of support are coded as filled circles (90%—
100%), open circles (75%—-89%) and plus signs (50%—
74%).

Quartet-Based Clique Analysis

An additional method for determining putative
clades of related sequences, called partial split decom-
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Fic. 1L.—Maximum-likelihood tree of 110 serpin sequences based on the BLOSUM 62 substitution matrix. Codes for estimates of support

are provided in the figure.

position, was developed to provide a nonhierarchical
way of clustering sequences. Graphs were constructed
from a distance matrix D by first choosing two se-
quences a, b and then building a graph whose vertices
are formed from the remaining sequences by connect-
ing any two c, d of these by an edge if D(a, b) + D(c,
d) < min[D(a, c) + D(b, d), D(a, d) + D(b, ¢)] holds.
For treelike distances, this graph is the disjoint union
of complete subgraphs whose vertices represent clades
or complements of clades, depending on the root’s po-
sition. Consequently, we looked for collections of se-
quences (C) giving rise to maximal cliques in these
graphs and counted how many pairs a, b such a col-
lection C would contain. In the ideal case, this number
varies betweent — 1 and 1/2t(t — 1) if t is the number
of sequences outside C. The most significant of these
putative clades was then compared with those found on

NJ(B). More details can be found on the website de-
scribed above.

Results and Discussion
Tree Estimation

Figure 1 provides the ML(B) tree. Several quartets
(17.4%) were unresolved, giving rise to multifurcations.
The second ML tree (ML(J)) is not shown because of
space limitations. Only 10.6% of the puzzling steps us-
ing JTT were unresolved.

The ML(J) tree differs from the ML (B) tree in sev-
era significant ways. First, the PAI1-GDN-NEUS clus-
ter seen in the ML(B) tree and in partial split decom-
position is broken up in the ML (J) tree, with the NEUS
and the PAI1-GDN sequences appearing as separate lin-
eages. Second, the A2AP-PEDF-F121-IC1 cluster seen
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Fic. 2—Neighbor-joining tree of 110 serpin sequences. Codes for estimates of support are provided in the figure.

in ML(B) and partial split decomposition analyses is
broken up, with each of these three groups appearing as
separate lineages. Third, ANGT clusters with HSP47 in
the ML (B) tree and partial split decomposition analyses,
while both occur as two separate clusters in the ML(J)
analyses. Thus, ML(J) is much more conservative than
ML(B) in delimiting clade membership, since it frag-
ments sequence clusters that the ML(B) tree considers
related.

Figure 2 provides the NJ tree NJ(B) based on
BLOSUM 62. This tree was estimated using the con-
ventional NJ algorithm. The QP algorithm was not em-
ployed. Comparison of the NJ(B) and NJ(J) trees indi-
cates that the mgjor groupings and branching patterns
are quite similar. ANGT might be considered more re-
lated to group 4 in the NJ(J) tree compared with the
NJ(B) tree; however, the support from the bootstrap val-
ues for this conclusion is not very strong. The clusters

of proteins that result from these two NJ trees show
close correspondence to the groups of proteins described
by the analyses of exon-intron structure (Ragg et al.
2001).

It is evident from the ML and NJ trees that the QP
algorithm is much more conservative than the NJ meth-
od in the way it delimits sequence clusters. One possible
explanation for the observed differences is that QP sam-
ples the tree space directly, whereas conventional NJ
bootstrap analysis resamples the data. If the tree recon-
struction method is biased, then bootstrap values may
be misleading. Alternatively, when one makes a consen-
sus tree of al acceptable trees sampled from tree space,
then conflicting information produces ambiguities.

The NJ(B) tree provides estimates of the deep-node
structure of the tree not found in the ML trees. While it
must be emphasized that this deep-node structure is not
statistically well supported in the analyses of the se-
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quence data themselves, we will see below that the in-
corporation of extrinsic data from the positions of in-
trons, gene clustering, and partial split decomposition
corroborates most of the NJ(B) estimates.

In a companion paper (Ragg et al. 2001), we ex-
amined the exon-intron structure, diagnostic amino
acid sites, and rare indels in the vertebrate serpins and
identified six distinct groups with individual genomic
structures. Figure 3 provides a summary of the exon-
intron structures of the vertebrate serpins. A detailed
discussion of the various proteins included in each
group in figure 3, together with a graphical description
of their exon-intron structure, is given in Ragg et al.
(2001).

Clade Composition

One of the primary null hypotheses evaluated here
is that the patterns of phylogenetic divergence are con-
cordant between amino acid sequences and exon-intron
structures. Clades are delimited in these analyses on the
basis of several different lines of evidence, including the
following:

1. Sequence similarity as seen by the phylogenetic anal-
yses. Clades were defined by the deep nodes with
bootstrap values of >75% (open circles) in the NJ
tree. Clade composition was similar in the ML and
NJ trees; however, the ML trees rarely risk suggest-
ing deep-rooted large clades, and instead produce
more clades of smaller size. We show below that
these larger clades of the NJ analyses can be vali-
dated by other independent lines of evidence.

2. Similar genomic organization based on homologous
positions of introns (Ragg et al. 2001).

3. Theclustering of genesin close proximity on specific
human chromosomes.

4. Partial split decomposition.

5. Discriminating amino acids at clade-specific sites in
the proteins.

These distinguishing features are summarized in ta-
ble 1.

A number of clades of serpin proteins are suggested
by our amino acid sequence analyses, which, in turn,
correspond to well-established genomic, functional, and
evolutionary groupings. These clades (together with an
identifying aphanumeric code as defined in table 1 and
fig. 3) are characterized as follows:

1. The PRTZ clade (group Z). The major endosperm
abumin from barley (Hordeum vulgare) (Brandt,
Svendsen, and Hejgaard 1990) was the only plant
protein in our analyses and therefore was used as
the outgroup. Its gene product, barley serpin BSZ4,
is structurally unique in that it has only one intron.
It displays low proteinase inhibitor activity against
cathepsin G; however, its physiological function is
unknown. Potentially, it is directed against digestive
proteinases of insect pests (Dahl, Rasmussen, and
Hejgaard 1996).

2. The PAI1-GDN-NEUS clade (group 3). This cluster
contains the plasminogen activator inhibitor 1
(PAIL) (Loskutoff et a. 1987), glia derived nexin
(GDN) (Sommer et a. 1987), and neuroserpin
(NEUYS) proteins (Schrimpf et al. 1997). PAI1l is an
inhibitor protein that acts as ‘‘bait” for tissue plas-
minogen activator, urokinase, and protein C and
may function in the regulation of fibrinolysis and
arterial wound healing. GDN promotes neurite ex-
tension, while NEUS is a neuroserpin which may
act as an inhibitor of tissue plasminogen activator
in the nervous system (Krueger et al. 1997). Mem-
bers of this clade have a unique exon-intron struc-
ture characterized by eight introns, seven of which
are located at positions specific to this group (Ragg
et al. 2001).

3. An insect protease inhibitor clade (group M) in-
cluding the alaserpin and two putative protease in-
hibitors obtained from moths. Little is known about
the function of these proteins. The gene for alaser-
pin has a unique exon-intron structure, with 9 in-
trons and 10 exons. Exon 9 exists in at least 12
different forms (Jiang et al. 1996).

4. The SPI clade (group V). This clade is a collection
of serpins from viruses including CRMA and SPI.
CRMA is a cross-class inhibitor and inhibits cys-
teine proteases like the interleukin-1 converting en-
zyme, thereby suppressing an interleukin-18 re-
sponse to infection (Ray et al. 1992; Komiyama et
al. 1994). The genes coding for these proteins have
no introns. It is likely that viruses incorporated the
genes for these proteins from a host organism (Mar-
shall 1993). It is not clear from these analyses how
this might have happened; however, partial split de-
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Table 1
Summary of Distinguishing Features of the Clades and Major Evolutionary Lineagesin the Serpin Proteins
No. of
Protein
Group Se-  Totad Group-Specific Selected Gene
Clade and and quen- No. of Intron Diagnostic Cluster
Lineage Node ces Introns Positions Sites (Human) psd
PAZ-1 . z 1 1 (only 1 gene
considered) Yes
PAIT-GDN-NEUS ..............ccoovnn... 3 2 8 7 65 (QE)
232 (FT)
237 (Y)
PAIL. ... 6 8 Chr. 722
GDN. .ottt 3 8 Chr. 203335
NEUS. ... 3 8 Chr. 3926
SPl \Y 10 0 0 NA
HSPA7 ... 6 3 5 (only 1 gene 231 (D) Chr. 11g13.5 Yes
considered) 271 (Q)
297 (H)
ALAT . 2 45 4,6 3 160 (Y FH) Yes
187 (CHY)
AlAT, A1AC, CBG, PCI, Kallistatin. . . ... .. 34 4(6) Chr. 14031-32
THBG. . 3 4 Chr. Xg22.2
ANGT . L 4 4 Chr. 1g42—943
HCH . 4 4 Chr22q11 Yes
A2AP. . 4 8 7.9 5 177 (P) Yes
226 (AP)
297 (GLMQ)
PEDF . ... 3 7 Chr. 17p13.3
o 2 7 Chr. 11g11.2—q13
A2AP . 3 9 Chr. 17p13.3
LICH . L 2 ? ? NA
ATHE Lo 5 4 6 (only 1 gene 65 (K) Chr. 1923—25 Yes
considered) 110 (S)
297 (F)
OVALBUMIN ... .o 1 15 6,7 56 390 (CS) Yes
388 (FCY)
219 (QK)
Ovalbumin-a .............ccoouiiunnnn. 11 7 6 Chr. 18921.x
Ovalbumin-b ........... ..., 4 6 5 Chr. 6p25; 18921

5.

NoTe.—Group refers to the exon-intron classification of Ragg et al. (2001); number of sequences refers to the present study; number of introns refers to the
total number of homologous introns; group-specific intron positions refers to the number defining protein groups; diagnostic sites refers to the residue composition
at key diagnostic sites using an A1AT-human sequence standard; gene cluster refers to location on human chromosomes; psd refers to whether positive partial split
decomposition occurs for the clade in question.

composition suggests that HSP47, GDN, or ANGT
may have been involved.

The HSP47-CBP2 clade (group 6). These collagen-
binding proteins are anchored in the endoplasmic
reticulum by a C-terminal ER retention signal
(RDEL) and are assumed to be a molecular chap-
erone specific to collagen (Takechi et al. 1992). The
human CBP-2 gene occurs at chromosome 11q13.5,
and the mouse homolog has a unique exon-intron
pattern (Ragg et al. 2001).

The a;-ANTITRYPSIN-ANGIOTENSINOGEN-
UTMP—o;-ANTICHYMOTRYPSIN-HCII clade
(group 2). This large clade includes a number of
evolutionary lineages containing proteins with di-
verse functions. Our conclusion that it comprises a
single monophyletic group is based on sequence
analyses in conjunction with genomic structure,
gene location data, and diagnostic amino acid sites.
All genes coding for these proteins contain three

introns at homologous points in the conserved part
of the coding region (Ragg et a. 2001). Both
ANGT and HCII have an N-termina extension of
exon 2; however, amino acid sequence comparisons
suggest that separate events caused this extension
in these two genes.

Angiotensinogen lineage: The ANGT proteins
are a precursor of the angiotensin peptides that help
to regulate blood pressure. In humans, the gene
maps to chromosome 1g42—q43.

aq-antitrypsin-CBG-THBG—antichymotrypsin:
Several of the genes coding for these proteins are
located at human chromosome 14g32.1, e.g., a;-
antitrypsin, a,-antichymotrypsin, CBG, protein C
inhibitor, and kallistatin (Billingsley et al. 1993;
Chai et al. 1994; Rollini and Fournier 1997). The
genes have three introns at homologous positions
in the conserved part of their coding region (Ragg
et al. 2001). The occurrence of these genes at the
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10.

same chromosomal location and the common
exon-intron structure suggests a common origin
from which they evolved by a series of duplication
events.

Uteroferrin associated serpins (UTMP, UA2B,
UFBP): The serpin UTMP binds noncovalently to
the iron-containing glycoprotein uteroferrin, which
displays phosphatase activity and is thought to be
involved with iron transport to the fetus. Synthesis
of these serpins is induced by progesterone in the
uterus. UTMP is also an activin-binding protein
(McFarlane et al. 1999) and has been implicated in
regulation of uterine immune function (Liu and
Hansen 1993).

Heparin cofactor Il proteins: HCII is athrombin

inhibitor activated by glycosaminoglycans like hep-
arin or dermatan sulfate. In the presence of the lat-
ter, HCIl becomes the predominant thrombin inhib-
itor in place of ATIII. The HCII gene occurs at hu-
man Chr. 22q11.
The PEDF-IC1-A2AP clade (group 4). This clade
includes the pigment epithelium-derived factor
(PEDF), ay-antiplasmin, plasma protease C1 inhib-
itor (IC1), and Factor Xlla inhibitor (F12I, bovine
homolog of human protein C1 inhibitor). PEDF is
a neurotrophic serpin involved in retinal, neuronal,
and vascular functions (Tombran-Tink et al. 1996;
King and Suzuma 2000). a,-antiplasmin is the most
potent and rapidly acting of the plasmin inhibitors
and is important in the regulation of fibrinolysisin
vivo. The genes contain five conserved intron po-
sitions and several additional introns in the N-ter-
minal region at nonhomologous sites. PEDF and
A2AP map to the same location on human chro-
mosome 17p13 while IC1 maps to Chr. 11q11—
ql13.1. The group 4 serpins appear in the NJtreein
figure 2 to be derived from group 2.

. The LICI clade includes intracellular serpins isolat-

ed from the horseshoe crab (Limulus) which may
be extruded from hematocytes after contact with
gram-negative bacteria (Miura, Kawabata, and
Iwanaga 1994). The exon-intron pattern of these
genes is unknown.

. The ANTITHROMBIN Il clade (group 5). Anti-

thrombin 111 (ATIII) is the magjor thrombin inhibitor
in the blood coagulation cascade. This gene maps
to human chromosome 1g23-g25 and has six in-
trons (Ragg et al. 2001).

The OVALBUMIN clade (group 1). The ovalbu-
min-type serpins (ov-serpins) were originally
characterized by Remold-O’Donnell (1993) as a
separate group on the basis of their extensive sim-
ilarity to chicken ovalbumin, the lack of N- and
C-terminal extensions, the absence of a cleavable
N-terminal signal peptide, and a serine rather than
an asparagine residue at the penultimate position.
Two major ov-serpin lineages are evident from se-
quence analyses, exon-intron structure, and chro-
mosomal data. An approximate 500-kb region at

human chromosome 18g21.3 contains six genes
of the ov-serpin family in the order cen—maspin—
SCC2-SCC1-PAI2—bomapin—PI8-tel (Bartuski et
al. 1997; Scott et al. 1999). Another gene cluster
on human chromosome 6 contains ov-serpin
genes P12, PI6, and PI9. The genes coding for the
ov-serpin complex have similar genomic organi-
zations. One set (OVAL, OVAY, PAI2, SCC1, and
SCC2) has eight exons, while the remaining ov-
serpins have seven exons—with the difference
arising from the presence of an additional intron
in one lineage. The two gene clusters appear to
have originated from their precursor by separate
evolutionary events (Scott et al. 1999). The OV-
ALBUMIN group in the NJ(B) tree is below a
bootstrap value of 75% that we designated to be
considered as a clade. However, clade status is
clearly supported by genomic and chromosomal
data, as well as by partial split decomposition.

The sequence analyses suggest that there are sev-
eral “‘orphan” groups in the phylogenetic trees whose
evolutionary statuses are unclear. Included is anematode
cluster with two groups of serpin proteins. (1) BM-SPN-
2, a serpin isolated from the filarial hematode Brugia
malayi (Zang et al. 1999), and (2) two sequences from
Caenorhabditis elegans. The exon-intron structures of
these sequences are known. They exhibit significant dif-
ferences, but there are simply too few sequences to jus-
tify a decision about their status. Similarly, there is not
enough information about the mosquito AFXA antico-
agulant protein to clarify its evolutionary status. These
various relationships in our subsequent phylogenetic
analyses were primarily based on a greater diversity of
sequences. Recall that the present analyses were restrict-
ed to only those serpins with well-defined exon-intron
structures in order to evaluate the null hypothesis that
classifications based on sequence data are concordant
with those based on other types of information. These
phylogenetic relationships are evident in the NJ trees
irrespective of whether the BLOSUM 62 or the JTT sub-
stitution matrix was used to estimate the pairwise
distances.

Generally speaking, there is close correspondence
in the classification of serpin proteins. Based on the se-
quence and intron location data, the same sets of pro-
teins are usualy grouped together, and they generally
show the same branching patterns. Groups 3, 4, 5, 6, M,
and V reflect statistically well supported clades with
strong statistical support at their defining nodes. Se-
quence analyses of group 1, the ovalbumins, indicate
that they are a monophyletic group, but one exhibiting
considerable diversity, as described by many previous
authors (e.g., Remold-O'Donnell 1993; Scott et al.
1999).

One interesting aspect of these analyses concerns
the origins of variation in exon 2 in the «a;-antitrypsin
group. Based on several lines of evidence, Ragg et al.
(2001) suggest that the HCIl and ANGT groups belong



to the as-antitrypsin group (group 2) but are distantly
related to the other proteins in this group, i.e., A1AT,
CBG, COTR, and THBG.

The sequence analyses described here provide ad-
ditional support for this hypothesis. In terms of genomic
structure, an obvious distinction is that the second exon
in both HCIl and ANGT has a noticeable N-terminal
extension not seen in the equivalent exon of the other
seguences. The sequence alignments of the «q-antitryp-
sin group show that HCIl and ANGT differ considerably
from each other and from the other proteins in this re-
gion. The sequence information suggests that the exon
extensions arose as two separate evolutionary events.

These findings are evident in the NJ(B) tree, which
shows HCII and ANGT branching off early in the a;-
antitrypsin lineage. Indeed, the branching sequence is
HCII, then the PEDF, IC-1, and A2AP group, followed
by the ANGT group. This branching pattern is also sup-
ported by partial split decomposition.

Comparison with Other Phylogenetic Analyses

There are some important differences between our
results and those of Irving et a. (2000). The most prom-
inent difference is that analyses based on amino se-
guence data (both NJ and ML (B)), exon-intron location,
and diagnostic amino acid sites suggest that PAI1, GDN,
and NEUS compose a single evolutionary lineage. Ir-
ving et a. (2000) suggest that PAI1 and GDN constitute
one clade, while the neuroserpins (NEUS) are in a sep-
arate evolutionary lineage. Interestingly, thisis the same
result given by the ML(J) analyses which we rejected
because it did not agree with the known exon-intron
data. Similarly, the analyses of Irving et a. (2000) do
not place IC1 in the same clade as PEDF and A2AR as
suggested by the exon-intron data.

Accuracy of ML and NJ Trees

It is interesting that in spite of often enthusiastic
recommendations for ML methods, both ML trees depict
as separate and unrelated clades sets of proteins whose
genes (1) were derived from a common ancestral gene
by duplication (e.g., the ovalbumins) and (2) have the
same exon-intron structure. The ML(B) tree places in
four separate and unrelated clades the proteins PAI2,
SCC1, SCC2, P18, megsin, and bomapin, which are cod-
ed by genes that map to the same 500-kb location on
the human chromosome (fig. 2). These genes have the
same intron-exon boundaries (Ragg et a. 2001) and
probably arose by tandem duplication of a precursor
gene (Scott et al. 1999). The ML (J) analysis confounds
this problem by also separating the PEDF, GDN, and
neuroserpin lineages into two different clades. Ascer-
taining whether such problems are a function of QP
(Adachi and Hasegawa 1998) or of ML algorithms in
general would be an interesting avenue for further
investigation.
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APPENDIX
Protein Name Abbreviations

A2APR a,-antiplasmin; A1AT, «-antitrypsin;
ANGT, angiotensinogen; ATIII, antithrombin I11; CBG,
corticosteroid-binding globulin; COTR, contrapsin;
CRMA, ICE inhibitor; GDN, nexin 1; HSP47, HCII,
heparin cofactor I1; 47-kDa heat shock protein; IC1, C1
inhibitor; ILEU, leukocyte elastase inhibitor (PI12); LICI,
Limulus intracellular coagulation inhibitor; NEUS, neu-
roserpin; OVAL, ovalbumin; PAI1, plaminogen activa-
tor inhibitor 1; PAI2, plaminogen activator inhibitor 2;
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PEDF pigment epithelium-derived factor; Pl, protease
inhibitor; PRTZ, major endosperm albumin; SCC1,
squamous cell carcinoma antigen 1; SCC2, squamous
cell carcinoma antigen 2; THBG, thyroxine-binding
globulin; UAB2, uteroferrin-associated basic protein 2;
UFBR uteroferrin-associated protein; UTMP uterine
milk protein.
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