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A combination of three independent biological features, genomic organization, diagnostic amino acid sites, and rare
indels, was used to elucidate the phylogeny of the vertebrate serpin (serine protease inhibitor) superfamily. A strong
correlation between serpin gene families displaying (1) a conserved exon-intron pattern and (2) family-specific
combinations of amino acid residues at specific sites suggests that present-day vertebrates encompass six serpin
gene families which evolved from primordial genes by massive intron insertion before or during early vertebrate
radiation. Introns placed at homologous positions in the gene sequences in combination with diagnostic sequence
characters may also constitute a reliable kinship indicator for other protein superfamilies.

Introduction

Many efforts to understand evolutionary processes
are based on the reconstruction of phylogenies (Hillis,
Moritz, and Mable 1996). It has recently been remarked
that **evolution has a temporal framework, but molec-
ular clocks now plot a history of life seriously at odds
with fossil record: Which is correct?’ (Morris 2000).
Similarly, contradictory phylogenies have been pro-
posed for serpins, a superfamily of proteins exhibiting
a diversity of functions. Many serpins are inhibitors of
serine proteases that present their reactive centers to tar-
get enzymes as ‘“‘bait,” leading to complex formation
with concurrent inhibition of the enzyme's activity
(Huber and Carrell 1989). Other serpins, like angioten-
sinogen (Doolittle 1983), are hormone carriers or have
an as-yet-unknown physiological role (Potempa, Kor-
zus, and Travis 1994; Gettins, Patston, and Olson 1996).

Serpins have been identified in metazoan taxa, as
well as in plants and in viruses, but not as yet in uni-
cellular eukaryotes, suggesting that they evolved during
the last one hillion years (Wray, Levinton, and Shapiro
1996). Phylogenetic analyses of serpin sequences often
produced inconsistent results depending sensitively on
the data analysis techniques used and the evolutionary
models assumed (Marshall 1993; Wright 1993). In con-
trast to many other protein superfamilies, serpins are
distinguished by their highly variable genomic organi-
zation. Serpin genes with no introns (viruses) or only
one intron (in a serpin from barley; Brandt, Svendsen,
and Hejgaard 1990) have been described. On the other
side, there is a serpin gene with 9 constitutive exons and
12 additional, mutually exclusive, aternatively used ex-
ons (Jiang et a. 1996). Several investigators have noted
that serpin genes can be grouped by intron number and
position, suggesting that exon-intron structure may be a
valuable criterion for elucidating their family history
(Bao et al. 1987; Ragg and Preibisch 1988; Remold-
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O’'Donnell 1993). However, there are problems: Geno-
mic organization, for instance, groups angiotensinogen
and heparin cofactor 1l (HCIIl) with a,-antitrypsin and
as-antichymotrypsin (Tanaka, Ohkubo, and Nakanishi
1984; Ragg and Preibisch 1988), while amino acid se-
quence—based trees suggest other family bonds. Herein,
exon-intron organization, family-specific diagnostic
amino acid sites, and rare indels are employed to deduce
vertebrate serpin evolution.

Materials and Methods

Exon-intron organization appears to split vertebrate
serpin genes (table 1) into six distinct groups with in-
dividual genomic structures (fig. 1). Groups 1-4 are
multimembered (i.e., contain several paralogous genes),
while groups 5 and 6 comprise only one member each
(although from several organisms). To check intron po-
sitions accurately for homologous positioning, amino
acid sequences from 111 serpins (91 vertebrate and 20
nonvertebrate sequences) were compiled from SWISS-
PROT or GenBank quite independently of whether or
not the structures of their genes were presently known.
These 111 sequences were then aligned using the DI-
ALIGN-2 algorithm (Morgenstern, Dress, and Werner
1996; Morgenstern 1999), along with some manual im-
provement. Intron positions as given below refer to the
amino acid sequence numbering system for mature hu-
man «,-antitrypsin (Long et a. 1984) (and not to the
sites in our alignment). The phasing of introns is indi-
cated by the suffixes a—c, according to their location
after the first, second, or third base of the cognate codon,
respectively.

Diagnostic amino acid sites were identified by first
analyzing the four multimembered serpin gene families
with distinct exon-intron structures for the presence of
positions at which family-specific amino acids were dis-
played by all members of one group and not by any
members of the other groups. These sites were identified
and evaluated as follows.

Assume that we are given a collection F of k
aligned sequences
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Table 1

List of Serpin Genes Analyzed in this Study

Gene Coding for:

Reference(s)

Ovabumin ........ ... i
Ovalbumin-related protein Y
Plasminogen activator inhibitor 2 (PAI-2).........
Protease inhibitor 2. ..........................
Protease inhibitor 6 . ..........................
Protease inhibitor 9 ...........................
- @NtitrYPSIN . .

Woo et al. (1981)

Heilig et a. (1982)

Ye et al. (1989)

Zeng, Silverman and Remold-O’Donnell (1998)
Sun et al. (1998)

Sun et al. (1998)

Long et al. (1984); Perlino, Cortese, and Ciliberto

(1987)
Fukamizu et al. (1990)
Underhill and Hammond (1989)
Hayashi et al. (1993)
Bao et a. (1987)
Ragg and Preibisch (1988)
Chai et a. (1994)
Hayashi and Suzuki (1993)

ANgIiotensinogen. . .. ..o
Corticosteroid-binding globulin (CBG) ...........
Thyroxine-binding globulin (THBG).............
aq-antichymotrypsin. ... ...
Heparin cofactor I (HCI) .....................
Protease inhibitor 4 . ............ ... ... ... ...
Protein Cinhibitor. ..................... ... ...

NEUrOSErPIN « oo vt Berger et al. (1998)
Plasminogen activator inhibitor 1 (PAI-1)......... Bosma et al. (1988)
Clinhibitor ...... ... Carter et al. (1991)

as-antiplasmin
Antithrombin [T (ATHI) ..o
47-kD heat shock protein (HSP47)
Squamous cell carcinoma antigen 1 (SCCA-1).. ...
Squamous cell carcinoma antigen 2 (SCCA-2). .. ..
Pigment epithelium-derived factor (PEDF)........
Nexin-12 . .. ..

Hirosawa et al. (1988)

Olds et al. (1993)

Wang 1992; Hosokawa et al. (1993)

GenBank accession no. AH003327

GenBank accession no. AH003432

GenBank accession no. U29953

McGrogan et al. (1988); McGrogan et a. (1990)

NoTte.—All genes listed are of human origin, with four exceptions: ovalbumin and gene Y (chicken) and HSP47 and
neuroserpin (Mouse).

aThe exon-intron pattern of the human nexin-1 gene has been published only in part, but it has been stated by the
authors that it is similar to that of PAI-1. Both have eight introns, one of which is located in the 5’ noncoding region,
while the introns in their coding regions are located at the same amino acid positions.

1) = a(1, Da(l, 2) ... a(1, n),
S(2) = a2, Da(2, 2) ... a(2, n),

Sk = ak, Dack, 2) ... ak, n),

whose entries a(i, j) come from a set A of symbols, also
called the ““aphabet” from which our sequences are
drawn. For instance, in the case considered in this paper
(see table 3), this alphabet consists of the 20 (one-letter
symbols for) amino acids and, in addition, the so-called
‘“gap letter,” represented by a hyphen. Clearly, by virtue
of the alignment, all of these k sequences have the same
length n.

Now, assume that we are also given a subcollection
F’ of F, eg., the subclass of group 1 sequences. In gen-
eral, such a subcollection can be specified in terms of
the subset of those indices of the total index set {1, 2,
..., K (of al sequencesin the collection F) that belong
to the sequences in F’. For instance, in the alignment
referred to above, the subfamily F’ of group 1 sequences
is specified by the corresponding set of numbers {1, 2,
..., 16}, while the smaller subset of certified group 1
sequences (that is, those group 1 sequences with pres-
ently known exon-intron structures) is specified by the
set of numbers 1-3 and 5-12. Similarly, the subclass of
vertebrate serpins of aj-antitrypsin type (the group 2
sequences) corresponds to the set of indices from 17 to
64, while the subclass of certified sequences that belong
to this group corresponds to the indices 17-21, 23-47,
and 56-60. Now, given such a subcollection F’, we can

form its profile as follows: Recall first that our collection
F of aligned sequences can be viewed as a collection of
rows representing the various sequences S(i) = a(i,

Da(i, 2) ... a(i, n) wherei runs from 1 to k, as well
as a collection of columns of the form

a1, j)

a2, j)

a(k, j)

where j now represents the various sites of the alignment
of F and runs from 1 to n.

Now, given a subcollection F’ of F as above, its
profile at a sitejisamapp = p(...; F’, j) from the
aphabet A into the real numbers that associate to each
symbol a in A its observed frequency p(a) = p(a; F',
j) within the subcollection F’ in the column associated
with the index j. In other words, if F’ consists of x
sequences altogether, and if the symbol a occurs at site
j iny of those sequences altogether, we have

p(@) = p(a F',j) = y/x.

Next, we can compare this profile of F’ for a given
site j with the corresponding profile defined for another
subcollection F”, for instance, the complement of F’ in
F, by determining their distance relative to any one of
the canonical metrics defined for such real-valued maps.
In the context of frequency distributions defined on a
finite set, the so-called L1-metric is particularly suitable:
The L1 distance |p, p’| of two such profiles is computed
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Table 2
Locations of Introns in the Conserved Part of Serpins

Group L
185 51 118 143 156 1043
Ovalbumin —U—ls-{.—c%—l—%-.—(m—.—lo—-m-—m—-:tl—
182 51 129 118 143 156 1143
Gene Y protein —D—xx-[-—OS-I-OA—I—N—I—u“—-OI-—OO—-___/[_J—
129 118 143 165
PAI-2 —U—n—i.—wl—n—.—m—l—w—-ni-—m—-:'/'/‘_'}—
143 156
SCCA-1 %w{-ﬂo—l—w—I—oa—l-qut.-oo-:D—
57 125 118 143 156 466
SCCA-2 —l}-m{.—w—!—w-’—os—.—i*—.—vl-—lc-___l—
118 143 168
Protease inhibitor 2 -ﬂ-l’-{.—” os—.—le—-m-—ls—-:t}—
156
Protease inhibitor 6 -ﬂ- -l-— —-— —.— 1 5-~ s --07-c|‘
103 178
Protease inhibitor 9 0 « 1m— - —-—os—.— 1 s—-—u-— 1 z—-:/_']—
Group 2
. . 207 . 209 . 51/50 271 8 26
Qy-antitrypsin —E}'—lé—El—O’:U}ﬁ—_—h-—ll—.—os-]—
355
CBG —D-xz—l_—:m-—%—.— ol -
. . 68 505 274 145 846
Heparin cofactor II —{}52-{_—37—-— m—l—tﬂ-.jﬂ—
1062
Protein C inhibitor —D—i5—_—zl.—0A—.-| 1—-:D—
Angiotensinogen —D—S.s—(_—z 9—-— 16 —.—0.8 '.:D_
) ) 57 649 268 151 442
o-antichymotrypsin — 22—l il
89 666 274 160 472
Protease inhibitor 4 —Fo— ool
29 639 274 148 503
THBG 16— - o7 - os il 1
Group 3
144 272 234 195 159 101 a7 1871
PAI-1 —D—u--18-12-.—16—-161—01-I—lz+03—l:7[|—
121 28 28 98 199 101 87/90 B4
Nexin-1 —D—>l"|-32--6‘3-—>4—-19-I-18-l-22—l-18-l:ﬂ—

31 195 205 98 1780

Newsoserpin  —{F-»1s - 11 - 15l 23— 45 B 10582205

Group 4
18 67 39 63 202 144 204 43 05
O-antiplasmin —1}~60—|—01—|—01—|—0‘4-|-—1s—.—m—-—lo—.—‘qo-—ln—-jﬂ—
128 92 199 156 204 143 211 37
PEDF —D—u—l—w—.—xo—.—m—-—m—.—n—.-oa—lj—
. . 38 73 499 135 204 140 220 518
C1 inhibitor o5k ic - 17— - o522l -
Group 5
111

Antithrombin III —El—z;--zs—-—oa—.—os—-—zo—l—u—.]—
Group 6

62/169_ . 44 662 99 233 1045
HSP47 T oo 22 Te— s -l o1 - o~

FiG. 1.—Organization of 24 vertebrate serpin genes. Protein-cod-
ing regions of exons are represented by filled bars, and noncoding
regions are represented by open bars. Exon size (in bp) is indicated
above. The 5’ exon size refers to the longest cDNA described in cases
where the transcriptional start sites are not known. Introns are depicted
as lines, with their sizes given in kilobases. In some cases, intron size
was estimated based on graphical representations in the references cit-
ed. Exon 7 of the gene coding for nexin-1 exists in two variants dif-
fering by 3 bp. Splice variants of the genes coding for o;-antitrypsin
and HSPA47 are indicated by bent lines. For protease inhibitor 2, an
mRNA with a longer 3' region may exist (Zeng, Silverman, and Re-
mold-O’' Donnell 1998). Group 1 subclasses are separated by a line.

as the sum of the absolute values |p(a) — p’(a)| of the
differences of the observed frequencies p(a) and p’(a),
summed, of course, over all symbols a in A.

Note that for profiles as defined above, this distance
is always a real number between 0 and 2, and that it
assumes the highest possible value 2 if and only if the
set F'(j) of symbols (amino acids) occurring at site j
within the subcollection F’ is digoint from the corre-
sponding set F”(j) of symbols occurring at site j within
the subcollection F”. Consequently, the site | is a diag-
nostic (or discriminative) site for the subcollection F' in
question relative to the digoint subcollection F” if and
only if |p, p’| = 2 holds for p: = p(...; F’, j) and p’:
= p(...; F", ]), because this is clearly equivalent to
asserting that membership of a sequence i) in either

GRoupP

AMINO 1 2 3 4 5 6
Aco _____—

PosiTIoN a b

86a..... +a
88a..... +2
Na..... +a

352a..... +
380a..... +

aThe assignment of intron positions to amino acids 86 in PAI-1, 88 in nexin-
1, and 90 in neuroserpin is tentative due to sequence heterogeneity in this region
of serpins.

F’ or F” can be checked by considering the jth symbol
a(i, j) in that sequence (provided i) aIready belongs
either to F’ or F"): If this symbol a(i, j) isin F'(j), the
sequence S(i) must belong to the subcollection F’; oth-
erwise, this symbol is necessarily contained in F”(j) and
the sequence (i) must belong to F”. More generally, the
site j is almost diagnostic for F’ relative to F” if the
distance |p, p’/lof p=p(...;F,j)andp =p(...; F",
) is (very) close to 2.

Using this approach, diagnostic sites for vertebrate
serpins have been computed as follows: First, we iden-
tified all certified group 1 and group 2 sequences, while
we declared all members of the (considerably smaller)
groups 3 and 4 to be certified members by definition.
Then, we computed the diagnostic sites for each of these
four certified groups, always relative to the family of
sequences formed by the remaining three certified
groups. In addition, we checked for the existence of di-
agnostic sites in randomly collected subcollections. In
table 3, diagnostic sites specific for each of the four
certified multimembered serpin families are in bold.

Results and Discussion

Vertebrate serpins can be grouped into six gene
families based on the locations of intron positions within
the conserved part (i.e., amino acid positions 32—-391 in
the a,-antitrypsin numbering system; see the amino acid
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Table 3
Group-Specific Patterns of Diagnostic Amino Acid Sitesin Serpin Gene Families

AMINO AcCID Group

PosiTion 1 2 3 4 5 6 ANGT2 HCII ub

65......... LYF SAG QE ASL K S Y S S
110......... Y LHVFAIMD DYN KGE S \% L Y KT
160......... W YFH w W W W F H FH
177 ... DG DKESGAN DGSN P ND E S D DN
187......... AT YC A AV T A Y C YH
210......... VPMIL VLS KA LF K \% \Y, L VL
226......... SKTL MTQRSKNE KEV PA K L NT N RQ
232, .. ... ILMV DC FT DL \Y, D D D S
237 ... ... AMTC CST Y CIAR T L FL C A
240......... L LVMI LIV AG L \% T L \Y,
258, .. ...... IVGT GD K SE VFL E \Y; AT LM G
260......... L MLVI L QWH L L L M F
261......... EQRKS QEDNRKH SAV NRH A E DR K DN
263......... LIV LVI LI STQE \Y, L \Y, L A
267......... IL LMI LIV AEQ L L ITV L ML
271, ..., KN TLIHM LT SWTP MLV Q ND \Y, R
297 ... ... ... Y YS VIT GQLM F H Y Y DI
333......... VFL VLAF- LIFV QER F F L K VL
388......... FCY VI VLI VI \Y; L \Y; \Y; \Y;
389......... SAW VMTNIF MN LRY A \% ADNS AT FL
390......... S NDHIR EKHN DN N R NR N N

Note.—Diagnostic sites specific for each of the four certified multimembered serpin families are in bold.

a Angiotensinogen.
b UAB2, UFBR, and UTMP.

alignment available at the EMBL Nucleotide Sequence
Database, aignment number ds 43125) of their coding
region (fig. 1 and table 2).

Group 1: The ovalbumin gene family comprises
eight members with completely known exon-intron ar-
chitecture. I1ts members share five common introns (po-
sitions 78c, 128c, 167a, 212c, and 262c) within their
coding region. An additiona intron at position 85c is
found in the genes coding for ovalbumin, protein Y,
PAI-2, SCCA-1, and SCCA-2 but is lacking in the genes
specifying protease inhibitors 2, 6, and 9. In addition,
proteins of the ovalbumin family lack an N-terminal sig-
nal peptide, and many of them share a serine residue at
their penultimate position (Remold-O’Donnell 1993).

Group 2: The genes from a second multimembered
serpin family, composed of the aj-antitrypsin group,
have three introns at homologous sites in the conserved
part of the coding sequence (positions 192a, 282b, and
331c). In addition, each of these genes has an intron in
its 5’ untranslated region.

Group 3: The genes for PAI-1, nexin-1, and neu-
roserpin display seven introns within their coding re-
gion. The last six of these are found at identical loca
tions (positions 167a—al so present in the group 1 genes,
230a, 290b, 3233, 352a, and 380a), indicating a strong
phylogenetic relationship even though the location of
the first intron in the coding region cannot be safely
assigned to homologous sites.

Group 4: aj,-antiplasmin, PEDF, and C1 inhibitor
congtitute a fourth serpin class with a common core
exon-intron organization. The conserved part of their
genes displays five introns at homologous sites (posi-
tions 67a, 123a, and 192a—also shared by the group 2

genes, 238c, and 307a). In their 5’ regions, these genes
differ, having up to four further exons.

Group 5: The ATIII gene spans seven exons and
six introns. The positions of five of these six introns do
not coincide with that of any other intron in vertebrate
serpin genes (table 2). The intron at position 78c, how-
ever, corresponds to the second intron of the group 1
genes.

Group 6: The HSP47 gene from the mouse displays
three introns in the coding region, the locations of which
indicate that this heat-shock gene constitutes a separate
class of serpins. However, the intron at position 192a
that is shared by the genes of groups 2 and 4, respec-
tively, also occurs in this gene.

In summary, introns may be located in at least 25
different positions in the conserved part of vertebrate
serpins (table 2). Additional introns are present in the
5" untranslated regions and nonconserved parts of cod-
ing sequences in many serpin genes (fig. 1). No attempts
have been made to compare their positions due to low
sequence similarities in this region of the serpin genes.

HCII and angiotensinogen clearly preserve group
2—gpecific exon-intron structure (fig. 1), even though
analyses of amino acid sequences have indicated that
they may have diverged early from the lineage that cul-
minated in «-antitrypsin-like genes (Marshall 1993;
Wright 1993). Similarly, ATIII occupies variable posi-
tions in amino acid sequence-based phylogenies, de-
pending on the reconstruction algorithms.

To test group membership by independent means,
the first four serpin groups displaying distinct exon-in-
tron structures were analyzed for amino acid sites that
would discriminate these groups. We also tested ran-



domly chosen subcollections for the existence of diag-
nostic sites: To our surprise, the distances |p, p’| never
exceeded 1 in any case considered. Table 3 shows that
such diagnostic sites exist for each of these groups.

The amino acid sequences from HCII and angio-
tensinogen, as well as from ATIII and HSP47, two ser-
pins with distinct genomic structures, were then exam-
ined for the presence of these diagnostic amino acids.
All known HCIIl sequences (Westrup and Ragg 1994;
Colwell and Tollefsen 1998) share characteristic amino
acids with the group 2 serpins at diagnostic sites 160
and 187, while they do not match a single one of the
diagnostic amino acids associated exclusively with any
other group. Also, angiotensinogen appears to be a
member of the second group, as it matches the diag-
nostic pattern characteristic for this family. The low cor-
respondence with the diagnostic patterns of the other
gene families corroborates the assignment of angioten-
sinogen to this family.

In contrast, neither ATIII nor HSP47 matches any
of these family-specific diagnostic patterns, athough
ATIII shares some of the sites characteristic for group
3. We therefore conclude (1) that the coincidence of sim-
ilar genomic organization and diagnostic amino acid
sites suggests that each of these features can be used as
a marker for serpin classification, and (2) that common
exon-intron structure combined with the presence of a
conserved pattern of diagnostic amino acid sites is a
strong indicator of a deep-rooted evolutionary relation-
ship among serpins. We note three consequences. (1)
The genomic organization of three hormone-regulated
serpins expressed in the uterus (Ing and Roberts 1989;
Malathy et al. 1990), uteroferrin-associated basic protein
2 (UAB2), uteroferrin-associated protein (UFBP), and
uterine milk protein (UTMP), is presently unknown.
Their pattern of amino acids at diagnostic sites, however,
implies (table 3) that UAB2, UFBP, and UTMP share
the exon-intron structure of group 2—a potential com-
plication, though, is that these sequences have a deletion
of one amino acid close to the putative intron at position
331c. This claim is amenable to verification. (2) HCII
and angiotensinogen appear to be more closely related
to group 2 serpins than was previously believed. (3)
ATIII and HSP47 seem to be representatives of distinct
classes of serpin genes, each characterized by a unique
exon-intron pattern.

Regarding the relationships between the six verte-
brate serpin families, as we noted before, all genes cod-
ing for groups 2, 4, and 6 share an intron at position
192a. Group 1 shares an intron with group 5 at position
78a. In addition, group 1 and group 3 have a common
intron at position 167a. To substantiate these similarities,
the six families were examined for the presence of fur-
ther independent markers. Indels of amino acids involve
changes of 3 nt and certainly are rarer events than sub-
stitutions. The sequences of 91 aligned vertebrate ser-
pins were searched for the presence of indels and their
correlation with the six gene families was examined.
Within the conserved core region, two locations with
indels can be identified that appear in at least two of the
serpin gene families (table 4). The correspondence of
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Table 4
Discriminating Indels in Vertebrate Serpin Gene Families

GRoupP
2 4 6 3 1 5

Two amino acids between

positions 171/172. ........ - - - + + +
One amino acid between

positions 247/248. . ....... - - + + +a 4
Intron at position 78c. . .. ... - — - - + +
Intron at position 167a. ... .. - - - + + -
Intron at position 192a. . . . .. + + + - - -

a2The insertion is not present in PAI-2.

common intron positions with indels suggests that the
six serpin families can be grouped into two major clas-
ses. The first class is distinguished by the presence of
an intron at position 192a, a lack of introns at positions
78c and 167a, and a lack of insertions after positions
171 and 247, respectively, and comprises groups 2, 4,
and 6.

The second class of serpin families consists of the
remaining three groups, groups 1, 3, and 5. This class
seems to be more heterogeneous, but it clearly displays
several common features, among which are amino acid
insertions after positions 171 and 247 and the lack of
an intron at position 192a. In addition, there are several
features that are characteristic for at least two of the
three groups. Group 6 represents a putative link between
the two classes of families, since it exhibits some fea-
tures that appear to be characteristic for either one or
the other of the two major serpin classes.

To explain the genealogy of the exon-intron orga-
nization of these groups, intron loss as well as intron
gain needs to be contemplated. The intron loss model
would assume that the individual gene structure of each
of these groups derives from an ancestor containing
multiple introns with subsequent group-specific loss of
introns. A process that could account for simultaneous
multiple intron loss might be based on insertion of DNA
sequences derived from partially spliced and reverse-
transcribed RNA molecules into the genome (Soares et
al. 1985). However, there is aso increasing evidence for
acquisition of novel introns (Hankeln et al. 1997; Tarrio,
Rodriguez-Trelles, and Ayala 1998). Reverse splicing of
an intron from a premRNA molecule, followed by re-
verse transcription and recombination (Tani and Ohshi-
ma 1991; Takahashi et al. 1993; Cousineau et a. 2000),
or insertion into the genome of transposons that can be
removed from the primary transcript via internal or
flanking genomic splice sites might have created novel
introns.

Based on similarities and differences between the
serpin gene groups, we suggest the following path of
evolution of vertebrate serpins (fig. 2): groups 2, 4 and
6, respectively, were derived from a common precursor,
asindicated by an intron at position 192a and diagnostic
indels shared by these genes. Assuming the intron loss
model, for a potential precursor containing nine introns
(positions 67a, 123a, 192a, 225a, 238c, 282b, 300c,
307a, and 331c), six individual intron deletion events
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9 Different Intron Positions

Group 2 Group 4 Group 6
192a 192a 192a

T T | T
282b 67a 238¢ 225a
331c 300

123a 307a € | 148c

191c¢ | 3;9:
320a

I .

Intron insertion

192a 192a 192a
1 1 |

l
Group 5 I

16 Different Intron Positions

Group 1a
78c 167a

Group 1b
78¢c 167a

| Group 3
212 262¢ 1672

?230a| | E"‘“a

290b 323a

{
T
850 212c 2620 128¢

Intron insertion

78¢ 167a 167a
p ot 1

N

192a
—_—

~ ]

78c 167a

\f;/

Fic. 2—Phylogeny of vertebrate serpins based on gene structure, diagnostic amino acid sites, and indels. The positions of common and
group-specific introns are indicated. Only introns in the conserved part of serpins are considered. Additional introns may have been present in

primordial genes.

are required to create each of the exon-intron structures
characteristic for groups 2 and 6, respectively, while
four intron losses suffice to explain the core structure of
group 4 genes. Alternatively, at least three independent
processes involving simultaneous removal of several in-
trons could also explain the exon-intron structures of
groups 2, 4, and 6. However, unless specific assumptions
are made, it is difficult to understand why only one in-
tron (that at position 192a) was able to survive such
intron elimination processes while no other intron is
shared by at least two of these three groups: randomly
choosing a subset of six, four, and six elements from a
set of nine elements, the chances of producing subsets
A, B, and C such that there is exactly one and the same
element left outside A U B, A U C,and B U C (and
therefore also outside A U B U C) is easily seen to be
equal to (9 choose 1)(8 choose 2)(6 choose 4)(2 choose
2) divided by (9 choose 3)(9 choose 5)(9 choose 3) and,
hence, less than 0.9%, while, on the other hand, assum-
ing that each of the nine ancestral introns is lost during
evolution with a probahility of 60% (accounting for 16
intron losses from 27 possible intron losses) and assum-
ing—rather unrealistically—that these events happen ac-
cording to an 11D model, the probability of arriving at
an exon-intron pattern with exactly one and the same
intron being shared between any two of the resulting
three groups is 9:(0.4)3-(0.4-0.6-0.6)® and, hence, less
than 0.07%.

The “intron loss only” scenario becomes even
more complicated when one goes down to the root of
the phylogenetic tree, includes the other vertebrate ser-
pin families, and considers the additional introns in the
5’ region. In particular, none of the 24 conserved intron

positions are common to all of the six serpin gene fam-
ilies. We therefore favor, for vertebrate serpin evolution,
amodel dominated by intron gain. Starting from a gene
with an intron at position 192a, two insertion events
each are sufficient to produce the architecture of the
genes coding for group 2 and group 6 proteins, and four
insertions are needed to create the core structure of
group 4 genes.

With respect to groups 1, 3, and 5, the situation is
more complicated. Again, however, intron insertion into
a precursor gene is so obviously a much more ‘‘parsi-
monious,” and hence much more likely, way to create
also the structure of these genes than is group-specific
intron loss from an intron-rich precursor gene that a de-
tailed discussion of the vices and virtues of the numer-
ous statistical and philosophical interpretations of Ock-
ham’s razor principle does not appear to be compulsory
within this context (see, however, Steel and Penny
[2000] for a detailed discussion of this topic). A pre-
decessor with few introns can be postulated, but avail-
able data do not alow us to decide whether this pri-
mordial gene contained two introns at positions 78c and
167a, respectively, or only one of these. Intron gain is
also favored by the fact that the architectures of serpin
genes from phylogenetically more distant organisms do
not match any of the overall vertebrate serpin exon-in-
tron patterns, although some nonvertebrate and verte-
brate serpin genes share a few intron positions. For in-
stance, the ATIII gene has one intron (site 191c¢) in com-
mon with serpin gene-1 from the insect Manduca sexta
(Jiang et al. 1996). The genomic structures of ATIII, a
Caenorhabditis elegans serpin, and Bm-spn-2, a serpin
from another nematode (Zang et al. 1999), have one



intron at homologous sites (position 339c). More data
are needed to decide whether these similarities are due
to loss of ancestor introns or due to intron insertion into
a predecessor gene. Similar arguments apply to the in-
tron at position 238c in an insect serpin (Jiang et a.
1996) and group 4 serpin genes.

Insertion of introns rather than their loss, then, ap-
pears to be responsible for the variable architecture of
present-day vertebrate serpin genes. When could this
have happened? The carp, Cyprinus carpio, contains a
serpin (Huang et al. 1995) of unknown genomic struc-
ture. The diagnostic amino acid pattern assigns this pro-
tein to group 2 (not shown), implying that insertion of
group-specific introns in this class of serpin genes oc-
curred before or during development of teleost fishes.
Angiotensinogen-like proteins and angiotensin-like pep-
tides have also been detected in fishes (Nishimura, Oga-
wa, and Sawyer 1973; Sokabe and Ogawa 1974).

It appears that the reactive center of inhibitory ser-
pins may evolve rapidly owing to novel protease spec-
ificities (Hill and Hastie 1987). The organization of pre-
sent-day serpin genes highlights additional evolutionary
trends. N-terminal extensions may specify individual
functions in several serpins probably not present in pri-
mordial members of this protein superfamily. Angioten-
sin, for instance, resides at the N-terminus of angioten-
sinogen. The group 4 genes exhibit 5’ regions with var-
iable numbers of exons and introns (fig. 1). The HCII
genes from humans, mice, and rats also have variable
genomic organizations at their 5" ends (Kamp and Ragg
1999). Such extra sequences may contribute to the evo-
lution of novel ways of gene regulation and function.

In serpin genes, a strong correlation exists between
genomic organization, patterns of amino acids at diag-
nostic sites, and indel patterns. Thisis particularly strik-
ing because it is a correlation between seemingly un-
related biological features. Certainly, a serpin should
match several diagnostic sites simultaneously to be
placed reliably into one of the six groups. In summary,
our data suggest that approaches using independent fea-
tures of genes and gene products provide useful means
to delineate phylogenetic relationships.

Supplementary Material

The amino acid sequence alignment of serpins and
the procedures used to compute diagnostic amino acid
sites are available at the EMBL Nucleotide Sequence
Database (alignment number ds 43125) and on a per-
manent website accessible at http://bibiserv.techfak.uni-
bielefeld.de/library/serping/.
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