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1. Introduction

In a pioneering study, the sequence similarity between three protein
sequences (human antitrypsin, antithrombin, and chicken ovalbumin) estab-
lished these proteins — two of them protease inhibitors — as a discrete
family.1 The importance of this family was highlighted by the work over
the preceding 17 years, examining the association of the two human pro-
teins with hereditary disease.2,3 On the basis of their sequence similarity,
and the fact that these, and related, proteins were predominantly charac-
terized as serine protease inhibitors, the label of serpin was applied to this

family of high-molecular weight protease inhibitors.4

With the discovery of the plant serpin protein, barley Z,5 serpin genes
extended into the termini of two early diverging lineages of the eukarya: the
higher plants and the amniota. As sequence data were obtained for many
new serpin variants in an ever-increasing spectrum of species, the databases
were populated with sequences of serpins in flowering plants (magnolio-
phyta), amniotes (amniota) and viruses,6,7 but failed to fill the genetic gulf
between these terminal branches. Key gaps in the species tree of the ser-
pins included simple plants such as the green algae (phylum chlorophyta),
early diverging animal lineages such as hydra (phylum cnidaria), fungi,
and bacteria and archaea.8
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More recently, the accumulation of large volumes of genome sequence
data has led to the discovery of several serpins from unicellular organisms,
such as thermopin from the moderate thermophilic bacterium Thermobifida
fusca,9,10 and a serpin from the green alga Chlamydomonas reinhardtii.11

A targeted approach seeking to address the paucity of data directly has
also resulted in the discovery of the jellyfish serpin, jellypin.12 Species
coverage is inexorably expanding to enable a broader account of the family
within an evolutionary context.9,11,13,14 However, the nature and timing
of the evolutionary events that occurred at the inception of the serpin fold
remain unclear. For example, the sparse distribution of prokaryotic serpins
neither favors the possibility of an ancient, ancestral prokaryotic serpin, nor
the possibility that serpins appeared after the eukaryote/prokaryote split
and were exchanged between prokaryotes and eukaryotes by a lateral gene
transfer event.9,11

2. The Challenges of Serpin Classification

At the time of writing, a PSI-BLAST search of the non-redundant NCBI
database identifies around 1600 full and partial serpin sequences and
minor variants (Fig. 1). When the redundancy is minimized by removing
sequences with greater than 95% identity, the large number remaining —
820 serpin genes in 189 species — is testament to the broad utility of the
serpin fold in many biological contexts.

With such a large collection of sequences, it is useful to use some form
of classification to partition the dataset into smaller sized relational groups.
By far, the most common strategy applied to protein families relies explicitly
or implicitly, due to a Trinitarian relationship between sequence, structure
and function on evolutionary relationships. Sequence domain databases
such as Pfam15 and the “superfamily” level of classification in the struc-
tural database SCOP16 reflect evolutionary considerations. Evolutionary
relationships are in general a preferable means of classifying proteins over
functional similarity for several reasons: (i) Within the context of a chosen
scoring system, sequence homology or structural similarity is an intrinsic,
objective property of two proteins. (ii) Furthermore, an analysis of pro-
tein similarity is based on data whose state of completeness can be deter-
mined: it is usually known whether a sequence is complete and whether
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Fig. 1. Growth in the number of serpin sequences, taken from the literature1,4,6–8 and
from PSI-BLAST searches of the non-redundant database (http://www.ncbi.nlm.nih.gov/
BLAST). Inset graph shows the trend in the number of species in which serpin sequences
are found, from the literature and PSI-BLAST searches of SwissPROT releases 11, 19, 24,
38 and 49.118 At 189, the number of species is considerably higher in the non-curated NCBI
non-redundant database.

all potential paralogues can be accounted for (i.e. whether it comes from
a fully sequenced genome). (iii) In contrast, the functional data collected
of a protein will be much more subjective, and reflect factors as varied as
how comprehensively it has been studied in the laboratory, the experimental
protocols used, and how biological activity has been measured. Across a
large dataset, knowledge of function will most likely be subject to marked
inconsistency. (iv) Furthermore, the state of knowledge of a protein’s func-
tion is likely to change and thus the resulting classifications may quickly
become redundant.

Nevertheless, one common goal of protein classification is to enable
the prediction of function for a group of proteins based on their association
with one another.17 The basic unit describing a cluster of evolutionarily
related sequences in a phylogenetic tree is known as a clade. There are
many examples of clades coinciding with protein function. For example,
the phylogeny of solute transporter proteins reflects subgroups of proteins
related by mechanism, energy coupling and polarity, and has permitted the
development of a detailed classification system.18 Similarly, the biological
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role of the members of the kinesin superfamily of microtubule-associated
motor proteins was found to be reflected by their deduced evolutionary
relationships.19 However, function is a multi-layered concept that includes
characteristics such as the mechanism used, reactions catalyzed, binding
partners, and localization within an organism.17

Most serpins are protease inhibitors.20 As a consequence, the function
of interest usually concerns the specific protease inhibited, ligand bound,
or the biological effect achieved. This detailed concept of “function” is
poorly defined by the evolutionary relationships between serpins,8 with
one exception: in general, the phylogenetic trees can identify direct ortho-
logues as far back as the fish–bird/mammal split (in the order of roughly
450 MYA) where no significant gene expansion has occurred.8,14 One rea-
son that evolutionary groupings fail to predict serpin function is the ease
with which a functional transition is achieved. It is well known that the
reactive center loop (RCL), the primary factor influencing a serpin’s pro-
tease target specificity, is subjected to the greatest adaptive evolutionary
pressure in a serpin gene.21 The substitution of a single amino acid in
the RCL can completely alter the protease target in vivo. For example,
the variant antitrypsin Pittsburgh, a mutant in which the key specificity-
determining methionine residue of this serpin has been substituted with
arginine, results in a hemorrhagic disorder22,23 due to the inappropriate
inhibition of thrombin. A similarly striking change of activity is seen upon
substitution of threonine-345 in the so-called “hinge region” of the RCL
by arginine, i.e. the serpin can no longer act as an inhibitor.24 A change in
the class of protease inhibited by a serpin is also achieved with only a few
amino acid substitutions.25,26

Differences in structural morphology, such as the presence or absence
of a secondary structural element, binding loop or active site, can assist in
distinguishing between protein subgroups. For example, the variations in
mechanism and function that distinguish the cysteine endopeptidase cathep-
sin L from the exopeptidase cathepsin B, such as pH stability and exopepti-
dase activity, are reflected in structural differences and readily identifiable
sequence motifs.27,28 Considerably greater structural divergence is seen
with the calcium-activated protease, calpain.29 These differences coincide
with an evolutionary partition between the classes of protease early in the
evolution of the eukaryotes.30,31
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In the case of serpins, there are few examples of structural characteris-
tics that have become fixed within sub-families and permit differentiation
between sub-families. Figure 2 shows a superposition of serpin structures
spanning prokaryotes and eukaryotes with a diverse range of functions,
which reveals a relatively immutable core fold that includes most secondary
structural elements, surprisingly little variation in length, and a lack of
structural element insertion within loop regions. In spite of sequence iden-
tities ranging from 25 to almost 90%, the three core sheets and 8-9 alpha

Fig. 2. Stereo figures showing the superposed structures of (A) cleaved serpins and
(B) uncleaved serpins, as listed in Table 2. Figure prepared using Molscript.119
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helices are present and they superimpose reasonably well. The notable
exceptions are the reactive centre loop which can vary in length, conforma-
tion and flexibility; the region between the C- and D-helices usually known
as the “C–D loop”; N-terminal extensions for some serpins, such as heparin
cofactor II;32 and C-terminal extensions, as seen with the thermophilic ser-
pin thermopin.10 Perhaps, the most pronounced correlation between these
structural features and evolutionary grouping is found with the ov-serpin
subfamily, whose members generally possess a C–D loop, lack N- and
C-terminal extensions to the core domain and lack signal sequences.33 Of
the structures solved to date, a relatively short C–D loop is only visible in
the case of ovalbumin.34

The implication of this degree of structural conservation is that amino
acid sequence-based approaches provide the greatest amount of discrimina-
tory information in determining relationships between genes in the serpin
superfamily. However, in some cases, the gene structure, defined by the
position and phasing of intron/exon boundaries, can discern relationships
that are not resolved at an appropriate level of statistical significance by
protein sequence alone.14,33,35,36 This has proven to be the case for the
mammalian serpins: six serpin clades whose associations were unreliable
using a variety of sequence-based phylogenetic approaches8,37 could be
reduced to three larger clades based on common gene structures.36 The
appearance of serpin genes at the same chromosomal locus has also been
seen as evidence of a recent common ancestor.13,14,38 However, as a sub-
stantial number of serpin sequences lack information on gene structure
and chromosomal position, these characteristics cannot form the basis of a
universal serpin classification system in themselves. Hence, the classifica-
tion convention that was adopted for the serpins is based on evolutionary
relationships deduced from their amino acid sequences.39

3. The Phylogeny of the Serpin Superfamily

In approaching a phylogenetic reconstruction of a protein family, a choice
must be made between a number of approaches that: (i) use amino acid or
nucleotide sequence; (ii) treat each sequence as a whole (sequence-based)
or each amino acid/nucleotide individually (character-based); (iii) make
different assumptions about how readily one amino acid type is substituted
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with another, and whether this differs depending on the position in
the sequence; (iv) measure the difference between sequences or amino
acids/nucleotides differently; (v) produce trees according to different crite-
ria, e.g. deriving a tree that achieves a minimum overall evolutionary score;
and (vi) involve very different degrees of computation time.40 Diverse
approaches have been applied to the serpin superfamily. A character-based
method that attempts to derive the tree with the least number of “evolu-
tionary steps” between branches and nodes, the “maximum parsimony”
approach,41 has been applied to nucleotide data of the whole family7 and
to protein data within subfamilies;8 the character-based “maximum likeli-
hood” approach,42 which attempts to find the branching arrangement that
produces the most likely tree, has also been used.37 The application of the
“neighbor-joining” method, based on computed evolutionary differences
between sequences, has been assessed as being in best agreement with
other data such as serpin gene structure37 and co-localization at chromo-
somal loci.8 Nevertheless, the statistically significant phylogenetic groups
determined by the various methods are compatible with one another, and
differ primarily in the proportion of sequences that can be assigned to those
groups.

There are 35 known functional human serpin genes. A summary evo-
lutionary tree depicting the established phylogenetic relationships between
subfamilies of serpin genes containing at least one human member are
shown in Fig. 3; the human sequences are listed in Table 1. The tree is
based on a “neighbor-joining” approach,43 with the non-parametric boot-
strap technique44 used to eliminate relationships with poor support; con-
sequently, several branches radiate from the base of the tree because their
relationships are uncertain.8 Where evidence of a common gene structure36

or chromosomal position13,14 suggests the order of sequence divergence,
these are also shown in Fig. 4. As the base of the tree indicates the lowest
point at which groupings can be reliably determined, it does not reflect
a fixed point in time. However, clades containing human serpin genes
notably are restricted to sequences from vertebrate organisms; further-
more, non-vertebrate clades (which are not shown in this tree) lack ver-
tebrate sequences. Hence, the deepest point depicted by the base of the
tree post-dates the appearance of the vertebrate lineage, estimated to be
approximately 800 MYA.45,46
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Fig. 3. A phylogenetic tree illustrating the relationship between the 35 full-length human
serpins. Only relationships strongly supported by the data are shown. Black hexagons indi-
cate clades with 100% support in a consensus neighbor-joining tree and ovals indicate
subgroups within clades with >90% support;8 black squares indicate >90% support using
the partition cluster consensus method;8,120 “G” indicates groups based on gene structure
information.37 and “P” indicates branches based on relative positions within chromosomal
loci.13,14 Branch lengths are not to scale.

Clades C (antithrombin), D (heparin cofactor II), G (C1-inhibitor),
H (heat shock protein 47), and I (neuroserpin) comprise few sequences
which are mostly orthologues; hence, the evolutionary relationships
between their members are consistent with common functions. The
other clades mostly have members with markedly different properties.
A dichotomy is apparent between clade B, which comprised of predom-
inantly intracellular serpins, and the other vertebrate clades, which are pre-
dominantly populated by serpins with extracellular roles, although there
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Table 1 Division of the serpin superfamily into clades.a

Cladeb Locus Member Common name Genec

A Antitrypsin-like 14q32.1 SERPIN A13 Kallisatin-like I
SERPIN A3 Antichymotrypsin I
SERPIN A5 Protein C inhibitor I
SERPIN A4 Kallistatin I
SERPIN A12 Vaspin I
SERPIN A9 Centerin I
SERPIN A11 Antiproteinase-like 2 I
SERPIN A1 Antitrypsin I
SERPIN A2 Antitrypsin-related I
SERPIN A6 Corticosteroid-binding I

globulin
SERPIN A10 Protein Z inhibitor I

Xq22.2 SERPIN A7 Thyroxine-binding I
globulin

1q42-q43 AGT Angiotensinogen I
(SERPIN A8)1

B Ovalbumin-like 6p25 SERPIN BP1 Pseudogene
SERPIN B1 Monocyte/neutrophil II

elastase inhibitor
SERPIN B9 PI-9 II
SERPIN B6 PI-6 II

18q21.3 SERPIN B8 PI-8 II
SERPIN B10 Bomapin III
SERPIN B2 Plasminogen activator III

inhibitor-2
SERPIN B7 Megsin III
SERPIN B11 Epipin III
SERPIN B3 Squamous cell carcinoma III

antigen-1
SERPIN B4 Squamous cell carcinoma III

antigen-2
SERPIN B13 Hurpin III
SERPIN B12 Yukopin III
SERPIN B5 Maspin II

C Antithrombin 1q23-q25.1 SERPIN C1 Antithrombin IV

D Heparin cofactor II 22q11.2 SERPIN D1 Heparin cofactor II I

(Continued)
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Table 1 (Continued)

Cladeb Locus Member Common name Genec

E PAI-1/GDN 7q21.3-q22 SERPIN E1 Plasminogen activator V
inhibitor-1

2q33-q35 SERPIN E2 Glia-derived nexin V

F PEDF 17p13.1 SERPIN F1 Pigment epithelium- VI
derived factor

17pter-p12 SERPIN F2 Alpha-2-antiplasmin VI

G C1-inhibitor 11q12-q13.1 SERPIN G1 C1-inhibitor VI

H Heat shock protein 47 11q13.5 SERPIN H1 Heat-shock protein 47 VII

I Neuroserpin 3q26 SERPIN I1 Neuroserpin V
SERPIN I2 Pancpin V

aThe human serpins are shown, including the chromosomal location, nomenclature and gene structure.
For multigene loci, genes are listed in the telomere-to-centromere direction.
bClade designation — as shown in the phylogenetic tree (Fig. 3).
cRepresentative intron/exon patterns are shown in Fig. 4.

are exceptions to this observation. Non-inhibitory serpins do not cluster
together and several clades contain serpins that are known to be activated
by ligands.

3.1. The nomenclature of the serpin superfamily

The International Committee on the Nomenclature of the Serpins has
adopted a system of naming that refers to the clade from which a given
serpin arises8 and includes a systematic identifier which is applied as the
family grows.39 The gene symbol used is “SERPIN”, followed by a let-
ter designating the subfamily (or clade) from which the particular protein
arises, the letter “P” if the gene in question is a pseudogene, and a number
indicating that particular paralogue. To indicate the species of origin, the
three-letter prefix designation of that species by the Committee on Stan-
dardization in Human Cytogenetics is used. The 35 human sequences act
as “reference sequences” by which orthologues from other organisms are
named. Hence, as human antitrypsin is referred to as (HSA)SERPINA1,
mouse antitrypsin is referred to as referred to as (MMU)SERPINA1. Where
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Fig. 4. The gene structure of the human serpins are shown grouped into representative
“families” numbered as in Table 1: boxed regions indicate the average relative size and
alignment of exons, with white and grey shading used for contrast; a solid horizontal bar
indicates a large (>20 amino acid) region of gaps in the alignment that occurs within an
exon, while gap regions outside exons are blank. Triangles are used to indicate the phase of
an exon: white indicates the exon is in frame with the ATG initiation codon; grey indicates a
+1 frameshift; and black indicates a +2 frameshift. As members of family VI have different
numbers of exons, individual gene structures are shown.

there is no human orthologue — for example, a mouse sequence that is a
member of clade A but has no strong evolutionary relationship with a par-
ticular human serpin, that gene would have a unique numerical designation
greater than the highest numbered human serpin in the clade.

Clade A

This is the largest clade and contains the antitrypsin-like serpins. These ser-
pins are involved in a diverse range of processes that are either commonly
associated with the inhibition of serine proteinases (kallistatin, RASP-1,
antitrypsin, and antichymotrypsin) or function in non-inhibitory roles. For
instance, antitrypsin has a role in preventing lung damage by inhibiting
elastase,47 while protein C inhibitor has an active role in the coagulation
pathway.48,49 Non-inhibitory serpins such as thyroxine binding globulin are
involved in hormone transport,50 while angiotensinogen has been shown
to regulate blood pressure51 and UTMP has a proposed sequestering role
in pregnancy.52 Antichymotrypsin has been implicated as having a role
in Alzheimer’s disease due to its presence in the plaques of the brains
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of Alzheimer’s patients.53 In addition, it has also been shown to inter-
act with Alzheimer’s Aβ peptide,1–42 which is then released during RCL
cleavage and able to readily fibrillize.54 The protein currently designated
SERPINA13 appears to lack a functional RCL, due to the presence of a pre-
mature stop codon, and hence would not be expected to exhibit inhibitory
activity, even though transcripts have been detected in the liver.55 A recent
study has indicated that this stop codon is not present in homologues from
other primate species, and has been acquired since the human-chimpanzee
divergence.56 In the mouse, in spite of the overall conservation of gene
order at the clade A locus (12F1) with respect to the syntenic region of the
human locus (14q32), SERPINA1 and SERPINA3 have undergone signif-
icant expansion to yield 5 and 14 homologues, respectively.57,58 There is
evidence of functional diversification among these genes.59,60

Clade B

The serpins that form part of this clade are often referred to as the ov-serpins,
due to the sequence similarity they share with ovalbumin.33 These serpins
are inhibitors of serine or cysteine proteases, with the exception of maspin
and ovalbumin, which have no defined inhibitory functions. Clade B serpins
partake in a myriad of regulatory roles involving inflammation, angiogen-
esis, apoptosis and fibrinolysis, and collectively, they provide a protective
role within the cell.61 Ov-serpins lack an N-terminal signal sequence and
mostly exert their biological effect within the cell; however, they have also
been detected in the extracellular space. Most also characteristically pos-
sess a loop between the C- and D-helices (the “C–D loop”); in PAI-2, this
loop affects protein polymerization and cell survival,62,63 while in the avian
protein MENT, this loop plays a role in chromatin remodeling.64 Compar-
ison with non-human genomes suggests that the repertoire and position of
13 human clade B serpins have developed by gene duplication and chro-
mosomal breakage from four progenitor genes,14 present at a single locus
in the last shared ancestor with amphibians (SERPINs B1, B5, B6, and
B12); that this expanded to six at the divergence point of mammals from
birds (SERPINs B1, B2, B5, B6, B10, and B12);13,14 and that the mouse
orthologues of three genes at the human 6p25 locus (SERPINs B1, B6, and
B9) have undergone further propagation to yield more than 15 apparently
functional serpins on mouse chromosome 13.65,66
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Clade C

Antithrombin is the major anticoagulant serpin and inhibits a number of
serine proteinases of the coagulation pathway, even though the principal tar-
gets are generally regarded to be thrombin and factor Xa.67 Antithrombin is
activated against its target proteases by the binding of heparin to helix D.68

Antithrombin has been found to exhibit antiviral properties,69 as well as
being involved in inflammation,70 and antiangiogenesis.71 An analysis
of sequence conservation patterns strongly suggests that the mechanism
of activation of this protein is conserved in a wide variety of vertebrate
species.72

Clade D

Heparin cofactor II is a potent inhibitor of thrombin; however, unlike
antithrombin, it does not inhibit other proteases of the coagulation sys-
tem. It possesses an uncharacteristic N-terminal extension which interacts
with the anion-binding exosite of thrombin.As with antithrombin (clade C),
heparin cofactor II also relies on activation by glycosaminoglycans.32

Clade E

Plasminogen activator inhibitor-1 has a defined role in the plasmino-
gen/plasmin system, and thus contributes to a multitude of physiological
processes; for example, it is associated with common syndromes such as
atherosclerosis, diabetes, and hypertension. It is able to inhibit urokinase-
type plasminogen activator and is thus said to have a role in cell migration
and tissue remodeling.73 Glia-derived nexin-1 (or protease nexin-1) is a
potent inhibitor of thrombin, even though its physiological role has not
been properly defined. It is a specific regulator of several proteases and has
been implicated in roles within the central nervous system, the vasculature
and the extracellular matrix.74,75

Clade F

Pigment epithelium derived factor functions both as an inhibitor of angio-
genic processes and is a neurotrophic factor.76 In contrast, its closest rela-
tive, alpha-2-antiplasmin, regulates fibrinolysis during clot formation.77
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Clade G

C1-inhibitor regulates the activation of proteases in both the complement
and the contact pathways, and its deficiency leads to angioedema. It has
been shown that C1-inhibitor is involved at sites of inflammation and also
in the migration of leukocytes across the endothelium.78

Clade H

Heat shock protein 47 is not a protease inhibitor but a procollagen/collagen-
specific binding protein that functions as a molecular chaperone during
collagen biosynthesis.79 It has also been implicated in a number of diseases
including arteriosclerosis, myocardial infarction and a number of fibroses.80

Clade I

Neuroserpin inhibits tissue-type plasminogen activator and has a prominent
role in the nervous system, including neurite outgrowth and synaptogenesis.
It also has a role in the vascular system and plays a therapeutic role in
protecting the brain during ischaemia.81 Familial variants of neuroserpin
have been shown to polymerise and aggregate as Collins bodies within
neurons, leading to the neurodegenerative disease FENIB.82

4. The Structural Phylogeny of the Serpin
Domain

By 1993, sufficient serpin structures had been solved to clearly demon-
strate the high degree of structural similarity between members. Cleaved
ovalbumin, antichymotrypsin, and antitrypsin structures showed an over-
all root mean square deviation (between Cα atoms) of 0.67–1.71 Å.7 In
each case, the overall native fold remained the same, i.e. reactive centre
loop protruding from the top of the molecule, three β-sheets, and nine
α-helices.

In the last few years, there has been an increasingly extensive cover-
age of the serpin superfamily. Nine of the sixteen evolutionary branches
of the serpin family now have one or more representative crystal struc-
tures (Table 2). The structural biology of this family is somewhat compli-
cated by the ability of the fold to adopt alternative topologies, including the
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Table 2 Highest-resolution structures of native and cleaved members from the serpin
superfamily.

Cladea Serpin Species Form PDBb Åc Ref

A Antitrypsin Homo sapiens Native 1qlp 2.0 105
Cleaved, 1ezx AB 2.6 87
complex

Antichymotrypsin Mus musculus Native 1yxa 2.1 90
Homo sapiens Cleaved 1as4 2.1 106

Protein C inhibitor Homo sapiens Cleaved 1lq8 AB 2.4 107

B Plasminogen activator Homo sapiens Native, 1by7 2.0 85
inhibitor 2 mutant
Leukocyte elastase Equus caballus Cleaved 1hle 1.95 108
inhibitor
Ovalbumin Gallus gallus Native 1ova 1.95 34

Cleaved, 1jti 2.3 95
mutant

Maspin Homo sapiens Native 1wz9 2.1 109

C Antithrombin Homo sapiens Native 1t1f 2.75 —
Latentd 1e05 L 2.62 110

D Heparin cofactor II Homo sapiens Native 1jmj 2.35 32

E Plasminogen activator Homo sapiens Native 1dvm 2.4 111
inhibitor 1 Cleaved 9pai 2.7 112

F Pigment epithelium Homo sapiens Native 1imv 2.85 113
derived factor

I Neuroserpin Mus musculus Cleaved 1jjo 3.06 114

K Alaserpin (K variant) Manduca sexta Native 1sek 2.1 115

N crmA Cowpox virus Cleaved 1f0c 2.26 104

n.d. Thermopin Thermobifida fusca Native 1sng 1.76 92
Cleaved 1mtp 1.5 116

an.d. — no clade designation.
bThe PDB accession of the crystal structure;117 if it has multiple components, the relevant serpin chains
are listed.
cResolution of the structure; italics denote structures higher than 2.5 Å resolution.
dLatent antithrombin is used in place of the 3.2 Å cleaved antithrombin structure.
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metastable native state, the stable cleaved and latent forms, serpin–protease
complexes, and loop-sheet polymers.83 In particular, this highlights the
flexibility of two important features of the serpin mechanism: the RCL and
the Aβ-sheet.

In spite of this conformational variation, superpositions of cleaved and
uncleaved structures highlight the well-conserved nature of the serpin fold
(Fig. 2). This suggests that the fold is well-suited to its biological function
and is most likely intolerant to substantial structural changes within the
molecule. For example, extending the length of the reactive center loop
promotes the formation of an inactive latent conformation84 and mutation
of underlying residues in the shutter region can lead to folding defects.85

Conservation of structure may also reflect the fact that serpins exist as
“two-in-one” proteins, in that they adopt two different conformations with
different packing arrangements.86

Broadly speaking, there are two major conformations of serpin: RCL
fully inserted (due to cleavage, transition to latency, or polymerization) and
RCL mostly expelled (ranging from partially inserted in the case of non-
activated antithrombin, to fully expelled as seen with maspin). Most serpins
are required to achieve a delicate balance between these two states; it is the
transition from RCL-expelled to RCL-inserted that permits serpins to act as
covalent protease inhibitors.87 Hence, this requires that during the course
of evolution, a serpin sequence is under pressure to both favor folding to the
active state and maintaining the ability to adopt an energetically favorable
RCL-inserted form, without leading to inappropriate conformations such as
polymers and the latent form. Indeed, the path of the reactive center loop as
it inserts into the centralA-β sheet of the molecule is mirrored by the pattern
of highly conserved residues among members of the serpin superfamily;8

and regions that play a role in the transition between loop-expelled and
loop-incorporated, termed the hinge, the breach and the shutter, appear to
be co-evolving at a slower than average rate.88 These residues are shown in
Fig. 5 and it can be seen that the association between them is best understood
in the context of the cleaved structure of antitrypsin, and not the active,
inhibitory, uncleaved form, illustrating the influence of different structural
contexts on evolutionary behavior.

Figure 6 shows the influence of evolutionary divergence on structural
movements within the serpin fold. It is clear from the uncleaved serpin
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Fig. 5. The position of residues identified as conserved in more than 75% of serpin
sequences8 (white spheres) and those representing co-evolving sites88 (black spheres) are
shown mapped onto the crystal structures of (A) cleaved and (B) uncleaved human anti-
trypsin (see Table 2 for accessions). Gray spheres indicate residues common to the two
datasets. The stereo figure was prepared using Molscript119 and Raster3D.121
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Fig. 6. (Continued)
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Fig. 6. (Continued)
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Fig. 6. A tree depicting the phylogenetic relationship between (A) cleaved and (B) native
serpins of known structure, as listed in Table 2. Multiple pairwise superpositions were
performed using the DaliLite program.122 At each ancestral node on the tree, the residues
constituting the “common core”123 of all structures that descend from that node were cal-
culated from these pairwise superpositions. A “common core” excludes regions that are not
consistently structurally aligned. Each cartoon shown represents the “common core” where
two or more branches meet; colored lines indicate those regions that are absent from the
common core at the next ancestral node (cyan, alpha-helix; red, beta-sheet; green, and loop
region). For clarity, the multi-gene clades A/D, B, and E/I are colored blue, red and green,
respectively. (C) The structure of native antitrypsin, indicating the order in which regions
are lost from the common core when moving from the terminal branch to the most ances-
tral node; red indicates the first region to be lost, followed by orange, yellow, and green;
blue-violet residues are present in the common core at the base of the tree. Structures were
drawn using Molscript.119

structures (Fig. 6A and B) that the reactive centre loop is the most mutable
element, along with the CD-loop of the clade B serpin, ovalbumin, and the
C- and N-termini of thermopin and the N-terminus of heparin cofactor II.
This is followed closely by the loop joining helix D to strand 1A, the loop
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joining the F-helix to strand 3A, and the N-terminal portion of the G-helix.
Deeper into the tree, more loops joining structural elements are lost, such as
the residues between strands 1B and 2B. Finally, the D-helix, E-helix, and
G-helix are found to superpose poorly near the base of the tree (Fig. 6C).

4.1. Sequence plasticity in the reactive center loop

The reactive center loop (RCL) of serpins has long been recognized as
being hypervariable,21 i.e. with a non-synonymous mutation rate above the
background rate, and this can be easily seen when examining the multi-
gene clusters that have appeared due to extensive gene duplication in the
mouse.58,59 The RCL is uniquely varied in its structure and when compar-
ing one serpin with another, it is evident that it is able to adopt a number of
different conformations; for example, the so-called canonical conformation
of antitrypsin around the specificity-determining residues89 and the RCL of
the closely related murine antichymotrypsin, which is almost perpendicular
to that of antitrypsin and is partially inserted into the A-sheet.90 The serpin
fold is largely well ordered. The central region of the RCL represents a
frequent exception to this and typically makes few contacts with the body
of the serpin; thus, it is often not visible in crystal structures due to a high
degree of disorder such as seen with plasminogen activator inhibitor-191

and thermopin.92 Presumably, this permits the acquisition of optimal target
specificity on the basis of sequence alone, without requiring compensating
mutations for the maintenance of structural integrity.

As discussed above, this is a two-edged sword; a point mutation in this
region can detrimentally alter the biological properties of the serpin, and
genetic disease ensues. The N-terminal portion of the RCL is somewhat
more constrained in sequence as it becomes incorporated into the A-sheet
during the inhibitory process, and is required to contain a string of small
polar and aliphatic amino acids known at the “hinge region motif”.93 This
is exemplified by ovalbumin, a serpin that does not undergo conforma-
tional change.94 With the requirement for a hinge region compatible with
the A-sheet insertion discarded, residue 339 of the RCL has undergone a
change from threonine to arginine with respect to related serpins. Introduc-
ing this mutation into other serpins results in their inability to effectively
inhibit proteases, and mutating this residue back to a threonine in ovalbumin
permits RCL insertion into the A-sheet.95
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Similar plasticity is seen in the inhibition of different protease classes by
serpins.While the majority of serpins characterized to date have been shown
to be inhibitors of trypsin-like serine proteinases,6,96 the family also has
inhibitory members that target other classes of proteinase. The viral crmA
protein inhibits caspase-1,97 and squamous cell carcinoma antigen-1 inhibit
papain-like cysteine proteinases,98 but minimal changes in the specificity-
determining region of the RCL are required to alter the target protease
class.25,26,99

5. Concluding Statements: The Prokaryotic Serpins
and the Root of the Serpin Superfamily

At the root of the “tree of life” lies the dichotomy between prokaryotic and
eukaryotic organisms, and the divergence of plants, animals, and fungi. The
order in which these branches diverged at this period in natural history is a
well-debated topic. An ancient gene represented in a significant number of
prokaryotes and eukaryotes implies universal importance to cellular life;
whereas there are a significant number of eukaryotic genes that appeared
only after the divergence from prokaryotic ancestors.100

Due to the high throughput sequencing of whole prokaryotic organ-
isms from a diverse range of environments and genetic backgrounds, a host
of serpin genes have been identified that suggest the root of the gene tree
may lie prior to the divergence of bacteria from archaea.9,11 However, it is
clear that serpin genes are not indispensable to cellular life, as there are a
large number of fully sequenced prokaryotic organisms, as well as yeasts,
lacking a recognizable member of this family.9 Whether this arises due
to some other proteins providing an analogous function cannot be defini-
tively known; the primary role of serpins is to inhibit proteases, but it is
also clear that the presence of a protease does not predicate the presence
of a serpin.9 The prokaryotic organisms known to contain serpin genes
include extremophiles (such as Pyrobaculum aerophilum, Thermoanaer-
obacter tengcongensis, and Thermobifida fusca) and mesophiles. Based
on current data, there is no evidence to suggest the capture of eukary-
otic serpin genes by bacteria. However, there are interesting examples
of bacteria that have an association with an eukaryotic host: Ruminococ-
cus albus, which resides in the foregut of ruminant animals and produces
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cellulolytic enzymes; and Nostoc punctiforme, which lives as an endosym-
biont in the fungus Geosiphon pyriformis. It is possible that a shared
lineage exists with these organisms but remains undetectable due to gene
divergence.

Multiple serpin genes have been identified in plants,101 but as yet cog-
nate target proteases have not been identified. It was clear from a study
involving serpins from Arabidopsis thaliana and Hordeum vulgare that for
plants, the diverse repertoire of serpins evolved from a single progenitor
serpin, for each of the species, prior to species divergence.8 It seems likely
then that a single serpin gene existed at least as far back as the plant/animal
split, and its recruitment by complex, multicellular organisms has led to the
large number of genes seen today.

Based on the connectivity of secondary structure elements in ser-
pins, two separate studies have countenanced the possible integrity of a
C-terminal domain composed solely of the B- and C-sheets and G- and
H-helices, and lacking helices A–F and strands s1A–s3A.102,103 It has been
suggested on this basis that the serpin fold may have developed from the
joining of the two domains near the conserved Trp-194 residue, followed by
an insertion event generating two strands of the A-sheet.102 Furthermore,
there is structural evidence that the D-helix and the G-helix are dispens-
able secondary structural components.10,104 It may be that only with the
knowledge of the earliest precursors of the serpin fold will the timing of
the origin of the serpin superfamily become clear.
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