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Serpins were originally identified in
eukaryotes as inhibitors of serine
proteinases (hence the term serpin) (1).
Initial work focused upon plasma serpins
regulating proteolytic cascades involved

in the control of inflammation (e.g.
antitrypsin) and blood coagulation (e.g.
antithrombin). More recently, a large
group of serpins has been identified that
are not secreted and instead perform

Fig. 1. Representative crystal structures of
members of the serpin family. Cartoon
diagrams were produced using MOLSCRIPT (21):

A. bovine trypsin proteinase inhibitor,
pdb accession 1BPI

B. cleaved antitrypsin, 7API
C. inact ovalbumin, 1OVA
D. inact antitrypsin, 1QLP

E. docking complex between inactive
trypsin and serpin 1K, 1I99

F. covalent complex between trypsin
and antitrypsin, 1EZX

G. latent PAI-1 (E.J. Goldsmith)
H. antitrypsin polymer, 1D5S
I. δ-antichymotrypsin, 1QMN

intracellular roles (2). Most serpins
identified to date are inhibitory, although
their proteinase targets are not restricted
to the serine proteinases. In particular,
several serpins have been identified that
inhibit papain-like cysteine proteinases
(e.g. Squamous Cell Carcinoma Antigen-
1 [SCCA-1]) and the viral serpin crmA
is an effective inhibitor of the caspase,
ICE-1. In addition to the inhibitory
serpins, certain members were identified
that had evolved to perform non-
inhibitory roles, such as hormone delivery
(angiotensinogen), the inhibition of
metastasis (maspin) and controlling
protein folding (47kDa Heat Shock
Protein or HSP47).

To date, over 500 serpin sequences
have been deposited in GENPEPT with
serpins found in the higher plants, animals
and viruses (3). A phylogenetic
investigation of the serpin superfamily
reveals that the serpins can be divided
into 16 distinct clades (or families). To
date no prokaryote or fungal serpin has
been identified and the nature of the
ancestral serpin remains obscure.

Structural biology of serpins and
the mechanism of proteinase
inhibition

Serpins typically comprise 350-450
amino acids. These molecules are very
different to the classical “small”
proteinase inhibitors such as Basic
Pancreatic Trypsin Inhibitor (BPTI) (Fig.
1A). The native state of inhibitory serpins
is metastable, and interaction with a target
proteinase, or cleavage of the region of
the molecule that interacts with the
target proteinase (the reactive centre
loop [RCL]), results in a dramatic
conformational change and increase in
the overall thermal stability of the
molecule (1). In addition, serpins are
suicide inhibitors – i.e. the serpin-enzyme
complex, once formed, is irreversible.
The first X-ray crystal structure of a
serpin (cleaved antitrypsin) (4) revealed
that the molecule is comprised of 3 large
β-sheets and 9 α-helices. In this structure,
the cleaved RCL forms the fourth
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β-strand of the A β-sheet with the cleaved
ends separated by over 80Å (Fig. 1B).
Subsequently, the X-ray crystal structure
of the intact form of the non-inhibitory
serpin ovalbumin revealed an RCL poised
at the top of the molecule with the A-
sheet containing only five strands (Fig.
1C) (5). Several further structures of
intact inhibitory serpins have revealed a
similar conformation for intact serpin;
Secondary structure designations are
illustrated using intact antitrypsin in
Figure 1D.

Two X-ray crystal structures have
recently been determined that clarify the
mechanism of serpin inhibition. The
unpublished X-ray crystal structure of the
“docking complex” between serpin 1K
from Manduca sexta and an inactive
mutant of trypsin, solved by Betsy
Goldsmith and colleagues (PDB identifier:
1I99), reveals the proteinase bound to the
exposed RCL at the top of the molecule
(Fig. 1E) with little conformational
change in the serpin other than a
distortion of the RCL around the top of
the A β-sheet. In contrast, the X-ray
crystal structure of the final serpin-
enzyme complex between antitrypsin and
trypsin demonstrates that upon complex
formation the serpin is cleaved and
undergoes the complete S to R transition
(Fig. 1F) (6). The proteinase remains
covalently attached to the RCL via an acyl
bond between the sidechain of the
catalytic serine (195) and the carbonyl
oxygen of the P1 residue of the serpin.
Furthermore, much of the proteinase
cannot be resolved in the final complex
and there is strong biochemical evidence
to support the hypothesis that the
enzyme is partially unfolded (7).

Thus serpins have evolved as a
conformational trap: the RCL is held
exposed as “bait” for the target
proteinase, which cleaves the RCL after
docking. However, upon cleavage the RCL
rapidly inserts into the A β-sheet,
“dragging” the proteinase with it and
concomitantly distorting the catalytic
triad (and the entire molecule). This
distortion prevents the final breakdown
of the acyl-enzyme intermediate, leaving
the proteinase “trapped” in limbo unable
to escape.

In the following sections we describe
two major serpin groups present in

humans – the plasma serpins and the
intracellular serpins. In addition, we
examine instances where the finely
poised serpin “machine” is disrupted
resulting in inappropriate conformational
change and disease.

The plasma serpins – role and
control

Plasma serpins encompass proteins
such as antithrombin, C1 inhibitor,
plasminogen activator inhibitor (PAI-1)
and the archetypal serpin, α

1-antitrypsin.
They have important roles in controlling
a number of vital processes, such as blood
clotting (antithrombin), complement
activation (C1 inhibitor), fibrinolysis (PAI-
1) and inflammation (α1-antitrypsin).
Given these roles, it is not surprising to
find that deficiencies in these serpins
result in diseases such as thrombosis,
angioedema and lung diseases such as
emphysema (8).

The regulatory function of these
serpins is aided in some cases by the
binding of co-factor molecules. For
instance , antithrombin activity is
controlled by heparin, which enhances its
inhibitory activity towards blood clotting
proteases by several orders of magnitude
(9). The solution of structures of
antithrombin alone and in complex with
heparin pentasaccharide (10) reveal that
prior to binding heparin the antithrombin
RCL is partially inserted into the A
β-sheet. Heparin binding induces major
structural changes around the heparin
binding site of antithrombin which
translate into changes in the body of the
serpin, finally resulting in an expulsion of
the RCL from A-sheet. The change in the
RCL conformation is thought to translate
into a greater activity towards proteases
such as factor Xa, while control of
thrombin is mainly achieved via
concomitant binding of both protease and
serpin by long chain heparins, accelerating
inhibition by facilitated diffusion. The
heparin-antithrombin interaction
controls the action of the serpin in terms
of both the time taken to inhibit the
proteases and in localising it to the
necessary site of action. Heparin is often
used in the medical context and new
analogues such as heparin
pentasaccharide are being produced
which are as effective, but without many

of the side effects associated with
heparin.

PAI-1 is also complemented in its
function by interaction with a co-factor
(11). PAI-1 alone has a marked tendency
to undergo the transition to the latent
form in plasma, which involves the
insertion of the RCL of the molecule into
its A-sheet (Fig. 1G). In plasma, PAI-1
tends to associate with the plasma
protein, vitronectin. Rather than activating
PAI-1 towards interaction with its target
proteases, the plasminogen activators, this
interaction dramatically slows insertion
of the RCL of PAI-1 into the A-sheet of
the serpin and thus slows the formation
of the latent state, allowing the serpin to
exist in a multimeric complex with
vitronectin which is able to control the
activity of the pro-fibrinolytic
plasminogen activators.

The plasma serpins have also been
found to have roles which lie outside
control of the enzymes found in blood.
For instance, it has recently been found
that cleaved or latent forms of
antithrombin are capable of binding and
activating endothelial cells and thus
preventing angiogenesis (12). PAI-1 has
also been shown to control cell adhesion;
migration and thus decreases the
migration of invasive tumor cells, for
instance (1). This is due to the interaction
of PAI-1 with vitronectin, which is
involved in adhesion and migration
processes. Further investigations into this
new and highly complex area of
interactions between plasma serpins and
cells is certain to be one of the major
new growth areas in the serpin field.

The intracellular serpins
In 1993, Remold O’Donnell (2) noted

similarities between chicken ovalbumin,
human plasminogen activator inhibitor 2
(PAI-2) and human monocyte / neutrophil
elastase inhibitor (MNEI), and proposed
that they represent a subgroup of the
serpin superfamily termed the ovalbumin
(ov) serpins. At present there are 13
human ov-serpins that have been
characterised by biological function,
homology cloning, and database mining
(1).

Ov-serpins are shorter at both N- and
C-termini than the prototype plasma
serpin α1-antitrypsin, they lack classical
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secretory signal peptides, and, unlike
ovalbumin itself, are typically intracellular
proteins that exhibit cytoplasmic or
nucleocytoplasmic distributions. Low-
level secretion of three ov-serpins (PAI-
2, maspin and megsin) can occur under
certain circumstances (directed by via
non-conventional signal sequences),
which suggests that these proteins may
have both intra- and extra- cellular
functions.

With the possible exception of maspin,
all human ov-serpins are functional
protease inhibitors.  Among the group are
inhibitors that interact with serine
proteinases, or with cysteine proteinases
(either cathepsins or caspases). Several
members of the group inhibit more than
one proteinase and may utilise different
P1 residues to do so.  At present there is
no example of inter-molecular
modulation of ov-serpin inhibitory
activity along the lines of heparin-
mediated activation of antithrombin, but
it is clear that the CD loops of the ov-
serpins have the potential to interact with
other proteins. For example, the CD loop
of PAI-2 is required for its cell survival
function and is a target for
transglutamination. Bomapin (like the
chicken ov-serpin, MENT) carries a
nuclear localisation signal in its CD loop
that presumably interacts with a nuclear
importin.

Unlike the plasma or neural serpins
there have been no naturally occurring
ov-serpin mutants described. This has
hindered our understanding of ov-serpin
physiological function, but nevertheless
a picture is beginning to emerge from a
range of biochemical and biological
studies. Perhaps the best-studied ov-
serpin is PAI-2, which is thought to
regulate extracellular matrix remodelling
through the inhibition of urokinase. This
is supported by the observation that high
PAI-2 and low urokinase levels correlate
with a positive prognosis in breast cancer.
PAI-2 may have a structural role inside
some cells (perhaps keratinocytes) as
suggested by its ability to spontaneously
polymerise and undergo trans-
glutamination, and in others it appears to
act as an intracellular survival factor.
Unfortunately, generation of knockout
mice to investigate the potential roles of
PAI-2 has not yet been informative as

homozygous-deficient animals are overtly
normal.

Many ov-serpins are present in
protease-secreting cells, leading to the
simple “cytoprotective hypothesis”, which
posits that they shield such cells from
damage caused by their own proteases
(13) (Fig. 2). For example, we have shown
that PI-9 is a potent inhibitor of the
cytotoxic lymphocyte protease granzyme
B, is present in nucleus and cytoplasm of
cytotoxic lymphocytes, is up-regulated
during degranulation, and can protect
cells against granzyme B-mediated
apoptosis (14-16). Thus it probably
prevents cytotoxic lymphocyte suicide
due to mis-directed granzyme B. Recent
studies have shown that PI-9 is also
present in lining cells, T helper cells and
antigen-presenting cells, suggesting that
it also protects accessory or bystander
cells against ectopic granzyme B.

When it all goes wrong - serpin
folding, misfolding and disease

The serpin superfamily represents one
of the best structurally characterised
families of proteins with 12 different
conformational forms of the serpin being
crystallographically defined. As described
in the previous sections, the serpin
molecule can adopt a wide range of
conformations. The serpin native state is
metastable, that is it is not at its lowest
free energy conformation. Both the latent
and polymeric conformations, in which
the A β-sheet consists of six strands, are
far more stable. This implies that when
the nascent polypeptide chain is folding
it is able to avoid these more stable
conformations and adopt its native state.
How a serpin molecule achieves this feat
is poorly understood. However, the
metastability of the native state also
means that the folding pathway of the
native state is very sensitive to mutation,
with these mutations generally causing
the protein to adopt the more stable, but
inactive, latent (Fig. 1G) and polymeric
(Fig. 1H) forms. The δ conformation of
antichymotrypsin is another example
(Fig. 1I).

Over 200 mutations have been
identified within the human family of
serpins that cause disease (8). These
disease include emphysema, thrombosis,
angioedema and dementia. The most well

studied disease is α 1-antitrypsin
deficiency that may have accounted for
the death of Frederic Chopin in 1849. The
major function of α1-antitrypsin is to
protect the lung tissues against attack
from the enzyme neutrophil elastase and
a deficiency of circulating α1-antitrypsin
is associated with early-onset
emphysema. The Z variant of α 1-
antitrypsin results in plasma levels
approximately 10% of normal in the
homozygote and 60% in the
heterozygote. The lack of circulating
α1-antitrypsin is due to the accumulation
of α1-antitrypsin inclusions within the
rough endoplasmic reticulum of the liver.
These inclusions predispose the
homozygote to juvenile hepatitis,
cirrhosis and hepatocellular carcinoma.

The Z mutation illustrates the two
ways in which mutations can disrupt the
native state of the serpin. Firstly the
mutation affects the normal folding
pathway of the serpin within the
hepatocytes causing the protein to adopt
the polymeric form. Folding studies have
shown that the mutation actually
stabilises an intermediate upon the
folding pathway, which accumulates and
polymerises (17). Spectroscopic data
from our laboratory have shown that the
intermediate is expanded and has
disrupted A and C β-sheets, presumably
increasing the likelihood of
polymerisation.  A small proportion of the
Z variant does not polymerise in the
hepatocytes, is found in the circulation
and has full inhibitory activity. However,
Lomas and colleagues have demonstrated
the presence of Z α

1-antitrypsin
polymers within lung lavage fluid,
indicating that the mutation destabilises
the native state of α

1-antitrypsin leading
to the partial unfolding of the native state
to an intermediate conformation that
subsequently polymerises (18). Z
α1-antitrypsin thus provides an elegant
example of how a single point mutation
can have an effect on both the folding
and unfolding pathways of a protein.

The recent crystal structure of a serpin
polymer provides the molecular details
of serpin polymerisation (Fig. 1H) (19).
The structure confirmed biochemical and
biophysical data that the A β-sheet
becomes expanded, allowing
incorporation of the reactive centre loop

Serpins:  A Conformational Trap (contin.)
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of another serpin molecule. This is known
as A-sheet polymerisation. The
phenomenon of polymerisation has been
reported for variants of other
serpins such as antithrombin, α 1-
antichymotrypsin and C1-inhibitor. The
most striking example was recently
described as inclusion body dementia,
caused by polymerisation of the neuron-
specific serpin, neuroserpin (20). Given the
similarities by which serpin polymers form
it is likely that therapies which inhibit the
polymerisation of one serpin will be useful
for the treatment of a whole range of
diseases. Potential therapies are focusing
on stabilising the native state of the serpin
against partial unfolding, and include the
use of small molecules and peptides.

Conclusions
Serpins are highly evolved to act

through a mechanism involving dramatic
conformational change. This mechanism
is particularly amenable to modulation,
thus the various members of the family
provide a veritable treasure trove of
modifications to the basic scaffold to
provide control points and ancillary
functions, making this family a biochemist’s
delight. The dark side of this scenario is

the devastating effect of single point
mutations within the finely balanced
structure, leading to disease in many
shapes and forms. Understanding serpins
and how to control them is thus not just
a matter of delighting our intellect, but
something which is also vital in the fight
against the varied diseases in which they
are involved.
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Fig. 2. Mechanism of cytoprotection by the intracellular serpin, PI-9. Immune killer cells produce the
cytotoxic protease granzyme B (graB) and deliver it into target cells, where it induces DNA degradation and
apoptosis. PI-9 is an efficient inhibitor of granzyme B found in the nucleus and cytoplasm of killer cells and
accessory cells (such as antigen-presenting cells). It protects these cells from inadvertent death by rapidly neutralising
any misdirected granzyme B.
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