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Keeping the Serpin Machine Running Smoothly

Peter G.W. Gettins'

Department of Biochemistry and Molecular Biology, University of lllinois at Chicago, Chicago, lllinois, USA

Serpins are a widely distributed family
of structurally very closely related me-
dium molecular weight proteins (mostly
40-50 kDa) that are primarily known as
inhibitors of serine proteinases (hence
the origin of the name serpin; Gettins et
al. 1996). They are found in most organ-
isms, with notable exceptions being bac-
teria and fungi. There are both extracel-
lular and intracellular serpins. The pro-
teinase targets are often involved in
complex physiological processes that
must be carefully regulated both tempo-
rally and spatially, such as blood coagu-
lation, fibrinolysis, and inflammation.
Some of the best known human serpins
are antithrombin, the principal inhibi-
tor of the blood clotting cascade pro-
teinases thrombin and factor Xa, o;-
antitrypsin, the principal inhibitor of
elastase secreted by neutrophils at sites
of inflammation, and plasminogen acti-
vator inhibitor-1 (PAI-1), an inhibitor of
the plasminogen activators t-PA and
u-PA. Because serpins do not inhibit pro-
teinases by a simple noncovalent lock
and key mechanism but, instead, use a
conformational change-based trapping
mechanism that depends on their struc-
tural and thermodynamic properties,
understanding the common elements of
serpin structure, folding and conforma-
tional change is at the heart of under-
standing how serpins function in both
normal and pathological states. In this
issue, Irving and colleagues report serpin
sequence comparisons that provide in-
sight not only into the evolutionary re-
lationships between serpins but also
into those residues that must play criti-
cal roles for serpin structure and func-
tion (Irving et al. 2000).

Metastability of Serpins
A corollary of Anfinsen’s proposal that
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all the information necessary for the
correct folding of a protein is present in
its primary structure (Anfinsen 1973) is
that the native structure of a protein is
expected to represent the most stable
state. The large and growing family of
serpins, whose primary structures are
analyzed and compared by Irving and
colleagues (Irving et al. 2000), represents
one of a handful of exceptions to this
expectation. Serpins instead fold into a
metastable state that represents the ac-
tive state. Subsequent conformational
change, involving major reorganiza-
tion of a large, exposed proteinase-
recognition loop and one of the three 3
sheets, is fundamental to the normal
functioning of many serpins as suicide
inhibitors of serine and cysteine protein-
ases. Other properties of serpins, such as
antiangiogenic activity (O’Reilly et al.
1999), chemotactic response (Potempa
et al. 1991; Banda et al. 1988; Hoffman
et al. 1989), or ability to regulate cell mi-
gration (Stefansson and Lawrence 1996)
also appear to depend on the serpin’s
ability to undergo conformational
change. The primary structure of a ser-
pin must therefore ensure not only that
a folding pathway leading to the meta-
stable conformation be followed but
that, under appropriate circumstances,
structural rearrangement to the most
stable state can occur rapidly and
smoothly enough to carry out the physi-
ological function of the serpin. It is
likely that many of the conserved resi-
dues identified by Irving and colleagues
are essential for correct metastable fold-
ing and for subsequent smooth confor-
mational change.

Use of Conformational Change
to Inhibit Proteinases

By far the largest group of serpins are
inhibitors of serine proteinases. With
only a few exceptions, where reversible
inhibition may occur, serpins inhibit
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proteinases irreversibly as suicide sub-
strate inhibitors in which the acyl en-
zyme intermediate of the normal sub-
strate cleavage pathway becomes kineti-
cally trapped as a result of a major
conformational change in the serpin
(Gettins et al. 1996). The inhibition
pathway is thus a branched one, with
one branch leading to the kinetically
trapped covalent serpin:proteinase com-
plex and the other to the normal cleav-
age products of the reaction (Fig. 1),
which in the case of a serpin involves
cleavage within the reactive center loop,
but without loss of any polypeptide.
There is, thus, a competition between
the two branches, with the outcome de-
termined by the relative values of the
rate constants k; and k, (Fig. 1; Patston
et al. 1991).

X-ray structures of several cleaved
serpins had already shown that the pre-
viously exposed reactive center loop of
the native serpin underwent a remark-
able change in conformation on cleav-
age, with integration into the principal
B sheet of the protein (sheet A) as a cen-
tral strand and with the consequent
need for this B sheet to be broken open
to permit insertion of the cleaved reac-
tive center loop. Recent structural stud-
ies by fluorescence resonance energy
transfer (Stratikos and Gettins 1999) and
by X-ray crystallography (Huntington et
al. 2000) have shown that the serpin
moiety in the kinetically trapped cova-
lent serpin:proteinase complex very
closely resembles the loop-inserted
structure present in cleaved serpins and
that the covalently linked proteinase
has moved over 70 A from its initial
docking site with the reactive center
loop (Fig. 1). The X-ray structure of the
a,-proteinase inhibitor (serpin):trypsin
(proteinase) complex further showed
that the structural basis for kinetic trap-
ping, and hence inhibition of the pro-
teinase, is a gross distortion of the active
site of the proteinase and repositioning
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Figure 1 Branched pathway mechanism of serpin (I) inhibition of proteinase (E), illustrated
using o, Pl as the serpin and trypsin as the proteinase. Serpin and proteinase bind to form an initial
noncovalent Michaelis-like complex (El) in which the proteinase docks with the exposed reactive
center loop (red) with no distortion of the proteinase or the body of the serpin (Peterson et al.
2000). Normal substrate-like cleavage occurs with rate constant k, to form the acyl enzyme
intermediate EI*. A competition ensues between the inhibitory pathway (rate constant k,) and the
substrate pathway (rate constant k;). Completion of the substrate reaction by hydrolysis of the
acyl enzyme intermediate results in release of cleaved serpin (I) and free proteinase. The inhibition
pathway involves insertion of the cleaved reactive center loop into B-sheet A of the serpin and
concomitant dragging of the covalently bound proteinase from the top to the bottom of the
serpin to give the kinetically trapped covalent serpin—proteinase complex (EI*; Stratikos and Get-
tins 1999; Huntington et al. 2000). In the covalent complex, the proteinase (shown in red in the
EI* structure) is distorted through compression against the bottom of the serpin and, hence,
rendered catalytically incompetent (Huntington et al. 2000). Because the catalytic competence of
the proteinase has been severely compromised by the distortions within the active site, comple-
tion of the hydrolysis of the acyl intermediate from the trapped complex (rate constant k) is
extremely slow. In vivo complexes are cleared before appreciable dissociation has time to occur.

of the acyl ester intermediate (Hunting-
ton et al. 2000), resulting from steric
compression of the proteinase against
the base of the serpin. Critical to gener-
ating this compression is that the reac-
tive center loop that inserts into  sheet
A, and to which the proteinase active
site serine (or cysteine in the case of cys-
teine proteinases) is covalently linked,
be just long enough to allow the pro-
teinase to be squeezed in at the bottom
of the serpin. If the loop is too long,
there is too much slack to generate the
compression; if it is too short, the pro-
teinase cannot reach the bottom of the
serpin.

For the serpin inhibition “machine”
to function properly, there are thus
many structural requirements that must
be met. First, the serpin must fold into
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the correct metastable state; second, this
state must be stable long enough for re-
action with proteinase; third, the reac-
tive center loop must retain residues at
the scissile bond that are recognized by
the cognate proteinase and at the hinge
point for insertion into B-sheet A that
are compatible with burial into a B
sheet; fourth, the composition of
B-sheet A must allow splitting of the
sheet to accommodate the new strand;
fifth, other secondary structure ele-
ments that contact B-sheet A above or
below must allow the necessary move-
ment of the sheet during loop insertion
at a fast enough rate to compete with
the substrate branch of the pathway;
and sixth, other structural features that
might impede movement of the protein-
ase to the bottom of the serpin, such as

helix F, must be able to move out of the
way during proteinase passage. Irving
and colleagues have shed considerable
light on which residues may be involved
in meeting these requirements from
their sequence comparisons of 219 ser-
pins (Irving et al. 2000). It is striking
how many of the ~50 conserved residues
are buried in locations related to loop
insertion into B-sheet A; either within
the sheet flanking the site of insertion or
in regions underlying the sheet. This in-
sight has provided excellent starting
points for future mutagenesis studies
that will allow more precise identifica-
tion of which of the requirements enu-
merated above are met by which con-
served residues.

Why Use Conformational Change?

The above description of proteinase in-
hibition by serpins, involving a well-
coordinated series of machine-like
movements, invites the question of why
such a complicated inhibition mecha-
nism has evolved when there are numer-
ous examples of alternative lock-and-
key type inhibitors of proteinases avail-
able in each of the different mechanistic
classes, including serine and cysteine
proteinases. Probably the most impor-
tant reason is the opportunities for regu-
lation that are so afforded, which are ab-
sent from reversible, rigid noncovalent
inhibition. In this regard, it is significant
that, as Irving and colleagues point out
(Irving et al. 2000), the distribution of
serpins and the processes in which they
are involved appear to be those that
have arisen as a result of the organism
being multicellular. These are processes
where inhibition per se is not sufficient:
In addition, there must be regulation of
inhibition.

As proteinase inhibition by a serpin
is a biochemical reaction, there is an as-
sociated rate of inhibition that can, in
principle, be increased or decreased by
allosteric effectors. The dramatic modu-
lation by heparin of the rate of inhibi-
tion of blood coagulation proteinases by
the serpin antithrombin is the best-
studied example of such rate regulation
in a serpin (Olson et al. 1992), but it is
unlikely to be the only one. The
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branched nature of the serpin inhibitory
pathway also ensures that there are two
possible products of the reaction be-
tween serpin and proteinase: kinetically
trapped complex and cleaved, confor-
mationally altered, serpin. Examples
of biological function associated with
the cleaved serpin, such as antiangio-
genic activity for cleaved antithrombin
(O'Reilly et al. 1999) and chemotactic
activity for cleaved o,-antichymotryp-
sin (Potempa et al. 1991) or heparin co-
factor II (Church et al. 1991) suggest
why operation of this branch might not
be inefficient or wasteful but actually be
desirable. Cofactor proteins that bind to
the serpin and promote or inhibit loop
insertion could also alter the relative
proportions of cleaved versus com-
plexed serpin and so regulate the bio-
logical function associated with the
cleaved form. Because serpin effectors
such as heparin can also be physically
localized, for example, by being on the
vascular surface, they allow control of
the rate of serpin inhibition in a spa-
tially regulated manner. Finally, the
ability of the metastable serpin confor-
mation to convert to the more stable,
latent (inactive) conformation provides
the opportunity to control the active
lifetime of a serpin by promoting or in-
hibiting such conversion. Here the best-
documented example is the stabilization
of the active conformation of plasmino-
gen activator inhibitor-1 (PAI-1) by
bound vitronectin (Wiman et al. 1988).
Dissociation of vitronectin allows rapid
inactivation of the PAI-1 by spontane-
ous conversion to its most stable, latent,
state.

Breakdown of the Machine

As with any machine that relies on mov-
ing parts, inhibitory serpins that use the
mechanism in Figure 1 are prone to mal-
function when mutations interfere with
the necessary motions. There are thus
many examples of natural serpin vari-
ants that result in diseases such as
thrombosis, emphysema, and hemor-
rhage (Stein and Carrell 1995). The mu-
tations have involved changes not only
in the reactive center loop but also in
those conserved regions identified by

Irving and colleagues (Irving et al. 2000)
as being critical to the functioning of
the conformational changes needed for
inhibition. In addition, the use by ser-
pins of a transformation of an exposed
loop into a strand of B sheet has permit-
ted opportunities for inappropriate in-
sertion of the loop of one molecule into
the sheet of another, leading to poly-
merization. This is now well docu-
mented in the case of o;PI polymeriza-
tion leading to emphysema (Elliott et al.
1998) and of neuroserpin leading to de-
mentia (Davis et al. 1999).

Given the many ways in which ser-
pins can malfunction as a result of their
complex inhibition mechanism, it is
therefore all the more striking that they
are so widely used as proteinase inhibi-
tors. The principal human plasma pro-
teinase inhibitors, including those of
blood coagulation, fibrinolysis, and
complement activation, are nearly all
serpins. It is clear, therefore, that the ad-
vantages of regulation alluded to above
must far outweigh the disadvantages
that arise when the mechanism goes
wrong. It is also striking that our under-
standing of the specific details of regula-
tion for most serpins is still very limited.

Phylogenetic Analysis
as a Structural Tool

The phylogenetic analysis of serpin se-
quences by Irving and colleagues (Irving
et al. 2000) has revealed remarkable pat-
terns of residue and structural conserva-
tion within the whole family that is fun-
damental to operation of the serpin ma-
chine. As more sequences from different
species become available for a given ser-
pin, it should be possible to extend such
analyses to also reveal common surface
elements that might be involved in
hitherto unsuspected, but functionally
important, interactions with other co-
factor proteins. More generally, the use
of phylogenetic analysis on other pro-
tein families should provide great in-
sight into functionally important re-
gions, whether needed for enzymatic
activity or binding to other macromol-
ecules. Examples of such successful
analyses already exist for several abun-
dant protein families such as zinc finger

DNA-binding domains and SH2 and SH3
modular signaling domains (Lichtarge et
al. 1996a) as well as G proteins (Lich-
targe et al. 1996Db).
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