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Abstract

Serpins are a widely distributed family of high molecular weight protein proteinase inhibitors that
can inhibit both serine and cysteine proteinases by a remarkable mechanism-based kinetic trapping
of an acyl or thioacyl enzyme intermediate, that involves massive conformational transformation.
The trapping is based on distortion of the proteinase in the complex, with energy derived from the
unique metastability of the active serpin. Serpins are the favored inhibitors for regulation of
proteinases in complex proteolytic cascades, such as are involved in blood coagulation,
fibrinolysis and complement activation, by virtue of the ability to modulate their specificity and
reactivity. Given their prominence as inhibitors, much work has been carried out to understand not
only the mechanism of inhibition, but how it is fine-tuned, both spatially and temporally. The
metastability of the active state raises the question of how serpins fold, while the misfolding of
some serpin variants that leads to polymerization and pathologies of liver disease, emphysema and
dementia makes it clinically important to understand how such polymerization might occur.
Finally, since binding of serpins and their proteinase complexes, particularly PAI-1, to the
clearance and signaling receptor LRP1, may affect pathways linked to cell migration,
angiogenesis, and tumor progression, it is important to understand the nature and specificity of
binding. The current state of understanding of these areas is addressed here.

1. Introduction

The initial identification of a relationship that would grow into the serpin superfamily of
proteins was made in 1980 by Hunt and Dayhoff [1] from a comparison of the complete
sequence of chicken ovalbumin with partial sequences of two human proteinase inhibitors,
antithrombin and a.q-proteinase inhibitor (alPI)l,Z. Since then, the family has grown to
thousands of proteins [2] that are found not only in mammals and other vertebrates, but in
other animals, in plants [3], in viruses [4], in bacteria and in archaea [5-7]. Whereas the
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l<11-Proteinase inhibitor was originally given the name a.1-antitrypsin, even though its principal proteinase target /n vivo is neutrophil
elastase. This alternative name is still frequently used. The systematic name is serpinAl for the protein and SERPINAL for the gene
see Table 1).

EAbbreviations used: a1Pl, a1-proteinase inhibitor; s5A, etc, nomenclature designating secondary structure elements in serpins, here
strand 5 of B-sheet A; CR, complement-like repeat; LRP1, low density lipoprotein receptor-like protein 1; PAI-1, plasminogen
activator inhibitor 1; P1, P14, etc, nomenclature of Schechter and Berger [175] to designate proteinase substrate subsites. Using this
nomenclature, the scissile bond is P1-P1', with P1' being C-terminal to P1; Sl, stoichiometry of inhibition; uPA, urokinase-type
plasminogen activator; uPAR, uPA receptor; ZPI, protein Z-dependent proteinase inhibitor.
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name “serpin” was coined by two of the pioneers in the field, Robin Carrell and Jim Travis,
as a convenient shorthand for serine proteinase /rhibitor [8], based on the ability of several
of the first identified members of the family to inhibit serine proteinases, the name is
somewhat misleading, since some serpins can inhibit cysteine proteinases, and quite a
number of serpins are not proteinase inhibitors at all, though they do, in many cases, possess
other important biological functions (Table 1). However, since most serpins are indeed
inhibitors of serine proteinases, the name has stuck.

2. Overview of Structure and Mechanism

2.i Serpin structure

The defining characteristic of a serpin is a primary structure that encompasses about 380
residues that fold into a single domain composed of three -sheets, and 8 or more a.-helices
packed mostly on one side of the major p-sheet (sheet A). Critical for functioning as a
proteinase inhibitor is an exposed loop, termed the reactive center loop (RCL), that is linked
to s5A on the N-terminal end and s1C on the C-terminal end. The serpin structure is
exemplified by the abundant human serpin a.1-proteinase inhibitor, the principal inhibitor of
neutrophil elastase (Fig 1). Enough x-ray structures of other serpins have been determined to
confirm the ubiquity of this fold amongst serpins identified as such from their primary
structures [9]. In humans 34 serpins and 5 serpin pseudogenes have been identified so far
[10] (Table 1), with many of the genes found in 2 clusters on chromosomes 14 (most clade A
serpins) and 18 (clade B serpins), reflecting the role of gene duplication and differentiation
in their fanilial expansion.

In addition to the core serpin domain, which corresponds to a mass of about 42kDa, some
serpins have N- and/or C-terminal extensions, expected to be related to auxiliary functions,
which can significantly increase their size. The most extreme case is C1 inhibitor
(serpinG1), an inhibitor of the complement pathway serine proteinases C1s and C1r, where
an N-terminal tail of about 100 residues is heavily glycosylated, bringing the total mass to
~76 kDa [11, 12]. Other important examples are heparin cofactor Il (serpinD1),
antithrombin (serpinC1) and protein Z-dependent proteinase inhibitor (ZPI, serpinA10), all
with sizeable N-terminal extensions.

2.ii Serpin metastability

From a protein structural perspective, the most remarkable feature of serpins is that, unlike
almost all other known proteins, they spontaneously fold into a metastable conformation,
which is the normal, active conformation that, with the notable exception of PAI-1, has long-
term stablility under physiological conditions. In this metastable state, the region of the
protein that contains the recognition sequence for target proteinase, the RCL, is an exposed
loop (Fig 1A). It is this loop that is energetically far from its most stable conformation. The
more stable conformation, termed the latent state, involves insertion of the RCL into the
center of B-sheet A as the fourth strand (s4A), thereby expanding p-sheet A to 6 strands of
anti-parallel B-sheet, though with concomitant extraction of strand 1 from p-sheet C to
permit the insertion of s4A into p-sheet A (Fig 1C). Energetically, the gain in stability from
expansion of B-sheet A more than offsets the reduction in stability from loss of s1C, which
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is reflected in an increase of 17°C in the denaturation temperature in the case of human
PAI-1 [13]. A third, very much more stable, conformation is obtained by cleavage of the
RCL towards its C-terminus, where the proteinase recognition sequence lies. Cleavage of the
polypeptide then allows s4A to insert into p-sheet A without the need to extract s1C from f-
sheet C to again give a 6-stranded anti-parallel p-sheet (Fig 1B). The much greater increase
in stability compared to the latent conformation is reflected in the very much higher T, of
>120°C [14], representing an increase over the native conformation of >60 deg C. This has
been estimated to represent over 30kcal mol~1 of additional stabilization compared to the
native state [15]. The highly favorable energetics for formation of the cleaved-like
conformation of serpins from the metastable conformation underlie the unique mechanism
of inhibition of both serine and cysteine proteinases. However, a negative consequence of the
requirement to fold along a precise pathway that leads to the metastable state appears to be
that certain mutations in serpins can lead to folding intermediates accumulating along the
folding pathway, so that polymers can form in addition to the desired functional monomers
[16]. The best example of this is the E342K mutation in a1Pl (termed the Z variant), which
is quite common in Northern European populations (~4%). In the ZZ homozygote this leads
to formation of intracellular polymeric inclusions in both the liver [17] and the lung [18],
with associated disease resulting both from reduced levels of functional proteinase inhibitor
and from the toxic effects of the inclusions [18, 19].

2.iii Serpin inhibition mechanism

Early studies on the inhibition of serine proteinases by serpins suggested that they differ
little from classical inhibitors, both in terms of formation of the initial encounter complex
and of any subsequent reaction of the proteinase with the scissile peptide bond. It was
suggested that one or two residues of the RCL, distal from the scissile bond, insert into -
sheet A, thereby rigidifying the remaining exposed loop and permitting at most formation of
a tetrahedral intermediate between the proteinase active site and the scissile peptide bond
carbonyl [20]. This was shown to be unlikely from the demonstration (i) that several serpins,
including antithrombin [21] and C1 inhibitor [22] behave as branched pathway suicide
substrate inhibitors towards their target proteinases, leading to either inhibited complex or
cleaved serpin from a common intermediate, and (ii) from a study on an RCL variant of
a1PI that, while still an inhibitor of proteinase, had an altered distribution of cleaved and
complexed serpin, despite unaltered stability and reactivity of the starting conformation
towards proteinases [23]. This led to a much more appealing proposal for the inhibition
mechanism [24] that involved initial formation of a non-covalent complex analogous to
those of classical inhibitors, but with subsequent successful cleavage of the peptide bond to
form an acyl enzyme intermediate. Such cleavage would then allow the energetically
favorable insertion of the RCL into B-sheet A. Since the proteinase would still be attached to
the C-terminal end of the cleaved RCL, it would be transported from one end of the serpin to
the distal end, where distortion of the active site might kinetically trap the acyl-enzyme
intermediate (Fig 2). This proposal took into account the much greater stability of the
cleaved conformation and evidence from SDS-PAGE of the formation of a covalent linkage
between proteinase and serpin. This proposal has now been fully validated experimentally.
Initial evidence that the serpin-proteinase complex contains an acyl enzyme linkage [25] was
followed by demonstration that the serpin undergoes major conformational change upon
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complex formation with proteinase [26] that involves movement of over 70A to the distal
end of the serpin, with the concomitant requirement of full insertion of the RCL into -sheet
A [27]. The resulting conformation of the serpin moiety in the complex was shown to be like
that of the cleaved conformation [28]. Finally, an x-ray structure of the complex between
trypsin and a1PI not only confirmed the major translocation of the proteinase and the
insertion of the RCL into B-sheet A, but showed both the covalent linkage between the
active site serine of the proteinase and the carbonyl of the cleaved RCL, and the distortion of
the active site [29], thus accounting for the kinetic stability of what would otherwise be a
very short-lived intermediate. Subsequent fluorescence studies on covalent complexes of
PAI-1 with cognate proteinases [30] and an x-ray structure of the covalent complex of aPlI
with elastase [31] further supported this mechanism as the common one for inhibition of
serine proteinases by serpins. An analogous study comparing the inhibition of the serine and
cysteine proteinases, granzyme B and caspase-1, by the serpin crmA found evidence for the
same mechanism with these different classes of proteinase [32]. In another study on the
inhition of cysteine proteinases by crmA, it was shown for several caspases that a covalent
intermediate is formed and that distortion of the proteinase active site also results in
dissociation of the p10 caspase subunits, further helping to render the covalent intermediate
kinetically stable [33], since p10:p10 intersubunit interactions within the heterotetramer are
necessary for activity [34].

In forming such kinetically-compromised covalent acylenzyme intermediates, the energy
required for translocating the proteinase and distorting the active site in the final state is
expected to come from the much greater stability of the cleaved conformation of the serpin,
which in turn derives, as explained above, from the metastability of the native state.
Although the energy difference between native and cleaved conformations is more than
enough to distort the enzyme active site in the covalent complex, the sequence in which the
energy is used must be carefully choreographed during the transformation from initial non-
covalent to final covalent state so that enough is available when needed rather than being
spent prematurely [35]. A better understanding of the intermediate stages during the
inhibition process has therefore been a continuing goal, that has been the focus of some
more recent work that is included in this review [36].

2.iv Advantages of serpins for inhibition of proteinase

Such a complex mechanism of proteinase inhibition by serpins places great demands on the
serpin if inhibition is to function correctly. First, the serpin must be able to fold efficiently
into the metastable conformation and not continue too quickly to the latent state [13].
Second, the RCL must be just the right length to permit full translocation of the proteinase
without excess slack, so that distortion by compression can take place [37, 38]. Third, the
residues within the RCL, beyond those needed for proteinase recognition, must be
compatible with integration into a p-sheet, with consequent burial into the hydrophobic
interior of alternate side chains [39, 40]. Fourth, translocation must occur rapidly enough
that significant deacylation does not occur prior to active site distortion [23, 41].

With such stringent demands, it might seem very strange at first that serpins would be the
inhibitor of choice for regulating so many proteinases in so many different organisms, when
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much smaller canonical inhibitors might serve just as well. The key to understanding this
paradox is to appreciate that an all-or-nothing inhibition, determined only by proteinase and
inhibitor concentrations and the association constant, is not necessarily sufficient for the fine
temporal and spatial regulation of proteinases that are often swiftly generated in large
amounts but that then need to be quickly turned off once their job is done. Complex
feedback loop proteolytic cascades, such as blood coagulation or fibrinolysis are examples
where inhibition is needed only in certain places and for certain periods. In such situations
serpins come into their own as regulatable inhibitors that exploit the complex
conformational and kinetic requirements of their inhibition mechanism to give them a great
advantage over the small, rigid canonical inhibitors. This may involve them acting alone or
with cofactors. In addition, the mechanism-based mode of inhibition gives them additional
scope to inhibit different structural classes of both serine and cysteine proteinases, an
attribute not found with canonical inhibitors [42].

2.v Scope of the review

For inhibitory serpins, much of the basic mechanism of inhibition has been worked out.
However, the area where serpins exploit their unique properties to advantage in regulating
specificity or rate of reaction with proteinase, in modulating efficiency of inhibition over
simple cleavage, or in use of cofactors to regulate their action or mediate their clearance and
permit signaling remain areas where much still remains to be uncovered. The folding
pathway to the metastable state and how that may lead to polymerization under certain
circumstances also remain controversial and unsettled areas, with important consequences
for the development of treatments for patients with pathological serpin variants. This review
focuses primarily on recent studies, many from our own laboratories, that address some of
these areas.

3. Folding and Polymerization

3.i How Serpins Fold

Since it was recognized over 40 years ago by Anfinsen that the active conformation of
essentially all proteins is dictated only by the primary structure and represents the most
stable state [43], the “protein folding problem” has been trying to understand how
polypeptide chains can rapidly fold into this state. Serpins represent the most important
exception to this paradigm. As discussed above, serpins fold into a kinetically-trapped
metastable state that, in most instances, has a very long half-life, measured in days. This
state represents the active proteinase inhibitory state by virtue not simply of having the
scissile bond within the RCL exposed and accessible to attacking proteinase, but most
importantly by having a large energy difference between it and the conformation of the
serpin in the final serpin-proteinase complex. This energy difference is then exploited to
effect the distortion of the proteinase active site that represents the kinetic trap of the
mechanism. For serpins, the protein folding problem is therefore a very different question
from other proteins and one that has two parts. The first part is how the serpin efficiently
adopts the active metastable conformation without the need for a chaperone [44] and the
second is what prevents the rapid transformation of this state (Fig 1A) into the most stable
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(of the single chain conformations) latent state (Fig 1C). Answers to both of these questions
have now been found.

In 2008 Hirose and colleagues examined the outcome of denaturing the cleaved serpin
ovalbumin in 8 M urea, in both wild type and R339T forms, and then diluting it 20-fold and
examining whether and how the two chains could re-associate [45]. The choice of these two
forms of ovalbumin for comparison was based on the following properties and allowed them
not only to suggest a folding sequence for ovalbumin, but to propose what constrains the
metastable state from rapidly converting into the most stable latent state. Thus, although not
a proteinase inhibitor, wild type ovalbumin adopts the same conformation as other
metastable inhibitory serpins [46]. The presence of arginine at position 339, at the hinge
point for insertion of the RCL into B-sheet A, prevents ovalbumin from undergoing the
favorable transition to the loop-inserted cleaved structure seen for other RCL-cleaved serpins
[39, 47]. However, mutation of Arg339 to threonine allows this transition to occur, so that
the R339T variant folds initially into the metastable state and can then transition to the most
stable two-chain cleaved state upon reaction with proteinase. In this interaction insertion of
the RCL into B-sheet A is still too slow to give proteinase inhibition [48], but does result in a
structure for the cleaved ovalbumin that is like that of other cleaved inhibitory serpins [40].

For the study, the same cleavage site within the RCL was used in each ovalbumin, so that the
resulting species each consisted of two chains representing residues 1-352 and 353-385.
The light chain (353-385) consisted of residues that form the C-terminal end of the RCL
(s1C, hl, s4B and s5B), while the heavy chain contained the remainder of the serpin. From
various complementary spectroscopic, kinetic and thermodynamic measurements, the
authors were able to show that both heavy chains refolded to form essentially the same
initial intermediate in a rapid burst. This intermediate was proposed to have most secondary
structure formed, and importantly, to have s5A that precedes the C-terminal light chain
inserted into B-sheet A. Association of the light chain with this intermediate then led to the
formation of native states with identical kinetics for each form of ovalbumin. However, the
native state of the R339T ovalbumin was of the RCL-inserted state, while that of wt
ovalbumin was of the metastable-like conformation. It was then shown that the cleaved state
of the R339T variant is formed only after passing through the metastable conformation and
thus that the metastable conformation of serpins is a necessary intermediate on the folding
pathway to the relaxed states [45].

More recently, we extended these studies by examining the ability of various peptides that
make up the full-length serpin a.1PI to associate and form native-like species to further probe
the folding pathway [49]. Unlike ovalbumin, a1Pl is an inhibitory serpin and so provides a
functional assay for protein that has correctly adopted the metastable state. The initial
observation was that two chains consisting of residues 1-323 and 324—-394 were able to
reassociate after dilution from 6 M guanidine HCI to give fully functional a1Pl. The break
point of the two chains lies immediately prior to strand s5A, so that the resulting chains
differ from those in the ovalbumin study by the light chain also having s5A and the full RCL
(this becomes s4A in loop-inserted conformations). By examining the ability of heavy
chains that contained additional secondary structure element-forming residues (s5A, or s5A
+ RCL) to associate with correspondingly shorter light chains, we independently formulated
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a folding mechanism that is in remarkable agreement with that proposed earlier for the non-
inhibitory ovalbumin. Again, critically, the intermediate with which the C-terminal peptide
that contains s1C, s4B and s5B associates must have s5A present, and presumably inserted
into B-sheet A. If it is absent, the C-terminal peptide associates only very poorly.
Furthermore, if the heavy chain contains both s5A and s4A, s4A can only insert into B-sheet
A afterthe C-terminal peptide has associated to give the metastable conformation. This is
equivalent to the finding in the ovalbumin study that the loop-inserted conformation of the
R339T variant must first form the metastable conformation. Taken together, these two
studies support the same folding pathway for serpins, and furthermore offer an explanation
of why the most stable latent conformation forms so slowly from the metastable
conformation.

This folding pathway is outlined in Fig 3. It does not attempt to identify the sequence of
folding events leading up to formation of the critical intermediate species Il, other than to
propose that the /astevent is insertion of s5A into B-sheet A to transform species | into
species I1. The subsequent association of the C-terminus, containing the remaining elements
of B-sheets B and C, requires the completion of B-sheet A. This is reasonable given the close
interior packing of residues from p-sheet A against those of B-sheet B, so that, whether from
a kinetic or thermodynamic perspective, p-sheet A must be complete to make the association
favorable. Furthermore, using C-terminal peptides that either lacked or contained s1C, it was
found that the presence of s1C greatly enhances association of the remainder of the C-
terminus. Completion of B-sheet C may serve to position the hairpin of s4B and s5B
appropriately for more facile insertion. Most importantly, the insertion of s4A (the RCL)
into B-sheet A was found to only occur afterthe C-terminal peptide had associated. This
may again result from favorable packing interactions between the expanded p-sheet A and
underlying B-sheet B that can only occur once B-sheet B has been completed by insertion of
the C-terminus. This requirement, however, underlies the preferred folding route to the
metastable state and explains why the latent state only forms from the metastable state rather
than directly by an alternative pathway. Thus, in Fig 3, species Il cannot convert to species
IV in which s4A has inserted into B-sheet A. If it could, the metastable state would be
bypassed and species IV would lead directly to the most stable latent state (see Fig 1C) by
subsequent insertion of the C-terminus. Instead, the latent state can only form from the first-
formed metastable state (species I11). The one possible fly in the ointment is an H/D
exchange study carried out on the refolding of full length a1PI after dilution from 6 M
guanidine HCI, which concluded that incorporation of the C-terminal residues into B-sheets
B and C is largely complete before the center of B-sheet A (s5A) folds [50]. The authors,
however, proposed a reconciliation by suggesting that s5A may be slow to form stable
hydrogen bonds despite being correctly positioned. This might happen if helix F, which
overlies B-sheet A, is the very last element to adopt stable structure and, until it does, can
reversibly insert into B-sheet A. The ability of helix F to unfold and partially insert into -
sheet A has been observed in a variant of the serpin aq-antichymotrypsin [51] and in wild-
type a1PI incubated at physiological temperature for long periods [52].

The second part of the serpin folding problem, namely what slows the final step from the
metastable to latent states, has also been addressed by several studies. Since cleavage within
the RCL of an inhibitory serpin leads to rapid insertion of the RCL into B-sheet A, it seems
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likely that restraints at the C-terminal end of the RCL (s1C) prevent insertion in the absence
of cleavage. In support, it was shown that insertion of an extra 30 residues into the RCL of
a1PI led to direct formation of a folded form with properties of the cleaved serpin, implying
that direct connection of the RCL to s1C prevents facile RCL insertion and formation of the
latent state [15]. A further ingenious study from the same group using a circularly permuted
form of a41PI, with s1C now at the C-terminus and s4B and s5B at the N-terminus, found
that the polypeptide folded into the equivalent of the latent state. Since s4B and s5B are
positioned close in space to the normal N-terminus in latent a1Pl, this unusual chimera was
thought not likely to affect the ability of s4B and s5B to complete -sheet B. Accordingly,
the formation of a latent conformation suggested that the restraint imposed by s1C being
covalently anchored to the C-terminal s4B and s5B hinders the latency transition in the
normal protein [53]. Furthermore, the stability of B-sheet C itself, and hence of s1C is
important. Mutations at Val364 and Phe366 of s1C in a1Pl and of residues that directly pack
with them caused very large increases in the rate of conversion to the latent conformation
that are best understood as reducing the activation energy for the transition [54], highlighting
the importance of interactions within the B/C barrel in maintaining the kinetic trap.

3.ii Serpin Polymerization

3.ii.a Polymers formed during folding—It has been known for many years that the Z
variant of a1Pl, resulting from an E342K mutation at the C-terminal end of s5A, results both
in greatly reduced secretion of functional serpin from the liver, as well as liver disease and
emphysema [55]. In 1992 it was shown that the reduced secretion from hepatocytes results
from formation of polymeric species in the endoplasmic reticulum [17]. Later it was
established that polymer formation occurs as a result of much slower folding of the serpin
and the accumulation of an aggregation-prone intermediate on the normal folding pathway
[16]. Two variants (S49P and S52R) of another serpin, neuroserpin (serpinll), also give rise
to pathology resulting from formation of polymers [56], though in this instance they form in
neurons and result in a dementia that has been given the acronym FENIB [57]. Despite the
parallels between the pathologies in a.qPI and neuroserpin, the mutations occur in very
different parts of the secondary and tertiary structure of the serpin; at the C-terminal end of
S5A for the E342K mutation in a1PI and within helix B (located on the back side of p-sheet
A) for both S49P and S52R in neuroserpin. Although a mechanism to explain
polymerization in both types of mutant serpin was put forward that started from the folded
structure and postulated the insertion of the RCL of one molecule into B-sheet A of a second
in an iterative manner [58], the demonstration that polymers of Z a.1PI can form from a
normal folding intermediate [16] suggests a very different route to intracellular polymer and
consequently a different structure for such aggregates.

Considering the folding pathway outlined in Fig 3, together with the location of the E342K
mutation (indicated in the figure), a plausible candidate for the accumulating,
polymerogenic, on-pathway intermediate is one that resembles species 1. The introduction
of an unfavorable mutation at the top of s5A might be expected to slow down the last part of
the insertion of s5A into B-sheet A and result in an accumulation of this species, whereas
such accumulation would not occur for wild-type protein. When final insertion of the C-
terminal end of s5A occurs, insertion of the C-terminal s1C and the hydrophobic B-hairpin
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s4B/s5B might occur in two ways, intramolecularly to give normally-folded protein (Fig 4A)
or intermolecularly to give a heterodimer (Fig 4B). Such intermolecular association would
be concentration-dependent and thus only compete well with intramolecular association
when there is an elevated concentration of the intermediate (true for the Z variant). In the
resulting heterodimer, the “acceptor” molecule has a completed serpin fold, though with a
free C-terminus that also includes the RCL (s4A), while the “donor” molecule still lacks a
completed B/C barrel. At this point it would be highly energetically favorable for the
exposed and unconstrained RCL of the acceptor molecule to rapidly insert into its own -
sheet A [15] and be transformed into a conformation resembling the cleaved serpin, but
again with an exposed C-terminus consisting of s1C, s4B and s5B (Fig 4C). This
heterodimer could then add to another intermediate molecule, which would subsequently
undergo the same native-to-cleaved-like transformation. In this way a polymer would be
built up that would have internal molecules that are identical and be structurally
indistinguishable from the highly stable cleaved conformation, while the end molecules
would differ by also having a C-terminal tail for the acceptor end serpin and an incomplete
B/C barrel for the donor end serpin (Fig 4D). Furthermore the free C-terminal peptide could
potentially complete the serpin fold of the molecule at the donor end to give a circular
polymer of identical cleaved-like serpin molecules. A recent SAXS study that examined
short ring oligomers of Z a.1PI formed intracellularly, and therefore presumably during
folding, concluded that their extended structures were most consistent with such a C-
terminal swap mechanism [59].

Such a mechanism of polymer formation might also, less obviously, explain why the
neuroserpin variants with mutations in the B helix are polymerogenic. An x-ray structure of
cleaved neuroserpin reveals that the side chain of Ser49 contacts the side chain of Leu383
[60], which is a residue within the C-terminal s4B/s5B B-hairpin. Mutation of this residue to
proline, or a potentially more disruptive mutation of the nearby Ser52 to arginine (which is a
buried residue) could slow down the insertion of the C-terminus and so, for quite different
reasons than for the Z mutation, lead to a build up of an intermediate resembling species Il
in Fig 3. In keeping with this mode of modulating intermediate accumulation through
influencing the ease of insertion of the C-terminal peptide, an F51L mutation has been
shown to suppress the folding defect in Z a1P1 [61]. This residue, which is structurally
equivalent to the residue preceding Ser49 in neuroserpin, packs against the side chain of
Met385 in strand s5B. The mutation to leucine may make insertion of the C-terminal hairpin
easier and so partially compensate for the effects of the E342K mutation in slowing down
this last step.

3.ii.b Polymers formed from folded serpin—While there is persuasive evidence that
serpin polymers formed within the ER during folding have the kind of structure described
above in Fig 4D, serpin polymers that form from folded native serpins may not use the same
mechanism of polymerization. Although polymers formed from the folded state are typically
studied because of experimental ease of generation, they might nevertheless still be of
physiological and pathological importance, since it has been observed that polymers of Z
a1PI also occur in circulation [62] and are even found to co-localize with neutrophils in lung
alveoli [63], though not within the neutrophils [64]. Understanding whether such polymers
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use the same mechanism of formation as polymers formed intracellularly during folding is
therefore of high significance.

Here it is instructive to examine an energy diagram for the folding pathway (Fig 5), and
consider whether unfolding from the native state is likely to occur by an exact reversal of
this pathway. The energy diagram was constructed assuming that incorporation of s1C, s4B
and s5B results in a greater stabilization than does incorporation of s5A, and that there is a
much higher activation energy for insertion of s1C/s4B/s5B into species | of Fig 3 than for
insertion of s5A into the same species. These assumptions are based on the much greater
stabilization expected from completion of both B-sheets B and C than from completion of
just B-sheet A, together with the observed difference in kinetics of association of s5A
compared with s1C/s4B/s5B during folding [49]. The result is that, while the forward
folding pathway (shown in black) leads from insertion of s5A to insertion of s1C/s4B/s5B,
unfolding from the native state would lead more favorably to removal of s5A followed
subsequently by removal of s1C/s4B/s5B (shown in red). The structure of the first formed
intermediate from such an unfolding would have s4A and s5A exposed and unstructured and
consequently have an open center to p-sheet A. Polymers formed through engagement of the
center of B-sheet A by one or both of s4A and s5A of a second molecule would thus be the
ones most likely to be formed by incubating folded a.1PI, whether native or Z variant, at
elevated temperature or by chaotropic agents such as guanidine HCI or urea. Indeed, a
structure of a dimer of antithrombin induced by low pH, as well as the properties of
polymers of a4PI formed through incubation with 0.75 M guanidine HCI at physiological
temperature, suggested a mechanism of polymerization that, in both cases, involved a swap
of both s5A and s4A from one molecule to the next, and that could account for long chain
linear polymers (Fig 6A) [65].

For the Z variant, the E342K mutation within s5A, might be expected to lower the energy
barrier for its removal from the folded state and so promote polymerization by this second
mechanism. This is supported by a recent unfolding study using fluorescent reporters. By
detection of structural differences at the top of p-sheet A caused by the Z mutation [66] and
by the greater ease with which RCL-derived peptides can anneal with native Z variant than
with native wt serpin [67], the authors concluded that increased exposure of side chains
within s5A and helix F occur as the first events upon exposure to increasing concentrations
of guanidine HCI [68],

Given our proposal that serpin polymers formed during folding involve swapping of
s1C/s4B/s5B and have the structure of Fig 4D, while those formed from the native state by
unfolding involve intermolecular swapping of s4A/s5A and have the structure given in Fig
6A, it is initially surprising that an x-ray structure of a circular trimer of a.1PI generated by
heating the native protein (Fig 6B) [69] is identical to the structure predicted by us for the
folding polymer (Fig 4D), if the two ends of the latter are joined. However, it should first be
noted that heating close to the denaturation temperature has been found to result in
overlapping polymer ladders [69], suggesting that, at this elevated temperature, both
mechanisms of polymer formation might occur simultaneously. Realizing the possibility of
dual mechanisms of polymer formation, the authors deliberately prevented the s4A/s5A
swap by tying s5A to s6A through an engineered disulfide bond. If the result of blocking this
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pathway were to leave removal of s1C/s4B/s5B as the only remaining likely unfolding event,
the intermediate formed would be that of species Il of Fig 3 and the resulting polymer would
have the structure expected for the folding polymer.

The formation of two structurally distinct sets of polymers by heating a.1PI may also explain
the observation that a monoclonal antibody that is specific for the pathogenic polymers of Z
a1PI found in liver [70] stains with heat polymers on a Western blot of polymerized a4Pl,
but not with polymers induced by guanidine HCI. If the antibody only recognizes polymers
of the form proposed above (Figs 4D and 6B), it would bind to pathogenic folding polymers
and one subset of heat-induced polymers (the s1C/s4B/s5B subset), but not the other subset
(s4A/s5A swap) or to guanidine HCI-induced polymers (again the s4A/S5A swap).

3.iii Conflict and Resolution

The two mechanisms of polymerization outlined above both lead to elongated polymers in
which the structure of the serpin moiety closely resembles that of either the extremely stable
cleaved serpin or the stable latent state. As seemingly well folded proteins, each would be
expected to be resistant to targeting for removal by the cell’s unfolded protein response and
so accumulate as stable, but pathological, intracellular deposits. The fundamental difference
between their routes to formation is that one occurs during folding and the other during
unfolding. The energy diagram in Fig 5 explains why these pathways might be different,
with polymers formed during folding that lead to build-up of a species Il-type intermediate
(Z, S49P, S52R) having a swapped s1C/s4B/s5B structure and polymers that result from
unfolding, with removal first of s5A, having a swapped s4A/s5A hairpin. These two types of
structure might both occur, but under different physiological circumstances. While this leads
to a possible pleasing reconciliation of apparently conflicting structures for physiological
polymers, it still leaves the third long-standing structural proposal for polymers in major
conflict.

David Lomas and colleagues have for many years championed a quite different mechanism
of polymerization of Z a1PI for both intra- and extracellularly-formed polymers that
involves insertion of the RCL of one molecule into B-sheet A of a second (Fig 6C) [58, 71,
72]. While conceptually this might seem to be a plausible mechanism, given the ability of -
sheet A to undergo an expansion from 5 strands to 6, there is no x-ray structure to support it,
in contrast to the structures of polymers formed by either swapping of s1C/s4B/s5B or
s4A/s5A discussed above. Furthermore, the extensive studies that have attempted to
substantiate the mechanism are also consistent with one or other of the demonstrated
polymerization mechanisms. For example, polymerization of the Ser53Phe variant of a.{PI
(Siiyama) has been held up as evidence in support of the RCL-sheet A polymerization
mechanism [73]. However, this polymer reacts with the same monoclonal antibody, 2C1, as
does the circular s1C/s4B/s5B swap trimer [69, 70]. Since it is claimed that this antibody
uniquely recognizes polymers of the structure of physiological Z polymers [70], this
suggests that they involve s1C/s4B/s5B swap and not insertion of the RCL into p-sheet A.
Interestingly, another monoclonal antibody recently reported by the Lomas group, that
prevents intracellular polymerization of Z a1PI has its epitope well removed from pB-sheet A
or the RCL, and is instead located on the “back” side of the molecule (see Fig 1) on helices
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A, C and G [74]. It is hard to understand on the RCL-sheet A insertion model why such an
antibody might prevent polymer formation. However, for the s1C/s4B/s5B mechanism of
polymerization during folding a much more obvious explanation is apparent. Thus, residues
from helices A and G contact hydrophobic residues in the C-terminal B-hairpin of s4B-s5B
and so may stabilize states with the C-terminus inserted. This may speed up the last step of
the folding pathway for the Z variant (see Fig 3), perhaps by favoring the red pathway of
folding from I to Il via Illa in Fig 5 and so prevent the build-up of the polymerogenic
intermediate.

4. Energy Coupling in the Serpin Inhibition Mechanism

4. i. The necessity for energy coupling

As noted earlier, serpins employ a novel branched pathway suicide substrate mechanism to
inactivate their target proteinases (Fig 2). The salient feature of this mechanism is the
triggering of a massive serpin conformational change at the acyl-intermediate stage of
proteinase cleavage of the serpin RCL as a regular substrate that results in the kinetic
trapping of the acyl-intermediate. In the conformational change, the cleaved RCL, how
released from its attachment to B-sheet C through s1C, inserts into B-sheet A as s4A to
relieve the strain of the metastable serpin fold, causing the RCL-tethered proteinase to be
translocated to the opposite end of B-sheet A and inactivated by conformational distortion.
Competing with this conformational change is a normal deacylation of the acyl-intermediate
that produces free cleaved serpin and regenerates proteinase. Efficient kinetic trapping of the
acyl-intermediate thus requires that the cleaved RCL and tethered proteinase insert rapidly
into B-sheet A and induce conformational distortion of the proteinase before deacylation can
occur. Rapid kinetic studies of serpin-proteinase reactions support an extremely fast rate of
kinetic trapping of the acyl-intermediate by the serpin conformational change that is limited
by the rate at which the Michaelis complex is converted to the acyl-intermediate or, in the
case of several target proteinases, by the slower rate of disengagement of the RCL-linked
proteinase from exosite interactions with the serpin body that stabilize the Michaelis and
acyl-intermediate complexes [75-78]. Conversely, slowing the rate of the serpin
conformational change by natural or engineered substitution of residues in the RCL that
insert into the hydrophobic core of sheet A [23, 41], or engineering proteinase reactive
variants of noninhibitory serpins that can only slowly undergo the metastable to stable
transformation [39, 79], results in the inability to trap the acyl-intermediate complex, as a
result of this intermediate deacylating before the serpin conformational change is completed.

Consideration of the remarkable structural changes and energetics involved in transforming
the Michaelis docking complex of serpin and proteinase to the kinetically trapped acyl-
intermediate complex has suggested that it must involve intermediate stages and a means of
coupling the energetically favorable serpin conformational change to the energetically
unfavorable conformational distortion of the proteinase. This is because the energy released
by the serpin conformational change superficially appears to be expended in the process of
translocating the proteinase across B-sheet A before it can be utilized to distort the
proteinase. Recognizing this problem and noting in the structure of the serpin-proteinase
complex that helix F overlies p-sheet A and appears to obstruct the path of the inserting
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RCL and tethered proteinase, it was hypothesized that the energy released by the serpin
conformational change could be partially stored by movement or unfolding of the F helix at
an intermediate stage of inserting the RCL and translocating the proteinase across p-sheet A.
Following full RCL insertion and proteinase translocation, this stored energy could then be
recovered by the return of the F helix to its native state and coupled to conformationally
distorting the proteinase [35]. This hypothesis thus implied that kinetic trapping of the acyl-
intermediate by the serpin conformational change occurs in two stages, both of which are
coupled to structural changes in helix F.

4.ii. Involvement of helix F

Early evidence supporting an important role of the F helix in the ability to kinetically trap
the acyl-intermediate was the report that a PAI-1 variant in which the F helix was deleted
adopted the serpin fold, but reacted with proteinases solely as a substrate; i.e. it generated
only RCL-cleaved PAI-1 in which the RCL had inserted into $-sheet A, but the acyl-linked
proteinase had completely deacylated [80]. This is unlikely to be the result of helix F
deletion making it harder for the proteinase to translocate to the bottom of the serpin. In a
related study, monoclonal antibodies that induce PAI-1 to react as a proteinase substrate
were found to bind to an epitope exposed on helix F by the trapping serpin conformational
change, consistent with structural alterations in helix F occurring during this conformational
change that are critical for trapping the acyl-intermediate complex [81, 82]. Subsequent H/D
exchange [83] and unfolding studies of the serpin a.;PI [84] have shown that helix F is
highly flexible in the metastable state, with the C-terminal end of the helix existing partly in
an unfolded state, consistent with the predicted importance of movement or unfolding of the
F helix to store the energy released by RCL insertion and translocation of the acyl-linked
proteinase for later proteinase distortion. Mutagenesis of residues in helix F and the C-
terminal loop connecting helix F with s3A has shown that residues that comprise the
interface between helix F and pB-sheet A are highly conserved in all serpins and are critical
for inhibitory function, with their mutation decreasing inhibitory activity by enhancing flux
through the substrate pathway [85]. By contrast, mutation of surface exposed residues in
helix F and the C-terminal loop minimally affect inhibitory function. Such studies are
consistent with the helix F-sheet A interface playing a role in coupling the serpin
conformational change to the kinetic trapping of the acyl-intermediate complex in reactions
with proteinase.

That structural changes in the helix F-sheet A interface play a role in the kinetic trapping of
the acyl-intermediate by the serpin conformational change is supported by a study in which
substitutions of a1PI1 Gly117 in the middle of strand 2A were made with nonpolar residues
that fill a hydrophobic cavity in the interface with helix F [86]. Such substitutions were
found to stabilize the native metastable state and enhance substrate reactivity with proteinase
in a manner that correlated with the volume of the nonpolar sidechain substitution. Such
findings implied that stabilizing helix F-sheet A interactions reduces helix F flexibility and
blocks the ability of the serpin conformational change to distort the proteinase. A later H/D
exchange study showed that the G117F mutation indeed reduces the flexibility of helix F in
the native state [87], in keeping with the importance of this flexibility in allowing the
efficient trapping of the acyl-intermediate complex.
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4.iii. Evidence for complex intermediates

Kinetic studies that have followed the conformational changes in the proteinase during the
transformation of the Michaelis docking complex to the trapped acyl-intermediate complex
support a two-stage kinetic trapping of the acyl-intermediate complex by the serpin
conformational change. An early study of the reaction of a Trp-less a1PI with proteinase
thus observed biphasic changes in proteinase Trp fluorescence consistent with rapid
conformational alteration of proteinase to form an intermediate complex, followed by a
slower additional proteinase conformational change to form the final complex [88]. The
nature of these complexes was clarified in a subsequent study of the reaction of a
fluorescently silent 4-fluoro-Trp substituted PAI-1 variant with proteinase in which similar
biphasic changes in proteinase Trp fluorescence were observed [89]. In this case the
intermediate complex was shown to be formed with kinetics indistinguishable from those of
the SDS-stable covalent acyl-intermediate complex, as measured by rapid quench methods,
confirming a two-stage trapping of the acyl-intermediate complex involving two sets of
proteinase conformational changes.

A recent study, using a combination of FRET and fluorescence perturbation changes
accompanying the reactions of dansyl and NBD fluorophore-labeled a1Pls with trypsin,
more clearly established the structural attributes of the intermediate and final complexes
[36]. Following very rapid formation of the Michaelis docking complex, an intermediate
complex was formed at a rate limited by acylation of the Michaelis complex (~50 s71) in
which the proteinase was fully translocated to one end of B-sheet A close to s2A. This
intermediate was then transformed at rates of 1-2 s~ to a final complex in which the
proteinase moved ~10A to reside close to s5A, in keeping with the final position of
proteinase observed in X-ray structures of the complex. Such findings were consistent with
the inactivating conformational changes in the proteinase occurring in two stages and
involving significant movements of the proteinase at the end of B-sheet A (Fig 7).
Significantly, the two proteinase conformational changes were correlated with biphasic
perturbations of a reporter fluorophore in the helix F-sheet A interface, consistent with the
movement of proteinase coinciding with structural alterations in the interface. These
findings thus provide direct support for the hypothesized coupling of structural alterations in
the helix F-sheet A interface with the inactivating conformational changes in the proteinase
[35], as schematically depicted in Fig 7. Moreover, they suggest that the disabling of
proteinase catalytic function occurs in two stages, since the observation of a transiently
stable intermediate en route to proteinase distortion implies a diminished ability of the
intermediate complex to deacylate and, in the case of the PAI-1-proteinase reaction, the
kinetics of intermediate complex formation parallels the formation of a deacylation-resistant
covalent complex.

4. iv Multiple states of proteinase distortion

The nature of the disabling proteinase conformational changes in the intermediate are
suggested by an earlier rapid kinetic study of the reaction of a P1 Trp a4PI variant with
proteinase. This study observed the formation of a complex with kinetics resembling those
of the intermediate complex in which the P1 Trp had undergone fluorescence changes
indicative of its expulsion from the proteinase S1 pocket [90]. The second stage proteinase
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conformational changes may involve further distortion of the catalytic residues as well as
one of the proteinase domains to account for the full inactivation of proteinase catalytic
function and the observed susceptibility of the distorted proteinase to proteolysis in the
kinetically trapped complex [28, 91, 92].

The FRET study discussed above also provided insight into an equilibrium between inactive
and partially active forms of the proteinase in the serpin-proteinase complex that was earlier
demonstrated by the finding that a proteinase cofactor, in this case calcium ions, could
partially restore proteinase catalytic function in the complex [93]. Calcium binding to the
proteinase in the stable a1PI-trypsin acyl-intermediate complex, observable by fluorescence
perturbation of a reporter group at the end of B-sheet A, was found to shift the equilibrium to
favor the partially active form of the complex. This partially active complex was found to be
distinct from the intermediate complex formed in the two-stage inactivation of proteinase,
since it was formed with the same two-stage kinetics of proteinase inactivation as the fully
inactive complex [36]. The calcium ligand thus promotes the partial refolding of the
distorted proteinase domain within the final complex and is not capable of recapitulating the
movement and restoration of the partially disabled proteinase in the intermediate complex,
presumably because this requires a coupled movement of the F helix to a constrained high
energy state.

5 Use of Cofactors

While the above studies have advanced understanding of the intricate choreography of the
serpin inhibition mechanism, they have also highlighted how demanding the mechanism is
in terms of correct folding and precise timing and coordination of conformational changes
upon reaction with proteinase. Thus, far from answering why serpins are often the inhibitor
of choice, they may have made it seem even more puzzling that they are. This is where the
use of cofactors plays such a critical and unique role in regulating the temporal and spatial
activity and even tailoring the specificity of serpins, thereby giving an individual serpin a
repertoire of reactivities that would be difficult or impossible to achieve with a canonical
inhibitor. As examples, we consider below the use of glycosaminoglycans to regulate
antithrombin and of protein Z to regulate ZP1.

5. i Use of glycosaminoglycans to regulate the localization and specificity of antithrombin

action

Several serpins, most notably antithrombin, are known to utilize the negatively charged
glycosaminoglycan, heparin, or related glycosaminoglycans (e.g., heparin sulfate and
dermatan sulfate) to regulate their specificity and site of reaction with proteinases (Table 1).
Antithrombin (serpinC1) is the most important inhibitor of blood coagulation proteinases, as
judged from the increased risk of pathologic blood clots resulting from deficiency of the
serpin in humans [94], and the embryonic lethality or coagulopathy associated with
complete deficiency in mice [95] and zebrafish [96]. The activity of this serpin is regulated
by heparin in a manner that enables the serpin to inhibit its target proteinases at the right
time and place. Vascular sites of injury, where blood coagulation proteinases are rapidly
activated, are thus abundant in the heparin sulfate glycosaminoglycans capable of activating
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the serpin, allowing antithrombin to rapidly inhibit proteinases that escape from an injury
site and thus to prevent the dissemination of a blood clot beyond this site [97]. By contrast,
the repressed activity of the serpin in the absence of heparin suffices to regulate the slow
activation of these proteinases in the unperturbed vasculature.

The mechanism by which antithrombin is activated by heparin has been extensively studied
and has undergone frequent revision, with recent clarification suggesting a mechanism that
differs significantly from earlier proposals. While this serpin possesses a P1 Arg scissile
bond that is compatible with the trypsin-like specificity of blood coagulation proteinases for
cleaving at Arg-containing peptide bonds, the rate at which antithrombin inhibits these
proteinases is relatively slow (102-10* M~1s~1) with half-lives of >30 s at plasma
concentrations of the serpin. Heparin accelerates antithrombin inhibition of three
coagulation proteinases, thrombin, factor Xa and factor 1Xa, by103-10°-fold, to achieve
rates of inhibition (10’-108 M~1s71) near the diffusion limit, suggesting that these
proteinases are the main targets [98]. Conversely, the anticoagulant proteinase, activated
protein C, which also prefers P1 Arg substrates, is inhibited extremely slowly by
antithrombin even after heparin activation (0.1 M~1s71). The mechanism of heparin
acceleration of antithrombin involves two components: (i) an allosteric component in which
a sequence-specific heparin pentasaccharide binds specifically and with high-affinity to a
site on antithrombin centered on helix D [99-101] and induces an activating conformational
change which enhances reactivity ~100-fold with factors Xa and 1Xa [99, 102]; and (ii) a
bridging component in which the heparin chain that extends beyond the pentasaccharide
binding site for antithrombin binds the proteinase in a conserved basic exosite to promote
the Michaelis complex docking of serpin and proteinase [102-104]. The bridging
mechanism augments antithrombin reactivity with factors Xa and 1Xa 100-1000-fold and is
solely responsible for enhancing reactivity with thrombin ~10,000-fold.

5.i.a Early mechanisms—X-ray structures of antithrombin free and complexed with
heparin pentasaccharide have illuminated the allosteric activating conformational changes
induced in the serpin by the pentasaccharide and shown that these involve major changes in
the heparin binding site in helix D, changes in the hydrophobic core and expulsion of the
serpin RCL hinge from a stabilizing interaction with p-sheet A [100]. The changes in the
heparin binding site produce a complementary fit of the heparin pentasaccharide that greatly
enhances heparin affinity and account for the ability of the pentasaccharide to stabilize the
energetically less favored activated state [105, 106]. Based on these structures it was initially
proposed that the expulsion of the serpin RCL hinge from p-sheet A accounted for heparin
allosteric activation of the serpin by increasing the accessibility of the RCL P1 Arg bait
residue to proteinase [100, 107, 108]. However, later mutagenesis studies revealed that the
determinants of the differential reactivities of repressed and allosterically-activated
antithrombin were not contained in the RCL and instead resided in an exosite outside the
RCL centered on strand 3 of p-sheet C [109-112]. Subsequent X-ray structures of Michaelis
complexes of heparin-activated antithrombin with catalytically inactive factor Xa, factor 1Xa
and thrombin (Fig 8) confirmed a critical interaction between Arg150 of factors Xa and IXa
and an exosite binding pocket of antithrombin involving residues in sheet C that stabilize the
Michaelis complexes [113, 114]. Thrombin, however, lacks the critical Arg150 residue and
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does not engage the exosite in the Michaelis complex. As compensation, the proteinase
engages the extended chain of a bridging heparin through a basic exosite in a manner that
positions the proteinase active-site for an optimal interaction with the RCL of the serpin
[115, 116]. These structures thus rationalized why the allosteric activating effect of heparin
on antithrombin was specific for factors Xa and 1Xa and did not affect thrombin. Moreover,
these and other findings suggested that antithrombin utilizes an exosite to achieve specificity,
because it had evolved an RCL sequence flanking the P1 Arg that disfavors the unwanted
inhibition of activated protein C [117]. Based on these structures a new mechanism of
allosteric activation was proposed in which the expulsion of the RCL from B-sheet A was
suggested again to be the key activating structural change but in this case the change was
deemed necessary to allow the RCL-bound proteinase to access the exosite to enhance
antithrombin reactivity [113, 114].

5.i.b Current understanding of the mechanism—This newer mechanism was
subsequently challenged based on the observation that mutation of a key exosite residue in
B-sheet C resulted in large losses in reactivity in both free and heparin pentasaccharide-
activated antithrombin, but minimally affected heparin rate enhancement, implying that the
exosite is critical for reactivity in both unactivated and heparin-activated states, and thus that
RCL expulsion is not required to access the exosite [112, 118]. That RCL expulsion was not
necessary for allosteric activation was supported by a later study of an antithrombin variant
in which residues in the loop extending beyond helix D of the heparin binding site were
substituted with helix promoting residues to mimic the helix extension that is induced upon
heparin allosteric activation [119]. This variant was found to be essentially fully activated in
its reactivity toward factors Xa and 1Xa in the native state without the need for heparin. Most
notably, the variant exhibited a wild-type protein fluorescence and thus had not undergone
the hallmark tryptophan fluorescence changes known to report RCL expulsion from p-sheet
A [120]. Heparin pentasaccharide binding produced a further small activating effect of 3—4-
fold on factor Xa and 1Xa reactivity and induced the tryptophan fluorescence changes
signaling RCL expulsion from B-sheet A. Together, these findings suggested that RCL
expulsion was not necessary for RCL-bound factors Xa and IXa to engage the p-sheet C
exosite and that RCL expulsion produced at most a modest reactivity enhancement. Such
studies complemented earlier findings that blocking helix D extension by deletion of
residues in the helix D C-terminal loop or substitution of a Pro in this region resulted in the
retention of a large heparin allosteric activating effect on antithrombin reactivity with factor
Xa, despite the suppression of RCL expulsion, as indicated by loss of the hallmark
tryptophan fluorescence changes [121, 122].

Based on these findings an alternative mechanism of heparin allosteric activation of
antithrombin was proposed [118]. In this mechanism the interactions of RCL-bound
proteinase with the exosite in the native repressed-reactivity state were suggested to be both
positive and negative and heparin allosteric activation was proposed to enhance reactivity by
alleviating the negative exosite interactions (Fig 9). This proposal received support from a
study in which the six residues that comprise the exosite binding pocket in sheet C observed
in the X-ray structures of the Michaelis complexes were mutated alone or in combination
[123]. Whereas Tyr253 and His319 were both found to be key positive contributors to the
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exosite interaction with factors Xa and IXa in native and heparin activated states, Asn233,
Arg235, Glu237 and Glu255 were found to make both negative and positive interactions
with these proteinases that depended on the activation state and whether the critical Tyr253/
His319 residues were mutated. Heparin activation was found to enhance the positive
interactions and abrogate the negative interactions and account for the bulk of the allosteric
activation effect. As expected, thrombin reactivity was minimally affected by the mutations.
Significantly, mutation of Arg150 of factor Xa that binds in the antithrombin exosite pocket
resulted in a loss of the exosite contribution to antithrombin reactivity in both native and
heparin-activated states.

A more recent study clarified the role of the RCL hinge-sheet A interaction in the allosteric
activation mechanism by characterizing fifteen antithrombin variants in which this native
state interaction was perturbed by mutating the RCL hinge P14 residue [124]. The mutations
produced the expected large changes in native state stability and these were correlated with
corresponding major changes in the allosteric activation state of antithrombin, as judged
from altered reactivities with factors Xa and 1Xa and heparin affinities, in agreement with
limited earlier studies [125-127]. However, the minimal perturbation of wild-type
fluorescence of the variants and inability of a two-state allosteric equilibrium to account for
the correlations between native state stability and allosteric activation state implied a
minimal three-state allosteric activation model involving an intermediate state in which
changes in the heparin binding site and in the hydrophobic core that enhance heparin affinity
and antithrombin reactivity have occurred, but RCL expulsion from B-sheet A has not (Fig
10). X-ray structures have demonstrated the existence of such an intermediate activated state
[128, 129] and rapid kinetic studies support a three-state model of heparin allosteric
activation involving an intermediate state in which the RCL-B-sheet A interaction is retained
[130]. Heparin binding to the P14 variants was found to produce variable Trp fluorescence
enhancements that were consistent with heparin shifting the preexisting allosteric
equilibrium between native and intermediate states to favor an equilibrium between
intermediate and fully-activated states in which RCL expulsion from p-sheet A has occurred
only in the latter. Together, these studies thus support an allosteric activation mechanism in
which the bulk of the allosteric activating effect that arises from the mitigation of repulsive
interactions in the exosite has occurred in an intermediate state in which the RCL-sheet A
interaction is intact. A further modest activating effect occurs in the fully activated state as a
result of RCL expulsion from pB-sheet A allowing the RCL-bound proteinase to move further
away from the serpin body and minimize residual repulsive interactions. Collectively, the
studies discussed above thus provide a unifying three-stage mechanism for heparin allosteric
activation that rationalizes the accumulated evidence of many past studies.

5.ii Protein Z as a cofactor for ZPI

As described above, the negatively charged polysaccharide heparin can play important and
complex roles in fine-tuning the specificity of antithrombin towards solution phase
thrombin, factor 1Xa, factor Xa and activated protein C. There nevertheless appears to be an
additional physiological need to be able to selectively inhibit factor Xa when it is membrane
associated, such as when it is in the enzyme complex prothrombinase and protected from
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inhibition by the antithrombin-heparin complex. For such inhibition a different serpin, ZPI,
is used together with a protein cofactor, protein Z.

Protein Z-dependent proteinase inhibitor (ZPI or serpin A10) is a selective inhibitor of factor
Xla and membrane-associated factor Xa [131, 132], both arginine-specific proteinases. In
addition to the core serpin domain, it possesses a highly acidic 39 residue N-terminal tail.
Given this specificity it is at first surprising that ZPI has a P1 tyrosine residue, where the
more familiar inhibitor of factor Xa, antithrombin, has the expected P1 arginine. The
presence of tyrosine rather than arginine reduces the rate of reaction 300-fold but also
greatly decreases the SI, from 380 to 3 [133]. To compensate for such unfavorable kinetics
of inhibition, ZP1 in vivorecruits a protein cofactor, protein Z (PZ), together with
phospholipid and Ca?* for specific, rapid inhibition of membrane-associated factor Xa [131,
134, 135]. Together, these cofactors not only confer specificity for inhibition of membrane-
associated factor Xa, but increase the rate of proteinase inhibition over 200-fold, from a
modest 4 x 104 M~1 s~ to a value similar to what would occur with P1 Arg in the absence
of cofactors (107 M~1 s71), though now with a more respectable Sl of 3 rather than 380
[133-135].

The specificity for inhibition of membrane-associated factor Xa arises from the presence of
membrane-anchoring N-terminal Ca2*-dependent Gla domains in both factor Xa and the ZPI
cofactor protein PZ. In both proteins these are followed by two EGF domains and a
proteinase or (for PZ) pseudoproteinase domain. Initial experiments on Gla-deleted or Gla
swap variants of factor Xa suggested only a minor role for Gla-Gla domain interactions
[136], but later Gla domain swap experiments from the same group found a specific
interaction between the membrane-anchoring Gla domains of PZ and factor Xa that both
promotes the formation of the membrane-localized ternary complex of PZ/ZP1 and factor Xa
and contributes ~6-fold to the rate of inhibition of factor Xa [137].

Whereas the Gla domains clearly contribute to specificity and to co-localization of the
PZ/ZP1 complex and factor Xa on the membrane surface, they account for only a small
fraction of the observed rate enhancement of all of the cofactors. Recent x-ray structures of
ZP1 in complex with protein Z have provided insights into how this interaction promotes the
specificity of the serpin for membrane-associated factor Xa [133, 138]. The first structure
[138] was of full length ZP1 in complex with protein Z that lacked the first 83 residues
encompassing both the N-terminal Gla domain and the first EGF domain, while the second
structure had a longer protein Z that included the first EGF domain [133]. Despite this
difference, both structures showed the same extensive interface between the C-terminal
pseudo-proteinase domain and the EGF2 domain of protein Z and 6 contact residues on ZPI
from helices A and G. From a subsequent mutagenesis and kinetic study it was shown that
two of these contact residues are most critical for binding of protein Z, with unitary binding
energies of —8.4 kcal mol™1 for Tyr240 in the gate region loop and —10.4 kcal mol~ for
Asp293, located on helix G [139]. Tyr240 occupies a hydrophobic pocket between the EGF2
and pseudoproteinase domains of PZ, which explains the inability of EGF2 domain swap
variants of PZ to bind to ZPI and the importance of interaction with both domains for high
affinity PZ:ZP1 complex formation [139]. The discovery of such a small number of hot spot
residues that account for the majority of the interaction suggests a strategy for design of
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small molecule therapeutics to disrupt the interface and promote clotting in hemophilia. It
was further shown that the affinity of protein Z for cleaved ZPI was ~6-fold lower than for
the native serpin, thereby promoting dissociation of ZPI-factor Xa complex from protein Z,
and helping protein Z, which is usually present in limiting amounts relative to ZPI [135, 139,
140], to function as a catalyst. It was later found that Lys239 of ZPI promotes such
dissociation by increasing the rate of protein Z dissociation, possibly explaining the
conservation of this residue in a diverse range of vertebrates [140].

Modeling of the PZ/ZPI/factor Xa Michaelis docking complex, based on the x-ray structures
of PZ with ZPI [133, 138], together with demonstration that the Gla domains of PZ and
factor Xa interact at the membrane surface [137], and that Arg143 of factor Xa is critical for
binding to ZPI [136], gave a structure depicted in Fig 11A. Such a model nicely explains the
requirements for the cofactors in tailoring the specificity of ZPI and resolves the conundrum
of the P1 Tyr for inhibition of an arginine-specific proteinase. The presence of P1 Tyr
ensures that, in the absence of cofactors, ZPI reacts extremely slowly with factor Xa or
similar arginine-specific proteinases. Only when cofactors are present is the rate of reaction
greatly increased, but in a way that is specific for membrane-associated factor Xa. The high
affinity complex of PZ with ZPI localizes the ZPI close to the membrane surface. Interaction
between the Gla domains of PZ and factor Xa, together with a salt bridge between Glu313 of
ZP1 and Arg143 of factor Xa “presents” the ZP1 P1 Tyr to the factor Xa active site and
thereby overcomes the unfavorability of tyrosine at this position (Fig 11B). It is also possible
that other interactions between the RCL of ZPI and subsites on factor Xa help to partially
offset the unfavorableness of the P1 tyrosine, although there is as yet no evidence for this.
This may explain why, when P1 is mutated to arginine, the Sl increases so much; namely
that the Michaelis complex affinity becomes so tight as to slow down RCL loop insertion
during complex formation or else that deacylation becomes more favorable. Either or both of
these possibilities would then cause most of the ZPI to be cleaved unproductively. An
analogous use of an unfavorable P1 residue that requires compensation by other specific
interactions to correctly present the P1 to the proteinase active site and so achieve specificity
for only a single proteinase is heparin cofactor Il (HCII) [141-143]. This has a P1 leucine
[144] and so reacts very slowly with arginine-specific proteinases. However, when heparin
or heparan sulfate binds to HCII, the heparin chain and the displaced acidic tail of HCII
serve to bridge the serpin and the specific target proteinase thrombin and give greatly
accelerated rates of inhibition, but only for this proteinase.

A major unanswered question is what role the highly acidic N-terminal tail of ZPI serves.
Residues in this region are not visible in either x-ray structure, suggesting that the tail is
largely unstructured and mobile. Although no published study has examined possible roles
for this extension, there are unpublished data (X. Huang and S. Olson) that show that the tail
does not affect the /n vitro interaction with cofactors or efficiency of factor Xa inhibition. A
possible role /in vivothus may be to promote the inhibition of factor Xa when it is membrane
associated andin complex with its cofactor, factor Va in the prothrombinase complex.

Finally, although heparin does not seem to be involved in the inhibition of factor Xa by the
Pz/ZP1 complex, it does bind to ZPI and enhances the rate of inactivation of both factor Xa,
independently of PZ binding, and of factor Xla [145]. This heparin interaction may thus be
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important as an adjunct to the heparin:antithrombin interaction to help inhibit free factor Xa,
as well as factor Xla.

6. Serpin-Receptor binding

It has long been known that plasma serpins, particularly when in complex with proteinases,
are rapidly cleared from circulation [146, 147]. This led to the search for a “serpin-enzyme
complex” or SEC receptor. After a number of false starts, such a receptor was identified as
being the same as the a,-macroglobulin receptor, which is a high molecular weight member
of the LDL receptor family of mosaic protein receptors named LRP1, for low density
lipoprotein receptor-related protein 1 [148, 149]. LRP1 is a multifunctional scavenging and
signaling receptor that binds and clears not only certain serpin-proteinase complexes, but
many other structurally unrelated proteins [150]. Understanding how LRP1 (and related
family members) can bind such a large repertoire of different proteins has thus been of great
interest, not only for those working with serpins, but more generally as a ligand specificity
question. Despite this interest, there is relatively little hard structural information on any
such receptor-protein ligand complexes, and none until recently for interactions of LRP1
with any serpin or its proteinase complexes.

6.i PAI-1 binding to LRP1

The serpins known to bind to LRP1 are a.1PI [151, 152], neuroserpin [153], C1 inhibitor
[154], protein C inhibitor [155], antithrombin [152, 155], heparin cofactor Il [152, 155],
proteinase nexin 1[155] and PAI-1[155, 156]. However, only proteinase complexes of
protein C inhibitor, proteinase nexin 1 and PAI-1 bind with high affinity in the absence of
any other cofactors [155]. Of these three serpin-proteinase complexes, those of PAI-1
binding to LRP1 have been most extensively studied. This is because of the importance of
PAI-1 in regulating uPA activity, which in turn is a major player in generating the proteinase
plasmin. Through the ability of plasmin to not only dissolve blood clots, but also to cleave
matrix proteins such as laminin and fibronectin, it is involved in many normal and
pathological processes, such as wound healing and angiogenesis, as well as cell migration
and the growth and dissemination of tumors.

It was originally thought that only PAI-1 in complex with proteinase could bind tightly to
LRP1, and that this resulted from a conformational change in the serpin that resulted in
exposure of a cryptic epitope [157, 158]. However, the elucidation of structures of native,
cleaved and complexed serpins, including of native and cleaved PAI-1, showed that the
structure of the serpin moiety in the covalent acylenzyme proteinase complex is almost
identical to that of cleaved serpin, thus making it unlikely that complex formation exposes a
novel high affinity epitope for LRP1. More recently, we have shown using fragments of
LRP1 that comprise the principal binding region for protein ligands, that native and cleaved
forms of PAI-1 can bind to these fragments with indistinguishable very high affinity (K4 < 3
nM), and that complex formation, whether to trypsin or low molecular weight uPA results in
only a small increase in affinity [159]. Importantly, the strength of this interaction
recapitulates the affinity for intact LRP1, and so is likely to represent the full binding site. In
addition, binding of LRP1 fragments to PAI-1 does not seem to cause any significant change
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in conformation of PAI-1. It thus appeared that there must be a unique high affinity binding
site on PAI-1 that is present in all of its conformations and that is used for binding of PAI-1
and its proteinase complexes to LRP1. This binding site has now been identified by solution
phase binding measurements on wild type and mutant PAI-1 species in which putative basic
binding residues had been mutated to alanine, either singly or in pairs [160].

Arginine and lysine residues were chosen for mutation, based on previous findings that the
complement-like domains (CR domains), that are linked in clusters in LRP1 and related
LDL receptor family members and that represent the ligand binding regions, engage basic
residues on the target proteins [161-167]. It was found that four basic residues (Lys69,
Arg76, Lys80 and Lys88) form the binding site for three adjacent CR domains and that just
the interactions of these residues are sufficient to account quantitatively for the binding
interaction (Fig 12). This is in contrast to earlier studies where mutation of some of the same
individual residues resulted in no more than 11 fold increase in K4 and mostly much less
[157, 158, 161, 168]. Although several overlapping three-domain fragments of LRP1 all
bind with high affinity to PAI-1, the fragment CR4-CR5-CR6 binds the tightest, with Ky of
1.5 nM estimated at physiological ionic strength [160]. This is a 20-fold lower K than for
CR5-CR6-CRY. In the complex between PAI-1 and CR4-CR5-CR6, CR4 binds to Lys88 and
contributes least to affinity, Arg76 together with Lys80 bind to CR5 and contribute the most,
while CR6 binds strongly to Lys69 (Fig 12). As expected, the positions of the four residues
do not change significantly between native, latent and cleaved conformations and are not
expected to change in complex with uPA or other proteinase. In addition, their locations are
all well removed from the expected position of the proteinase in the covalent complex. The
absence of a need for an additional binding contribution from the proteinase is consistent
with reports that the binding site on uPA for LRP1 is in the N-terminus and so is unlikely to
be available when uPA is complexed through this N-terminal region to its cell-surface
receptor uPAR, which is the form that is most likely inhibited /n vivo by PAI-1[169-172].
The proteinase is therefore unlikely to either augment binding affinity further by altering the
relative positions of the four basic residues, or to contribute directly to binding through
engaging a fourth CR domain. However, the fact that the uPA encountered by PAI-1 is
membrane-associated, through being in complex with its membrane-anchored receptor
UPAR, will result in the uPA/PAI-1 complex being localized to the membrane surface, where
it can much more readily “find” membrane-anchored LRP1 than can uncomplexed solution-
phase PAI-1, and so account for an effectively higher affinity interaction than in solution.

It is noteworthy that the location of the binding site on PAI-1 for LRP1 is very close to the
binding site for vitronectin, which occurs through vitronectin's somatomedin B domain (Fig
12) [173]. The large size of full-length vitronectin and the proximity of the vitronectin and
LRP1 binding sites may thus explain the antagonism shown by vitronectin to LRP1-
mediated signalling by PAI-1 [174]. A final point of interest from the study is that the
closely-related serpin proteinase nexin 1 (serpinE2), whose complex with uPA also binds
very tightly to LRP1, has highly conserved basic residues at structurally homologous sites to
the four basic residues, Lys69, Arg76, Lys80 and Lys88, identified as the binding site for
LRP1 on PAI-1. These homologous sites may therefore represent the high affinity binding
site for LRP1 in proteinase nexin 1 [160].
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(single chain) (two chain) (single chain)

Fig 1. Principal serpin conformations
The native state (panel A, a41PI pdb code 1QLP [176]) and latent state (panel C, PAI-1 pdb

code 1CG5 [177]) represent the metastable and most stable states respectively of the single-
chain forms of the serpin. They differ principally in the location of the RCL (blue) as being
exposed (native) or integrated into B-sheet A (latent) and of s1C as being part of p-sheet C
(native) or an unstructured exposed linker (latent). Cleavage of the RCL permits the serpin to
have both the RCL integrated into f-sheet A and s1C still as part of p-sheet C (panel B,

a 1Pl pdb code 7API [178]). The remainder of B-sheet A is shown in red. B-sheet C is top
left and B-sheet B is behind B-sheet C. Most helices pack on the “back” face of the serpin in
this presentation, with the major exceptions of helix F (across the front of g-sheet A) and
helices D and E (D above E) on the right edge. Adapted from ref [179]. Copyright Elsevier.
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Fig 2. Suicide substrate branched pathway mechanism
Serpin (1) and proteinase (E) initially associate non-covalently to form a Michaelis complex

(EI in which the proteinase active site recognizes and engages the P1-P1' residues and
flanking residues and/or exosites. Upon formation of the acyl-enzyme intermediate through
cleavage of the scissile bond (EI"), the cleaved RCL, with proteinase attached, translocates
to the “bottom” of the serpin where compression and distortion of the proteinase lead to a
kinetically-trapped covalent complex (E-1*). Should the proteinase complete the
deacylation reaction prior to the inactivating distortion, cleaved serpin (I*) and regenerated
free proteinase (E) are formed. Deacylation of E-1* can also slowly occur (ks) to give the
same products. The ratio of (k3 + k4)/ky4 gives the number of moles of serpin required to
inhibit one mole of proteinase (if ks is negligeable) and is called the stoichiometry of
inhibition (SI). For many serpins and cognate proteinases this is close to 1. Figure from ref
[179]. Copyright Elsevier.
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Fig 3. Serpin folding pathway
Initial collapse and folding leads to species I, in which the whole C- terminal region from

S5A (green), through the RCL (s4A, yellow) and s1C/s4B/s5B (cyan) have not yet
associated. Insertion of s5A leads to completion of B-sheet A and formation of 11. The
remaining C-terminal region is now better positioned to associate and complete the B/C f3-
barrel. In addition completion of B-sheet A has presumably put in place necessary contacts
for this C-terminus to now associate with favorable energy. Such association leads to the
metastable state, 111. With the Z mutation at the end of s5A it is likely that a species closely
resembling 11 can build up and would thus represent the on-pathway polymerogenic
intermediate. Insertion of the RCL into B-sheet A only becomes favorable once the B/C
barrel has been completed and so, critically, species IV, and subsequently species V are not
formed directly from I1. Instead, V can only form from I11. This ensures that the metastable
state, with exposed RCL is the preferred species formed during folding, rather than the latent
state, V. Figure from ref [49]. Copyright ASBMB.
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Fig 4. Polymer formation from unfolded state
Based on the folding pathway of Fig 3, the intermediate 11, can subsequently follow two

paths, depending on concentration of intermediate. Pathway A leads to normally folded
serpin, while pathway B, in which two molecules of type 11 associate, with the C-terminus
of one completing the B/C barrel of the second, leads to a heterodimeric species, in which
the acceptor molecule (cyan) has a native like fold, with B/C barrel completed by the C-
terminus of the donor serpin (red), while the donor molecule still has an incomplete B/C
barrel. In this state, with the B/C barrel of the cyan molecule complete, the RCL of the
acceptor molecule is free to rapidly insert into its own p-sheet A (pathway C). This is
energetically very favorable, being equivalent to the insertion that occurs during reaction
with proteinase. The resulting new heterodimer has the acceptor serpin now in the extremely
stable cleaved-like conformation, but with its own C-terminus still exposed and available to
act as a donor to another species 11 serpin. After two additional rounds of addition and RCL
insertion (steps B and C) a polymer of form D would be obtained. The central serpin
moieties are identical, while the left and right molecules differ in either still having an
incomplete B/C barrel or an available s1C/s4B/s5B extension to donate, respectively. If this
extension is donated to the incomplete leftmost molecule a circular structure (here a
tetramer) of identical cleaved-like molecules would form. This is the same type of structure
as for the trimer in Fig 6B.
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Fig 5. Possible folding/unfolding energy diagram for serpins
From elucidation of the folding pathway of a1PI, the preferred next association with species

| of Fig 3 is of s5A rather than s1C/s4B/s5B. This is reflected in the higher energy barrier
(red) going from 1 to species I1la (s5A and s4A exposed), than in going from | to 11 (black),
even though the stability of I11a might be greater than that of 1. Once s5A has associated
with I to form 11, s1C/s4B/s5B rapidly and favorably forms the native state, 111. However,
starting from the native state, the activation energy barrier in going to 11, with loss of
s1C/s4B/s5B, is much higher than for loss of s5A to lead to I11a. Accordingly, the preferred
route for unfolding from the native state is the red pathway from I11 to I11a rather than the
black route to 1. This explains how different types of polymerogenic intermediate can be
formed (11 vs 111a) depending on whether the starting point is the unfolded or the folded
state.
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Fig 6. Observed and modeled serpin polymers formed by different methods
Panel A, polymer modeled from an x-ray structure of an s4A/s5A-swapped antithrombin

dimer [65]. This is the kind of swap that would be predicted by the red unfolding pathway of
Fig 5, in which the first formed intermediate (I111a) has s5A extracted from p-sheet A, and so
both s4A and s5A available for donation to another molecule. Panel B, x-ray structure of a
heat-induced trimer of a1PI in which the red pathway has been deliberately blocked by
restraining s5A through disulfide linkage to s6A [69]. This only leaves the reversal of the
black pathway from 111 to 11, and so results in polymers that are identical to polymers
formed during folding that occur from build up of species 11 from species | (Z or other
adverse mutations). Panel C, modeled polymer formed from donation of part of the RCL
(s4A) of one molecule to the bottom of B-sheet A of a second, thereby partially expanding
the sheet A of the second molecule [72]. This would not be expected to result in as large an
increase in stability as for formation of polymers such as in panel B or in Fig 4 panel D.
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Michaelis complex Intermediate trapped Final trapped
acyl-enzyme complex acyl-enzyme complex

Fig 7. Two-stage mechanism for helix F participation in Kinetic trapping of the acyl-enzyme
complex
The scheme depicts the hypothesized two-stage mechanism by which the serpin and

proteinase conformational changes triggered by proteinase cleavage of the serpin RCL in the
acyl-enzyme complex are coupled to kinetically trap the acyl-enzyme complex following its
formation from the initial Michaelis docking complex. In the scheme, the Michaelis docking
complex (serpin colored cyan with P1 residue in blue spheres and proteinase colored green
with active-site Alal95 residue in yellow spheres) undergoes transformation to an
intermediate conformationally altered acyl-enzyme complex in which the cleaved RCL
(blue) has fully inserted into p-sheet A, with displacement of helix F (red) from its native
position to allow translocation of the RCL-linked proteinase to an intermediate position at
the s2A end of B-sheet A. In the intermediate, the acyl-linkage between the serpin P1 residue
and the proteinase catalytic Ser195 (yellow spheres) is partially distorted and the F helix is
constrained in a higher energy state. The intermediate is then transformed to the final
trapped complex by the relaxation of the F helix to its unconstrained position with the
energy released by this relaxation driving the concomitant movement of the proteinase to the
s5A side of sheet A and causing full inactivation of the proteinase by conformational
distortion. The initial and final complexes are x- ray structures of Michaelis (LOPH [180])
and trapped acyl-enzyme (1EZX [29]) complexes of a1PI with trypsin, whereas the
intermediate complex is modeled based on FRET and fluorescence perturbation changes
accompanying the reaction of fluorophore-labeled a.1PlIs with trypsin as described in the
text.
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Fig 8. Michaelis docking complexes of heparin-activated antithrombin (AT) with S195A variants
of factor Xa, factor 1Xa and thrombin (l1a)

Shown are x-ray structures of Michaelis complexes of pentasaccharide heparin-activated
antithrombin with factor Xa (H5-AT-FXa, left, pdb 2GD4 [113]) or with factor 1Xa (H5-AT-
F1Xa, middle, pdb 3KCG [114]) and of hexadecasaccharide heparin-activated antithrombin
with thrombin (H16-AT-1la, right, pdb 1TB6 [181]) in ribbon. Antithrombin is cyan with the
RCL in blue and the P1Arg shown as spheres, the proteinases are green with Alal95 shown
as yellow spheres and heparins depicted in black stick. Arg150 of factors Xa and 1Xa,
depicted in yellow stick, interacts with an antithrombin exosite binding pocket, shown in red
stick, that stabilizes these complexes. Thrombin lacks Arg150 and cannot interact with the
antithrombin exosite but compensates by binding the extended heparin chain through a basic
exosite region.
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Fig 9. Heparin activation of antithrombin through mitigation of repulsion
When proteinase engages the resting state of antithrombin (left) it recognizes the favorable

P1 arginine side chain and binds to the exosite centered on Tyr253. The hinge of the RCL is
also partially inserted into B-sheet A. In this state, unfavorable interactions at the interface
between proteinase and serpin (shown as —) lead to a relatively weak overall interaction and
correspondingly slow rate of inhibition. Here, the favorable P1 and exosite interactions are
partially offset by other unfavorable interactions. When heparin binds, to give AT*, the
major consequence of the long-range conformational change induced in the body of
antithrombin (open arrow) is a mitigation of the unfavorable interface interactions, such that
favorable P1 and possibly better optimized exosite interactions are no longer opposed,
thereby resulting in a greatly enhanced rate of inhibition. In addition, the expulsion of the
hinge of the RCL, as a secondary, linked element of the conformational change (filled
arrow), results in a small additional enhancement factor in the rate of inhibition. Most of the
rate enhancement, however, comes from the more optimal surface-surface interactions.
Adapted from ref [119]. Copyright ASBMB.
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Fig 10. Three-step mechanism of allosteric activation of antithrombin by the heparin
pentasaccharide

The top shows X-ray structures of native, intermediate-activated and fully-activated
antithrombin depicting the key secondary structural elements undergoing activating
conformational changes upon heparin pentasaccharide binding. Strands 2, 3, 5 and 6 of p-
sheet A are in cyan ribbon, strands 2, 3, 4 and 5 of B-sheet B are in green ribbon, the RCL is
depicted in blue ribbon, with the P14 RCL hinge residue shown as spheres, the helix D site
of heparin binding is in red ribbon and the heparin pentasaccharide is shown in black stick.
The bottom scheme shows the preexisting conformational equilibria between the
energetically favored native antithrombin conformational state (AT) and the less favored
intermediate-activated (AT*) and fully-activated (AT**) conformational states. Heparin
pentasaccharide binding to native antithrombin shifts the equilibrium in favor of
intermediate and fully-activated states with the latter energetically favored as a result of
heparin binding with the highest affinity to this state. The native repressed activity state is
characterized by the burial of the RCL hinge P14 residue into the hydrophobic core beneath
sheet A. In the intermediate state conformational changes are induced in the heparin binding
site that are transmitted to the hydrophobic core. In the latter changes, a subdomain
consisting of strands 5A, 6A and B-sheet A move to partly close the gap between s3A and
s5A and alter the packing with the subdomains containing s2A, s3A and helix D. These
changes activate antithrombin reactivity with factors Xa and 1Xa by mitigating negative
interactions between RCL-bound proteinase and an antithrombin exosite. In the fully
activated state, additional conformational changes are induced including the extension of the
C-terminal loop of helix D and the expulsion of the RCL hinge from sheet A and movement
of the RCL away from the serpin body to further enhance reactivity with proteinase.
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Fig 11. Modeled ternary complex of ZPI, protein Z and membrane-associated factor Xa
Panel A, model of the complex at the membrane surface, with interaction between the Gla

domains of factor Xa and protein Z at the membrane surface, tight interaction between ZPI
and the EGF2 and pseudoproteinase domains of protein Z, and orientation of factor Xa such
that the P1 Tyr of ZPI aligns with the active site of the proteinase, while Arg 143 of the
proteinase interacts with Glu 313 of ZPI. This is based on the x-ray structure of ZPI and
protein Z [133] and the demonstrated importance of Gla-Gla interactions [137], of Arg 143
of factor Xa [136] and of Glu 313 of ZPI [133]. Panel B shows an expansion of the modeled
active site-ZP1 RCL interactions, showing the role of Glu383 and Glu 313 of ZPI and of
Arg143 of factor Xa in correctly positioning the P1 residue in the proteinase active site.
From ref [133]. Copyright ASBMB.
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Fig 12. The binding site for LRP1 on PAI-1
Residues Lys 88, Arg 76, Lys 80, and Lys 69 form the very high affinity (~2 nM) binding

site for fragment CR4-CR5-CR6 from a principal ligand binding region of the receptor
LRP1, cluster 11 [160]. Arg76 and Lys 80 engage CR5, and contribute over half of the
binding energy. Lys 69 engages CR6 and contributes a major portion of the binding energy,
while CR4 engages Lys 88 and contributes modestly to the overall affinity. These critical
basic residues are shown in the structure of PAI-1 (green ribbon) complexed with the
somatomedin domain (red space filling) of vitronectin (pdb code 10CO0 [173]) to illustrate
the close proximity, and likely overlap, of the binding sites on PAI-1 for LRP1 and
vitronectin. Thus, the separation between Arg 76 and the closest point of the somatomedin
domain is only ~15A, while CR domains, which would be roughly centered on each set of
basic contact residues, are about 25A across [162, 163, 182-184].
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