Protein Science (1997), 6:89-98. Cambridge University Press. Printed in the USA.
Copyright © 1997 The Protein Society

Importance of the release of strand 1C to the
polymerization mechanism of inhibitory serpins

WUN-SHAING W. CHANG, JAMES WHISSTOCK, PAUL C.R. HOPKINS,! ARTHUR M. LESK,
ROBIN W. CARRELL, aAND MARK R. WARDELL?
Department of Haematology, University of Cambridge, MRC Centre, Hills Road, Cambridge, CB2 2QH, United Kingdom

(RECEIVED September 4, 1996; AcCEPTED October 23, 1996)

Abstract

Serpin polymerization is the underlying cause of several diseases, including thromboembolism, emphysema, liver
cirrhosis, and angioedema. Understanding the structure of the polymers and the mechanism of polymerization is
necessary to support rational design of therapeutic agents. Here we show that polymerization of antithrombin is sensitive
to the addition of synthetic peptides that interact with the structure. A 12-mer peptide (homologous to Py4-P; of
antithrombin reactive loop), representing the entire length of s4A, prevented polymerization totally. A 6-mer peptide
(homologous to Py4-Py of antithrombin) not only allowed polymerization to occur, but induced it. This effect could be
blocked by the addition of a 5-mer peptide with the s1C sequence of antithrombin or by an unrelated peptide repre-
senting residues 26-31 of cholecystokinin. The s1C or cholecystokinin peptide alone was unable to form a complex with
native antithrombin. Moreover, an active antitrypsin double mutant, Pro 361 — Cys, Ser 283 — Cys, was engineered
for the purpose of forming a disulfide bond between s1C and s2C to prevent movement of s1C. This mutant was resistant
to polymerization if the disulfide bridge was intact, but, under reducing conditions, it regained the potential to poly-
merize. We have also modeled long-chain serpin polymers with acceptable stereochemistry using two previously
proposed loop-A-sheet and loop-C-sheet polymerization mechanisms and have shown both to be sterically feasible, as
are “mixed” linear polymers. We therefore conclude that the release of strand 1C must be an element of the mechanism

of serpin polymerization.
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Mammalian blood plasma contains members of the serpin super-
family of serine proteinase inhibitors, which function as important
regulators of the coagulation, inflammation, fibrinolysis, and com-
plement cascades (for reviews see Travis & Salvesen, 1983; Get-
tins et al., 1993; Potempa et al., 1994). Crystal structures have
shown that they share a highly conserved tertiary fold consisting of
three large B-sheets surrounded by nine a-helices (Loebermann
etal., 1984; Baumann et al., 1991; Mourey et al., 1993), and a loop
containing the reactive scissile bond, denoted P;-P| (Schechter &
Berger, 1967), which interacts with cognate proteinases (Huber &
Carrell, 1989).

One of the most striking features of the serpins is their dramatic
conformational rearrangement. For example, when inhibitory ser-
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pins are cleaved at their P;-P; bond, the N-terminal residues of the
reactive loop form a new strand within the A-sheet, accompanied
by an increase in structural stability (Loebermann et al., 1984,
Baumann et al., 1991, 1992; Mourey et al., 1993). This conforma-
tional change is believed to be crucial for serpin inhibitory func-
tion (Gettins et al., 1993). Serpins are also known to polymerize,
with consequences of clinical importance. Several natural variants,
such as antithrombin Rouen VI (Asn 187 — Asp) (Bruce et al.,
1994); the Z (Glu 342 — Lys) (Lomas et al., 1992), Siyuma
(Ser 53 — Phe) (Lomas et al., 1993b), and M.on (Phe 52 de-
leted) (Lomas et al., 1995) variants of antitrypsin; «,-antichymo-
trypsin (Pro 229 — Ala) (Faber et al., 1993) and C1-inhibitor mutants
(Ala 436 — Thr, Val 451 — Met, Pro 476 — Ser, Phe 455 — Ser)
(Aulak et al., 1993; Eldering et al., 1995) have been shown to poly-
merize spontaneously, resulting in thromboembolism, emphysema,
liver cirrhosis, and angioedema. Native inhibitory serpins were also
found to undergo this noncovalent polymerization after limited ther-
mal denaturation or mild treatment with denaturants, such as gua-
nidine hydrochloride (Mikus et al., 1993; Lomas et al., 1995; Patston
et al., 1995).

Proposed mechanisms of serpin polymerization involve the in-
teraction of the reactive loop of one molecule with either the A- or
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C-sheet of another molecule (Fig. 1). The “loop-A-sheet polymer-
ization mechanism” suggests that inactive polymers are formed by
the insertion of a portion of the reactive loop of a molecule (ap-
proximately residues Pg-P3) into the A-sheet of another molecule
and so on. Support for this model comes from the observation that
incubation of inhibitory serpins with synthetic peptides homolo-
gous to their reactive loops results in serpin/peptide binary com-
plexes with thermostability properties similar to the cleaved species
(Schulze et al., 1990; Bjork et al., 1992). It is assumed that such
peptides insert into the A-sheet of the serpin molecule like the
reactive loop of the cleaved form (Schulze et al., 1990; Bjork et al.,
1992). Moreover, cleavage of antitrypsin at the Po-Pg or Pjo-Py
bond results in spontaneous polymerization (Mast et al., 1992),
suggesting that the P,s-Py or P,5-P), region inserts into the top of
the A-sheet leaving the bottom of the A-sheet open and allowing
the Pg-P; or Py-P; region of another molecule to insert. This loop-
A-sheet polymerization mechanism is also consistent with the re-
cently solved structure of an intact functional recombinant antitrypsin
(Elliott et al., 1996) in which the Pg-P;5 is in the necessary B-pleated
strand conformation for reactive loop insertion.

Previously, the dimeric crystal structure of antithrombin re-
vealed another possible mechanism of serpin polymerization (Car-
rell et al., 1994). The antithrombin crystal structure contains a
dimer in which the reactive loop of one molecule in the native
active state inserts into the C-sheet of a second molecule in the
latent inactive conformation (Carrell et al., 1994). Based on this
observation, it was suggested that serpin polymers form by the
reactive loop of each acceptor molecule first inserting into its own
A-sheet to liberate strand 1C (s1C) from its own C-sheet, which
can then be replaced by the loop of a donor molecule (Carrell et al.,
1994; Lomas et al., 1995; Stein & Carrell, 1995). This is the
“loop-C-sheet polymerization mechanism.”
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Here we report experiments using antithrombin and antitrypsin
to investigate the mechanism of serpin polymerization. These include
the use of synthetic peptides to induce and block polymerization,
and molecular modeling to examine and verify the stereochemical
feasibility of possible mechanisms. We have constructed an active
antitrypsin double mutant (denoted S-S antitrypsin) in which
Pro 361 and Ser 283 were each replaced with cysteine to form a
disulfide bridge to prevent movement of s1C. These results suggest
the necessity for the release of s1C from the C-sheet during serpin
polymerization. Our modeling studies indicate that this would be a
common feature of both loop-A-sheet and loop-C-sheet mecha-
nisms of polymer formation.

Results

Induction of serpin polymerization by synthetic peptide

The interaction of serpin molecules with synthetic peptides was
investigated by incubating native antithrombin with a 100-fold
molar excess of various peptides at 37 °C for several days. Aliquots
taken at different incubation times were run on nondenaturing
PAGE, where the antithrombin/peptide complexes migrate more
anodally than the free inhibitors due to acquisition of additional
negative charges contributed by the incorporated acetylated pep-
tides (Schulze et al., 1990). Figure 2A shows that, in the absence
of any peptide, the electrophoretic properties of native antithrom-
bin were not altered by prolonged incubation at 37 °C. As shown
previously (Chang et al., 1996), a 12-mer peptide homologous to
the reactive loop of antithrombin (residues P4-P;3) formed a binary
complex with antithrombin and totally prevented polymerization
(Fig. 2B). However, we were surprised to find that a 6-mer peptide
corresponding to the P,4-Py segment of antithrombin not only per-
mitted polymerization, but induced it (Fig. 2C).

Fig. 1. Schematic representation of the loop-A-sheet and the loop-C-sheet models of the mechanism of serpin polymerization. The
common feature of both models is the opening of the A-sheet, which will then allow the reactive loop to insert into the gap. A: The
loop-A-sheet model. Serpin polymerization occurs by the reactive loop of one molecule inserting into the A-sheet of another molecule
to build up polymers. B: The loop-C-sheet model. Serpin polymers are formed by the loop of each acceptor molecule first inserting
into its own A-sheet enough to liberate its strand 1C from the C-sheet; the space in the C-sheet then becomes occupied by the reactive
loop of a donor molecule. Bold solid lines denote the reactive loop (RL) and dashed lines indicate the five strands of the A-sheet of
the inhibitor. In the loop-A-sheet model, four strands of the C-sheet were shown with the s1C (solid line) linked to the C terminus of
the reactive loop, whereas, in the loop-C-sheet model, the s1C is displaced, leaving the C-sheet with one less strand.
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Fig. 2. Nondenaturing gradient PAGE (7.5-15% w/v acrylamide) of the interaction of antithrombin with synthetic peptides. All the
peptides were incubated with native antithrombin at a peptide:serpin molar ratio of 100:1 at 37 °C for the times indicated. A: Lanes
1-9 represent aliquots of the control native antithrombin incubated alone for 0, 6, 12, 24, 48, 60, 72, 84, and 96 h, respectively. B: Lanes
1-10 represent aliquots of native antithrombin incubated with the synthetic reactive-loop 12-mer peptide (P)4-P3 of antithrombin) for
0,2,4,6,8,10, 12, 18, 24, and 48 h, respectively. C: The incubation time was as for B, except that antithrombin was incubated with
the reactive-loop 6-mer peptide (P;4-Py of antithrombin). D: Lanes 1-5 represent samples removed from the incubation reaction of
native antithrombin with both its reactive-loop 6-mer peptide and s1C S-mer peptide (TFKAN) together at 0, 12, 24, 48, and 72 h,
respectively. Lanes 6-10 represent samples removed from the incubation reaction of native antithrombin with both its reactive-loop
6-mer peptide and the cholecystokinin 6-mer peptide (residues 26-31 of cholecystokinin Ac-DYMGWM) at 0, 12, 24, 48, and 72 h,
respectively. E: Lanes 1 and 10, control native antithrombin; lanes 2 and 3 represent samples removed from the incubation reaction
of native antithrombin with s1C 5-mer peptide at 0 and 48 h, respectively; lanes 4 and 5 represent samples of native antithrombin
incubated with the 5-mer peptide (sequence 5-9 of rat prothrombin precursor FLEEI) for the same time points; lanes 6 and 7 correspond
to samples of the incubation of antithrombin with the cholecystokinin 6-mer peptide for 0 and 48 h, respectively; lanes 8 and 9 were
as for lanes 2-3, but with antithrombin incubated with the 13-mer peptide (sequence of human mini gastrin I Ac-LEEEEEAYGWMDF).
N, native antithrombin; BC, antithrombin/peptide binary complexes.

Blockage of serpin polymerization by synthetic peptides

Polymerization of antithrombin was induced using the synthetic
6-mer peptide (residues Py4-Py of antithrombin reactive loop). It
was reasoned that, if the release of s1C is important to the poly-
merization mechanism, a peptide homologous to s1C of antithrom-
bin (TFKAN) may inhibit such polymerization. As shown in
Figure 2D (lanes 1-5), the addition of s1C 5-mer peptide as well
as the reactive-loop 6-mer peptide did indeed block polymerization
by predominately forming antithrombin/peptide binary complexes
with only a small fraction of dimeric antithrombin. Surprisingly, as
shown in Figure 2D (lanes 6-10), the addition of the unrelated
6-mer peptide from the sequence of cholecystokinin (Ac-DYM
GWM) as well as the antithrombin reactive-loop 6-mer peptide not
only inhibited antithrombin polymerization, but also resulted in
100% antithrombin/peptide binary complex formation. Using this
method, we could not determine which peptide(s) was associated
with the antithrombin/peptide binary complexes. We assume that it

was the antithrombin reactive-loop 6-mer peptide because this did
form some binary complexes with more anodal migration on the
gel when added alone to antithrombin (Fig. 2C). No such change
in electrophoretic migration was observed for antithrombin incu-
bated with its own s1C S-mer peptide or cholecystokinin 6-mer
peptide alone (Fig. 2E, lanes 2-3, 6-7). Neither the control syn-
thetic 5-mer peptide, representing the sequence 5-9 of rat pro-
thrombin precursor (FLEEI), nor the 13-mer peptide from the
sequence of human mini gastrin I (Ac-LEEEEEAYGWMDF) was
able to form binary complexes with antithrombin (Fig. 2E) or to
inhibit its polymerization (data not shown).

Characterization of the Pro 361 — Cys, Ser 283 — Cys
antitrypsin double mutant

In an attempt to discriminate further between the two possible
mechanisms of serpin polymerization, we constructed an antitryp-
sin variant in which two cysteines were introduced into positions
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that would favor the formation of a disulfide bond between s1C
and s2C to prevent the release of s1C. The stoichiometries of
inhibition of human leukocyte elastase by both the reduced and
oxidized forms of this S-S antitrypsin mutant were shown to be the
same as native antitrypsin, and their association rate (K,) was
affected only slightly (P.C.R. Hopkins, W.-S.W. Chang, M.R. War-
dell, and S.R. Stone, unpubl. obs.). The desired disulfide bond
between the Cys 361 and Cys 283 positions of the oxidized S-S
antitrypsin mutant was confirmed both by Ellman assay and amino
acid analysis, showing that a total of three cysteines were present,
but that, in the absence of reducing reagents, only one available
sulfhydryl group was measured (data not shown). Limited prote-
olysis also confirmed the existence of this disulfide bond: papain
normally cleaves native antitrypsin at the P;-Pg and P;-P] bonds
(Mast et al., 1992) and results in an increased mobility of anti-
trypsin on SDS-PAGE due to the release of a ~4-kDa C-terminal
fragment from the molecule (Fig. 3, lanes 1-6). Such cleavage
analyses on the S-S antitrypsin mutant showed that approximately
60-70% of the cleaved C-terminal fragment was still bound to the
molecule through the newly formed S-S bridge and resulted in no
electrophoretic shift on SDS-PAGE under nonreducing conditions
(Fig. 3, lanes 9-10). However, breaking the disulfide bond of this
cleaved material by incubation with a reducing reagent such as
DTT (DL-dithiothreitol) at 23 °C for 4 h prior to electrophoresis
produced an electrophoretic shift identical to that of cleaved wild-
type antitrypsin (Fig. 3, lanes 12-13).

The thermostability of the S-S antitrypsin mutant was compared
with that of plasma and recombinant wild-type antitrypsins. All
antitrypsins were heated at 56 °C for the time indicated in Figure 4,
followed by centrifugation for 15 min at 20,000 X g and deceler-
ation without braking. A small fraction of each supernatant was
subjected to nondenaturing PAGE and electron microscopy. On
incubation at 56 °C, both plasma and recombinant wild-type anti-
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Fig. 3. Limited proteolysis of recombinant wild-type and S-S antitrypsins
by papain. All the cleavage reactions were performed at 37 °C for 2 h with
the final concentration of protein being 0.25 mg/mL. The proteins were
examined on 10-20% (w/v) SDS-PAGE. Lane 1, recombinant wild-type
antitrypsin; lanes 2 and 3, samples removed from the cleavage reaction of
wild-type antitrypsin with papain at a serpin:proteinase ratio of 250:1 and
100:1 (w:w), respectively: lane 4-6, as for lanes 1-3, except that the
samples removed from the cleavage reaction of wild-type antitrypsin with
papain were first heated at 100 °C for 2 min and then incubated in 100 mM
DTT at 23°C for 4 h prior to electrophoresis; lane 7, molecular weight
marker (four major bands from top to bottom: 77, 67, 43, 30 kDa); lane 8,
recombinant S-S antitrypsin mutant; lanes 9 and 10, samples removed
from the cleavage reaction of the S-S antitrypsin with papain at a serpin-
:proteinase ratio of 250:1 and 100:1 (w:w), respectively; lane 11-13, as for
lanes 8-10, except that the samples removed from the cleavage reaction of
S-S antitrypsin with papain were first heated at 100 °C for 2 min and then
incubated in 100 mM DTT at 23 °C for 4 h prior to electrophoresis.
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trypsins undergo polymerization. In contrast, the S-S antitrypsin
mutant demonstrated a much increased thermostability that al-
lowed it to retain its monomeric conformation at this temperature
(Fig. 4). By breaking the disulfide bond of the mutant through the
addition of reducing reagent prior to heat treatment, the increased
thermostability of this reduced S-S antitrypsin was lost, and the
S-S antitrypsin underwent polymerization readily (Fig. 4). How-
ever, unlike those heat-induced polymers of plasma serpins (Lomas
etal., 1992; Bruce et al., 1994), electron microscopy of the reduced
recombinant S-S antitrypsin showed that the size of the polymers
are large and the shapes of these polymers are highly diverse, and
therefore could not be observed by nondenaturing PAGE as easily
as the polymers of plasma native antitrypsin (Fig. 4).

Modeling of serpin polymers: Structures of the models

In the antithrombin loop-C-sheet polymerization model, the inser-
tion of the reactive loop of a molecule into its own A-sheet is only
to P4 (data not shown), but it is possible for the reactive loop to
insert further into the A-sheet and maintain correct stereochemistry
with hydrogen bonding of the loop of one molecule to s2C of
another. This is seen in the antitrypsin models, which have inser-
tion to Pj5. As a model of the loop-C-sheet dimer of antitrypsin
shows (Fig. 5A), some hydrogen bonds were formed in the C-sheet
region between s2C of molecule A and reactive loop residues Ps-P,
of molecule B. There are also hydrogen bonds between the H-helix
of molecule A and the F-helix of molecule B (Fig. 5A). An anti-
trypsin loop-C-sheet pentamer is also shown in Figure 5B, dem-
onstrating that we are able to form long-chain polymers with our
loop-C-sheet model. However, because electron micrographs of
polymers show them to be of different shapes and sizes (Fig. 4),
there is likely to be some deviation in the relative orientation of the
monomers. Therefore, contacts and hydrogen bonding between the
monomers will vary.

In our model of serpin loop-A-sheet polymers, the Pg-P3 region
of one molecule is inserted into the A-sheet of another molecule in
the same anti-parallel fashion as seen in the cleaved structure
(Loebermann et al., 1984; Baumann et al., 1991, 1992; Mourey
et al., 1993). As a model of the loop-A-sheet dimer of antitrypsin
shows (Fig. 6A), the reactive loop of both molecules was designed
to adopt an ovalbumin-like turn at the top of the A-sheet with s1C
being partially peeled off in order to allow formation of long-chain
polymers to occur. Moreover, some B-sheet hydrogen bonds are
formed between reactive loop residues Pg-P3; of molecule B and
A-sheet strands 3A and 5A of molecule A (Fig. 6A). Again, be-
cause electron micrographs of polymers show them to be of dif-
ferent shapes and sizes (Fig. 4), some deviation in the relative
orientation of the monomers and the subsequent contacts and hy-
drogen bonding between the monomers will probably take place.
However, from our loop-A-sheet models of antitrypsin polymers
(Fig. 6B) and antithrombin polymers (data not shown), we show
that flexibility in s1C is required so that long-chain polymers can
form without steric hindrance. The flexibility of the regions (Po-P,5
and P{-P5) connecting to residues Pg and P, could account for the
variability in the shape of the polymers.

Modeling of serpin polymers: Quality of the models

The final CHARMm energies of both the loop-C-sheet and loop-
A-sheet polymerization models were negative (i.e., —43,540 kcal/
mol for the antitrypsin loop-C-sheet polymerization model and
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Fig. 4. Heat stability of antitrypsin assayed by nondenaturing gradient PAGE (7.5-15% w/v acrylamide) and electron microscopy. Top
left: lane 1, plasma native antitrypsin; lanes 2 and 3, plasma antitrypsin heated at 56 °C for 30 and 60 min, respectively: lane 4, oxidized
recombinant wild-type antitrypsin; lane 5, oxidized recombinant wild-type antitrypsin heated at 56 °C for 30 min;: lane 6, reduced
recombinant wild-type antitrypsin heated at 56 °C for 30 min; lane 7, oxidized recombinant S-S antitrypsin; lane 8, oxidized S-S
antitrypsin heated at 56 °C for 120 min; lane 9, reduced S-S antitrypsin heated at 56 °C for 30 min; lane 10, reduced recombinant S-S
antitrypsin. Bottom: electron micrograph of the oxidized S-S antitrypsins incubated at 56 °C for 60 min. Top right: electron micrograph
of the reduced S-S antitrypsin incubated at 56 °C for 15 min (some polymers indicated by arrows). All preparations were negatively
stained with uranyl acetate and viewed at a magnification of 123,000.

—42,432 kcal/mol for the antitrypsin loop-A-sheet polymerization
model), indicating that there were no serious steric clashes. In both
models, the ¢, ¢, and w angles of the reactive loop were checked
and found to be satisfactory (i.e., within 20 °C of allowed confor-
mations in a Ramachandran plot).

Discussion

Several natural serpin variants have been demonstrated to poly-
merize spontaneously at pyrexial temperatures, which conse-
quently lowers the amount of active circulating serpin, resulting in
severe clinical disorders (Lomas et al., 1992, 1993a, 1995; Faber
et al., 1993; Bruce et al., 1994; Eldering et al., 1995). The best
studied is the Z variant of antitrypsin, where the Glu 342 — Lys
mutation is thought to disrupt the top of the A-sheet (Wu & Fore-
man, 1990; Lomas et al., 1993a). Other variants have also provided
evidence that molecular distortions altering the distance between
strands 3A and 5A of the A-sheet may play an important role in the
mechanism of serpin polymerization (Aulak et al., 1993; Bruce
et al., 1994).

There are data suggesting that the Z variant (Glu 342 — Lys) of
antitrypsin polymerizes via the loop-A-sheet mechanism (Lomas
et al., 1992) and that the antitrypsin M .on (Phe 52 deleted)
mutation causes polymerization by the loop-C-sheet mechanism

(Lomas et al. 1995). Koloczek et al. (1996) recently have shown
by fluorescence measurements that an essential part of the mech-
anism of polymerization is the mobility of s1C. Our models of
polymers support this finding and suggest that s1C would need to
be completely released in both the loop-C-sheet and loop-A-sheet
polymerization models. This is also consistent with the observation
that serpin mutations within s1C, such as the Val — Met mutation
at the Pg residue of Cl-inhibitor (Eldering et al., 1995), polymerize
spontaneously. Mutations destabilizing s1C and adjacent regions
would lead to greater mobility of the reactive loop, and conse-
quently increase the likelihood of polymerization occurring.

The S-S antitrypsin mutant effectively provides a disulfide bond
between s1C and s2C (Figs. 3, 4). This disulfide bond would either
inhibit loop-C-sheet polymerization by preventing the displace-
ment of s1C or stop loop-A-sheet polymerization by reducing the
mobility of the reactive loop. Our models have shown that to
prevent steric clashes in the formation of long-chain loop-A-sheet
polymers, it is important to have mobility both in s1C and in the
P 6-Pg region of the reactive loop (Fig. 6A).

The observation that polymerization is induced by a synthetic
antithrombin reactive-loop 6-mer peptide (Fig. 2C) affords alter-
native approaches to investigation of the mechanism of polymer-
ization. One explanation for this effect could be that the 6-mer
peptide inserts into the top of the A-sheet, leaving the bottom half
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P35 - PI forming C

Sheet linkage

Strand s1C (removed
from C-sheet)

H-helix

of the A-sheet open and able to receive the reactive loop from
another molecule to form loop-A-sheet polymers. Alternatively,
the insertion of the 6-mer peptide into the A-sheet could disrupt the
reactive-loop conformation and strand 1C leading to the formation
of loop-C-sheet polymers. Hence, the capacity of the antithrombin
s1C peptide to inhibit polymerization induced by the reactive-loop
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helix Fig. 5. A: Model of a loop-C-sheet dimer of anti-
trypsin. The two molecules, A and B, are shown in
red and yellow, respectively. Strands 2C and 3C
are purple and residues Ps-P; (which form the in-
teraction with the C-sheet in the dimer) are green.
Strand 1C (which is pulled out) is orange and the
turn out of the A-sheet is blue. The F-helix of
molecule B is light green and the H-helix of mol-
ecule A is pink. B: Model of an antitrypsin loop-
C-sheet pentamer with each molecule colored
differently. The reactive loop is shown in purple in
each monomer.

6-mer peptide (80% blockage, Fig. 2D, lanes 1-5) may be best
explained by its binding to the site left vacant by the displacement
of the intact s1C strand, preventing further binding of the reactive
loop of other molecules to form loop-C-sheet polymers. It is more
difficult to foresee a mechanism whereby the s1C peptide inhibits
loop-A-sheet polymerization. However, we believe that the s1C
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Fig. 6. A: Model of a loop-A-sheet dimer of antitrypsin. The two molecules, A and B, are shown in red and yellow, respectively. In both
monomers, the turn at the top of the A-sheet is blue and s1C (which is pulled out) is orange. The F-helix is pink and residues Pg-P3 are green.
B: Model of an antitrypsin loop-A-sheet pentamer with each molecule colored differently. The reactive loop is shown in purple in each monomer.

peptide may be binding in such a way that it reduces the mobility
of the reactive loop and subsequently hinders the loop-A-sheet
polymer formation.

In this study, the synthetic 5-mer peptide from the sequence 5-9
of rat prothrombin precursor FLEEI, the 6-mer peptide represent-

ing residues 26-31 of cholecystokinin Ac-DYMGWM and the
13-mer peptide from the sequence of human mini gastrin I Ac-
LEEEEEAYGWMDF were each obtained for use as controls for
several reasons: (1) they were of similar size to those representing
various regions of antithrombin; (2) they would not be expected to
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be able to enter the A-sheet of serpin molecules because they
contained contiguous large bulky-chained amino acids; (3) if they
did form binary complexes with serpin molecules, they would alter
the electrophoretic mobility by adding net charge to the com-
plexes. As shown in Figure 2E, these peptides alone were unable
to form a complex with native antithrombin. Surprisingly, unlike
two other control peptides, the unrelated cholecystokinin peptide
was able to block the polymerization (100% blockage, Fig. 2D,
lanes 6-10) induced by the reactive-loop 6-mer peptide. Never-
theless, due to the relatively slow speed of serpin/peptide binary
complex formation, neither the s1C peptide nor the cholecysto-
kinin peptide is capable of blocking the rapid polymerization in-
duced by heat treatment at 60 °C (data not shown). Because these
data do not distinguish between the two mechanisms of polymer-
ization, we speculate that the synthetic cholecystokinin peptide
causes blockage of serpin polymerization in a similar way to that
seen with the antithrombin s1C peptide. We are currently conduct-
ing crystallization trials on antithrombin complexed with its reactive-
loop 6-mer peptide and the cholecystokinin 6-mer peptide to
determine where these peptides bind and how a cholecystokinin
peptide can block serpin polymerization so effectively. This should
also indicate the mechanism of polymerization induced by the
reactive-loop 6-mer peptide.

In conclusion, the properties of the active S-S antitrypsin mu-
tant indicate the importance of mobility in the s1C region during
polymerization. The disulfide mutant also provides other potential
applications, such as preventing native plasminogen activator
inhibitor-1 from undergoing the transition to the inactive latent
form. Moreover, S-S mutations at similar positions in other serpins
could be used to increase stability and subsequently facilitate the
crystallization of the active conformation. The mechanism of ser-
pin polymerization is complex. Our data is compatible with both
the loop-C-sheet and loop-A-sheet models, supporting the finding
of Koloczek et al. (1996) that both mechanisms of serpin poly-
merization may coexist.

Materials and methods

Materials

Unless otherwise stated, all reagents and enzymes were obtained
from either BDH Chemicals Ltd. (Bristol, UK) or Sigma Chemical
Co. (Dorset, UK). Heterogeneous porcine heparin was obtained from
Grampian Enzymes (Arthrath, Scotland, UK). Human a-thrombin
was a gift of Dr. Jean-Marie Freyssinet (Université Louis Pasteur
Strasbourg, Institut d’Hématologie et d’Immunologie, Strasbourg,
France). Leukocyte elastase was kindly provided by Dr. Stuart Stone
(Department of Haematology, University of Cambridge, UK). Esch-
erichia coli BL21pg3) was supplied by Dr. F. William Studier
(Brookhaven National Laboratories, Upton, New York). Rifampicin
was obtained as Rifadin® from Merion Merrell Dow Ltd. (Ux-
bridge, UK).

Purification of plasma native antithrombin and antitrypsin

Antithrombin was purified from 2 L of fresh frozen plasma using
heterogeneous heparin-Sepharose as published previously (McKay,
1981; Chang et al., 1996). Antitrypsin was isolated from 200 mL
of fresh frozen plasma from an M homozygote as detailed previ-
ously (Lomas et al., 1993a). All the protein concentrations were
determined by an A g, measurement using an extinction coefficient
for 1% solution of 6.5 for antithrombin (Nordenman et al., 1977)
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and 5.4 for antitrypsin (Travis & Johnson, 1981). The proteins
were snap frozen in liquid N, and stored at —80 °C until use. Prior
to each experiment, the specific activities of the purified antithrom-
bin and antitrypsin were checked to ensure that they were more
than 70% active against human a-thrombin and bovine a-chymo-
trypsin, respectively (Lomas et al., 1993a; Bruce et al., 1994).

Production of recombinant wild-type and Pro 361 — Cys,
Ser 283 — Cys antitrypsins

Recombinant wild-type antitrypsin and the Pro 361 — Cys,
Ser 283 — Cys mutant (S-S antitrypsin) were produced in E. coli
BL21(pE3) under the control of the T7 RNA polymerase promoter
using the vector pAN1S5 as described previously (Hopkins & Stone,
1995). The S-S antitrypsin mutant was made by PCR, exploiting
the Ava 1 restriction site that lies at a position corresponding to the
codons for residues 362 and 363, and the Bst XI site that lies
upstream of residue 283. The Pro 361 — Cys oligonucleotide used
was GAACTTGACCTCGGGGCAGATAGACATGGG, in which
the mutation is underlined and the Ava I restriction site is in bold.
The Ser 283 — Cys oligonucleotide used was CGATATCATCA
CCAAGTTCCTGGAAAATGAAGACAGAAGGTGTGCCAG
CTTAC, in which the mutation is underlined and the Bst XI re-
striction site is in bold. PCR was performed with these two oligo-
nucleotides and the product was cut with Bst X1 and Ava I and then
cloned into pAN15 that was cut with the same two enzymes. Hence,
the wild-type fragment was removed and replaced with a fragment
containing the double mutation Pro 361 — Cys and Ser 283 —
Cys. The entire region amplified by PCR was sequenced to ensure
the presence of the desired mutation and the absence of any Taq-
induced error.

E. coli BL21 pg3) was transformed with pAN1S containing the S-S
antitrypsin cDNA. Two 2-L flasks, each containing 1 L. of 2xTY me-
dia, were inoculated with 10 mL of an overnight culture of trans-
formed E. coli and grown with shaking at 37 °C. When the OD
at 600 nm reached 0.6, IPTG was then added to a final concentra-
tion of 100 pg/mL. After 30 min, rifampicin dissolved in DMSO
(100 mg/mL) was added to a final concentration of 100 xg/mL and
the culture grown for a further 3 h until harvesting by centrifuga-
tion. The pellet was stored at —80 °C until the purification was per-
formed. The S-S antitrypsin mutant was purified from inclusion
bodies. Cells (10 g) were resuspended in 30 mL of 300 mM NaCl,
50 mM Tris, 10 mM EDTA, 0.5% Triton X-100, pH 8.0, and were
lysed by three passages through a French press. Inclusion bodies and
cellular debris were collected by centrifugation at 5,000 X g for
20 min, the pellet was resuspended in 30 mL of the above buffer,
vortexed vigorously, and centrifuged again. This procedure was re-
peated three times to wash the inclusion bodies, which were then
dissolved in 10 mL of 8 M guanidine hydrochloride, 100 mM DTT,
50 mM Tris, pH 8.0. Following purging by Ny, the solution was in-
cubated at 50 °C for 2 h. The S-S antitrypsin was refolded by direct
dropwise dilution into 1.6 L of N,-purged 5 mM DTT, 50 mM Tris,
pH 8.0, at room temperature. The refolded mutant was loaded di-
rectly onto a 50 mL Q-sepharose column equilibrated in N,-purged
50 mM NaCl, 5 mM DTT, 50 mM Tris, pH 8.0, at 4 °C, and the bound
proteins were eluted using a 200-mL linear gradient of 50-250 mM
NaCl. All buffers were N,-purged. The S-S antitrypsin eluted at
~150 mM NaCl. After purity was checked by SDS-PAGE, the
mutant-containing fractions were purged with N, and stored at
—80°C. The S-S bond was allowed to form by removal of DTT by
dialysis overnight against 5 L of 50 mM NaCl, 50 mM Tris, pH 8.0,
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with three changes. Amino acid analysis of the S-S antitrypsin mu-
tant was performed by the Department of Biochemistry, University
of Cambridge, UK, and the Ellman assay, performed to determine
the total and available sulfhydryl of the S-S antitrypsin, was done
as published previously (Ellman, 1959).

PAGE

SDS-PAGE was performed using 10-20% (w/v) linear gradient
gels according to the method of Laemmti (1970), but using 2-amino-
2-methyl-1,3-propanediol instead of Tris base. Nondenaturing PAGE
was a modification of the method of Goldenberg (1989) and was
performed using 7.5-15% (w/v) linear gradient gels, with 53 mM
Tris, 68 mM glycine, pH 8.9, as the cathode buffer, and 100 mM
Tris-HCI, pH 7.8, as the anode buffer (Bruce et al., 1994). In both
gel systems, 4-5 ug of protein was loaded in each lane.

Peptide annealing experiments

The synthetic 12-mer Ac-SEAAASTAVVIA, 6-mer Ac-SEAAAS,
and 5-mer TFKAN peptides representing, respectively, the reactive
loop Py 4-P3, P 4-Ps, and s1C sequences (Pg-P{,) of antithrombin
were prepared by the Department of Biochemistry, University of
Cambridge, UK, on an Applied Biosystems (California) peptide
synthesizer. The synthetic peptides were purified by reverse-phase
HPLC on a C-18 column with a 30-50% (v/v) acetonitrile gradient
in 50 mM ammonium acetate, verified, and quantitated by amino
acid composition analysis and Edman degradation. The synthetic
5-mer peptide from the sequence 5-9 of rat prothrombin precursor
FLEEI, the 6-mer peptide representing residues 26-31 of chole-
cystokinin Ac-DYMGWM, and the 13-mer peptide from the se-
quence of human mini gastrin I Ac-LEEEEEAYGWMDF were
obtained from Sigma Chemical Co. All the peptides were freeze-
dried and dissolved in 50 mM Tris, 50 mM NaCl, pH 7.4, prior to
use. Peptide annealing studies were performed by incubating the
serpin at a final concentration of 1 mg/mL in 50 mM Tris, 50 mM
NaCl, pH 8.0, with a 100-fold molar excess of peptide at 37 °C at
the times indicated in each figure. The presence of binary complex
was assessed by separating the proteins by 7.5-15% (w/v) nonde-
naturing PAGE.

Heat stability measurements and limited proteolysis
of the engineered wild-type and S-S antitrypsins

Heat stability measurements were performed by heating both the
recombinant wild-type and the S-S antitrypsins (0.4 mg/mL) in
20 mM Tris-HCI, pH 7.4, buffer at 60 °C, for the times indicated.
Following incubation, the samples were cooled rapidly on ice and
then mixed well prior to analysis by 7.5-15% (w/v) nondenaturing
PAGE and electron microscopy. For cleavage studies, papain was
incubated with the recombinant wild-type or S-S antitrypsin at
enzyme:substrate (w:w) ratios of 1:250 and 1:100 in 30 mM po-
tassium phosphate, 30 mM NaCl, pH 7.0, for 2 h at 37°C. The
reactions were terminated by the addition of SDS-polyacrylamide
gel loading buffer (62.5 mM Tris, 3% w/v SDS, 10% v/v glycerol,
pH 6.8} and heating at 100°C for 2 min. Each sample was then
divided into two equal volumes, one of which was made 100 mM
with respect to DTT and incubated for 4 h at 23 °C before sepa-
rating the proteins by 10-20% (w/v) SDS-PAGE.
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Modeling of the loop-C-sheet polymerization mechanism

Modeling was done on a Silicon Graphics Indigo II workstation
using the QUANTA/CHARMm interface (Molecuiar Simulations
Inc., Cambridge, UK) unless otherwise stated.

The structures of intact ovalbumin (Stein et al., 1990) and cleaved
antitrypsin (Loebermann et al., 1984) were obtained from the Pro-
tein Data Bank (Bernstein et al., 1977) and the structure of the
antithrombin dimer was acquired from one of us (M.R.-W.).

For modeling the loop-C-sheet polymerization mechanism, the
native molecule obtained from the antithrombin dimer was first
detached from part of its reactive loop by breaking the bonds at
Pi-P; and Py-Pg. This “clipped” molecule was then manipulated
using dials relative to the latent molecule (and Pg-P}) using inter-
active graphics until there were no steric clashes (seen using dis-
tance constraints) and so that it was in an orientation that would
require removal of s1C to link P to P{. The residues P;-P; and
Ps-Pg were linked using a program developed by one of us (A.M.L.)
to allow chain closure by means of a search in torsion angle space
while constraining the deviations of the main-chain conforma-
tional angles from the initial value (Lesk, 1977). This resulted in
the removal of s1C from the native molecule, making a dimer with
a C-sheet available to receive another reactive loop. The dimer
between the latent molecule and our modeled unit was then sub-
jected to CHARMm minimization (with dihedral constraints ap-
plied to the reactive loop where necessary) until a satisfactory
negative energy was reached.

To generate an antithrombin trimer, a copy of the partially inserted
molecule (generated above) was linked onto a dimer (which has an
open C-sheet) via the P¢-P, region of its reactive loop (using su-
perimposition techniques to obtain the correct orientation of the new
subunit). This trimer was also subjected to CHARMm minimiza-
tion resulting in a satisfactory negative energy (—43,540 kcal/mol).
Longer-chain models were built using a-carbon atoms only (because
of atom number limitations in the program) and indicated that our
model was capable of indefinite propagation without steric clashes.

Models of antitrypsin loop-C-sheet polymers were generated in
a similar way. The model of the antithrombin dimer was first used
as a template for homology modeling of the reactive loop of an
antitrypsin monomer. However, in this case, the reactive loop was
further inserted into the A-sheet to the Py, position. Also, because
the antitrypsin reactive loop is shorter than that of antithrombin,
the molecule was displaced using interactive graphics to a different
orientation to allow chain closure between Pi-P5 and Py-Pg. The
s1C of cleaved antitrypsin was used for homology modeling of the
P,-P, region in order to get the B-sheet hydrogen bond pattern in
the C-sheet correct. The region binding 10 the C-sheet (Ps-P,) is
also different from that in antithrombin (Pg-P,) in order to allow
the proline at P, position to bind correctly to the B-sheet.

Modeling of the loop-A-sheet polymerization mechanism

The design for this mechanism of polymerization took into consid-
eration the findings of Mast et al. (1992) that cleavage of antitrypsin
at the Pg-Pg or Py-Py bonds results in spontaneous polymerization.
This suggests that the P;s-Py region of one molecule inserts into
the top of its own A-sheet leaving the bottom half of the A-sheet
open and allowing the Pg-P; region of another molecule to insert
subsequently, thereby forming the loop-A-sheet polymers. Cleaved
antitrypsin was first superimposed onto fragment 1 of ovalbumin
(Stein et al., 1990; Stein & Chothia, 1991) and homology modeling
was used to model residues P;g-P; into the same form as ovalbu-
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min. This produced antitrypsin molecule B (Fig. 6A), with the
reactive loop fully exposed. Cleaved antitrypsin structure (mol-
ecule A of Fig. 6A) was used to homology-model residues Pg-P; of
molecule B into the A-sheet of molecule A and then residues P¢-Py
of molecule A were deleted temporarily. Molecule B was then
related manually to molecule A using interactive graphics until
residues Py and P were in reasonable proximity to residues Py and
P, without steric clashes between the two monomers. The chain
closure program was used to close the gaps between Po-Pg and
P;-P] and the model subjected to CHARMm minimization with
dihedral constraints. This resulted in an antitrypsin dimer consist-
ing of one antitrypsin molecule (B) with its reactive loop totally
expelled from the A-sheet and residues Ps-P; inserted into the
A-sheet of another molecule (A). Molecule A was then replaced
with a copy of molecule B. The relative position of the two mono-
mers was then adjusted for further loop-A-sheet polymerization.
During this process, it was found necessary to displace s1C from
the C-sheet to facilitate the propagation of the long-chain polymers
without steric clashes. As with the loop-C-sheet polymerization
model, the ¢, ¢, and w angles of the reactive loop were checked
and the polymer subjected to full CHARMm minimization until
the CHARMm energy reached a stable low value. The same mod-
eling method was also used to generate the antithrombin loop-A-
sheet polymers, but, in this case, the L-antithrombin was used as
the basis of the monomer and, as a consequence, s1C was modeled
by using native antithrombin as a template. As described above,
ovalbumin was used to model the turn at the top of the A-sheet
(Stein et al., 1990; Stein & Chothia, 1991).
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