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The serpin mechanism of protease inhibition involves the
rapid and stable incorporation of the reactive center loop (RCL)
into central B-sheet A. Serpins therefore require a folding mech-
anism that bypasses the most stable “loop-inserted” conforma-
tion to trap the RCL in an exposed and metastable state. This
unusual feature of serpins renders them highly susceptible to
point mutations that lead to the accumulation of hyperstable
misfolded polymers in the endoplasmic reticulum of secretory
cells. The ordered and stable protomer-protomer association in
serpin polymers has led to the acceptance of the “loop-sheet”
hypothesis of polymerization, where a portion of the RCL of one
protomer incorporates in register into sheet A of another.
Although this mechanism was proposed 20 years ago, no study
has ever been conducted to test its validity. Here, we describe the
properties of a variant of «;-antitrypsin with a critical hydro-
phobic section of the RCL substituted with aspartic acid (P8 -
P6). In contrast to the control, the variant was unable to poly-
merize when incubated with small peptides or when cleaved in
the middle of the RCL (accepted models of loop-sheet polymer-
ization). However, when induced by guanidine HCI or heat, the
variant polymerized in a manner indistinguishable from the
control. Importantly, the Asp mutations did not affect the abil-
ity of the Z or Siiyama «;-antitrypsin variants to polymerize in
COS-7 cells. These results argue strongly against the loop-sheet
hypothesis and suggest that, in serpin polymers, the P8-P6
region is only a small part of an extensive domain swap.

Members of the serpin family of serine protease inhibitors
control the biological pathways critical for life, including blood
coagulation, complement activation, fibrinolysis, inflamma-
tion, and apoptosis (1, 2). The mechanism that serpins employ
to inhibit proteases uniquely involves a rapid conformational
change to a hyperstable state (3, 4). Serpin function therefore
requires a folding pathway that bypasses the most stable con-
formation in favor of a metastable native state. Exactly how
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serpins fold is unclear, but the pathway is apparently highly
sensitive to mutations, with several missense mutations
leading to defects in secretion and subsequent disease (5).
The best described case involves the Z mutation (6) in arche-
typal serpin «,-antitrypsin (a;AT).? In homozygotes, this
mutation leads to a 90% decrease in circulating levels due to
the accumulation of hyperstable “polymers” of the protein in
the endoplasmic reticulum of hepatocytes. The Z mutation has
minimal effect on the activity or stability of the correctly folded
native protein (7), so the defect in secretion is due entirely to a
perturbation of the folding pathway (8). Polymers isolated from
tissue revealed an ordered “beads-on-a-string” morphology by
electron microscopy (9) and laddering of bands on native
PAGE. Similar morphology and laddering can be obtained in
vitro by partial unfolding of serpins into the so-called M* state
with either heat or denaturants (10). This phenomenon has
become known as serpin polymerization.

The first crystallographic structure of a serpin (11) was of
a; AT that had been proteolytically nicked between the P1 and
P1’ bond (the scissile bond, using the nomenclature for sub-
strates of Schechter and Berger (12)). It revealed a mixed a/f3-
structure composed of an N-terminal helical domain and a
C-terminal B-barrel domain bridged by a central six-stranded
B-sheet (sheet A). Surprisingly, the P1 and P1’ residues were 70
A apart due to the incorporation of the reactive center loop
(RCL) as the fourth strand in sheet A (Fig. 14). Subsequent
structures of native serpins showed that the RCL is indeed a
solvent-exposed loop on the “top” of the molecule (shown in
the classic orientation) and that strands 3 and 5 of sheet A are
hydrogen-bonded to one another as typical parallel 3-strands
(Fig. 1B). The conformational change from exposed to inserted
RCL (known as “loop insertion”) is associated with a significant
thermodynamic stabilization so that the resulting six-stranded
state is hyperstable. Similar stabilization can be achieved by
incorporation of the RCL in the absence of cleavage to make the
so-called “latent” conformation or by the incorporation of
exogenous peptides with sequences similar to the RCL (4). The
observation that peptides can incorporate into B-sheet A led to
the hypothesis that the RCL itself could insert into the 3-sheet
of another monomer in trans to form polymeric hyperstable
structures (13). This was the origin of the “loop-sheet” hypoth-
esis. It has subsequently been adjusted to take into account the

2The abbreviations used are: a,AT, a;-antitrypsin; RCL, reactive center
loop; GdnHCI, guanidine HCl; AEBSF, 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxy-
methyl)propane-1,3-diol.
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FIGURE 1. Ribbon diagrams of cleaved and native «,AT. A, the structure of
«,AT is composed of a lower N-terminal helical domain and an upper C-ter-
minal B-barrel domain (when in this “classic” orientation). The main features
are the yellow RCL and B-sheet A (red, with strands numbered). In this struc-
ture, the RCL has been cleaved between the P1 (blue sphere) and P1' (green
sphere) residues and is incorporated as strand 4 in -sheet A. B, a ribbon
depiction of native «,AT (colored as described above) shows the RCL as an
exposed loop and a five-stranded B-sheet A. The P1 and P1’ residues are
indicated as previously. The first residue to incorporate into 3-sheet A upon
cleavage is P15 (indicated). Specific cleavage at the P11 residue (indicated)
results in the cleaved polymer shown in Fig. 2C.

observation that short peptides related to the portion of the
RCL that inserts into the top of sheet A (P14-P9) promote
polymerization (14), presumably by opening up the bottom of
sheet A to allow the incorporation of the P8 —P3 portion of the
RCL from another monomer (Fig. 24). Such a mechanism can
also occur through cleavage in the center of the RCL (15),
resulting in the incorporation of the N-terminal portion of the
RCL in cis and the C-terminal portion in trans (Fig. 2C). The
loop-sheet hypothesis in its current manifestation suggests that
partial self-insertion (P15-P10) in the context of an intact ser-
pin can similarly open up the bottom of sheet A to allow the inter-
molecular incorporation of the P8 —P3 region (16, 17). However, it
is acknowledged that, for polymerization to continue, the self-in-
sertion must be reversed so that a loop-sheet dimer would resem-
ble the model published in 1997 (Fig. 2A) (14).

The stability of the polymeric linkage of loop-sheet polymers
thus relies entirely on the in-register insertion of the P8 —P3
region into sheet A of another monomer. The P8 and P6 side
chains are internally oriented, and P7 is buried by the loop fol-
lowing helix F (Fig. 2B). There are several conceptual difficulties
with this model that were explored in a recent molecular mod-
eling study (18). However, the mechanism has never been
directly tested by experimental methods. We hypothesized that
mutating the P8 —P6 region in a; AT from conserved hydropho-
bic residues Met-Phe-Leu to Asp-Asp-Asp would prevent
polymerization by the loop-sheet mechanism because these
three residues constitute the bulk of the proposed intermolec-
ular contact for loop-sheet polymers. However, if the P8 —P6
region were only a small part of a larger domain swap, as pro-
posed recently (Fig. 2D) (19), then the mutations should have
little or no effect on the formation of polymers in vitro (when
induced by denaturants or heat) or in vivo (in conjunction with
a polymerigenic mutation).

We found that the P8 —P6 Asp variant was unable to poly-
merize by the loop-sheet mechanism whether induced by small
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peptides or by cleavage in the center of the RCL. In contrast, the
Asp mutations had no effect on the formation of polymers in
vitro in the presence of low concentrations of guanidine HCI
(GdnHCI), or upon heating at 50 °C or in COS-7 cells when
coupled with the Z or Siiyama mutation. Further substitutions
at P10 (to Pro) and P9 (to Asp) were still unable to prevent
polymerization in vitro or in cells. These results argue strongly
against the loop-sheet hypothesis and suggest that the P8 —P6
region of the RCL is only a small part of a large domain swap,
perhaps including strand 5A as seen recently for another serpin
(19).

EXPERIMENTAL PROCEDURES

Materials—The P14-P9 peptide of antithrombin (Ac-
SEAAAS) was synthesized and purified by SynBioSci Corp.
(Livermore, CA). Trypsin and V8 protease were purchased
from Sigma, and thrombin was purchased from Haematologic
Technologies (Essex Junction, VT).

Mutation, Expression, and Purification of o;AT—For in vitro
studies, the template plasmid (pQE30/a;AT) was a double var-
iant with a P1 residue mutation of Met**® to Arg and Cys**?
mutated to Ala. For crystallographic studies, a; AT was N-ter-
minally truncated by the addition of a restriction enzyme cleav-
age site immediately before residue 22 and subsequent cloning
into the pET15b vector (Novagen) using Ndel and Xhol sites.
Mutagenesis was conducted using the QuikChange™" kit and
associated protocol (Stratagene, La Jolla, CA). For the P8 —P6
Asp variant, the residues from P8 to P6 in the RCL (Met>>'-
Phe?*2-Leu?*®) were substituted with Asp. For the P10—P6 var-
iant, the P10-to-Pro and P9-to-Asp mutations were introduced
into the P8 —P6 Asp variant. Recombinant a; AT was produced
from Escherichia coli as reported previously (20).

COS-7 Cell Study—For the cell study, o; AT was cloned from
pQE30 into the pCEP4 vector (Invitrogen) using Notl and Kpnl
sites and extended to add the signal sequence derived from
a,AT. The Z (E342K), Siiyama (S53F), P8 —=P6 Asp, and P10
Pro/P9-P6 Asp mutations were then introduced. COS-7
cells were maintained in DMEM (Invitrogen) supplemented
with 10% (v/v) of FBS at 37 °C and 5% CO, in a humidified
incubator. a; AT DNA was transfected into cells at 90% con-
fluency in 6-well plates using Lipofectamine 2000 (Invitro-
gen) following the manufacturer’s protocol. After a 48-h
incubation in Opti-MEM culture medium (Invitrogen) at
37 °C, the cell lysate and culture medium were harvested
from each well. The cell pellet was lysed in 50 ul of 50 mm
Tris (pH 7.4), 150 mm NaCl, 1% Triton X-100, 5 mMm EDTA,
and 0.5 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydro-
chloride (AEBSF) at 4 °C for 1 h. After removal of the insoluble
pellet by centrifugation, the supernatant was frozen at —80 °C.
The culture medium was transferred via 0.45-um syringe filter
to a Vivaspin 2 concentrator with a 10,000-Da cut-off mem-
brane (Sartorius Stedim Biotech S. A.), concentrated 40 times
at 4 °C, and then frozen at —80 °C. Samples of cell lysate and
concentrated culture medium were analyzed by 10% nonreduc-
ing SDS-PAGE (NuPAGE BisTris gel, Invitrogen) or 8% native
PAGE. Gels were analyzed by Western blotting using rabbit
anti-a; AT polyclonal primary antibody (AbD Serotec, Oxford,
UK) and goat anti-rabbit secondary antibody (Sigma). For the
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FIGURE 2. Models of serpin polymers. A, the ribbon diagram shows the peptide-induced loop-sheet polymer. The P14-P9 peptide inserts in register (green
rods) to open a gap at the bottom of the sheet between strands 3 and 5A (colored as before). This gap is presumably filled by the in-register insertion of the
P8-P3 portion of the RCL from another protomer (cyan). B, a close-up of the P8 —P6 region (side chains shown as rods) illustrates the internal orientation of the
P8 (Met) and P6 (Leu) side chains and how P7 (Phe) is buried under the helix F loop (gray coil). C, the ribbon diagram of the cleaved serpin polymer, colored as
before, reveals how proteolytic nicking of the RCL (here at the P11-P10 bond) leads to self-insertion from P15-P11, followed by insertion of the P10-P3 region
from another protomer. D, the model of the open dimer based on the structure of the closed antithrombin dimer shows how strand 5A and the RCL swap from
one protomer into another to complete B-sheet A, thereby creating a hyperstable linkage. This mechanism would be less dependent on the composition of the
P8-P6 region relative to the peptide and cleavage-induced mechanisms illustrated in A-C.
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P10-P6 study, we used a mouse monoclonal primary antibody
(Abcam Inc., Cambridge, MA) and goat anti-mouse secondary
antibody (Thermo Fisher Scientific Inc., Waltham, MA).

CD Spectra and Melts—The structure and thermal unfolding
of the intact and cleaved «; AT variants were assessed by CD on
a Jasco J-810 spectropolarimeter. Cleaved control a;AT and
variants were prepared by incubation with V8 protease and
thrombin, respectively. The far-UV spectra from 180 to 260 nm
were collected three times and averaged from samples at 0.5 to
1 mg/mlin PBS in a cuvette with a light path of 0.1 mm. Stability
was assessed by monitoring change in signal at 222 nm from the
same samples while increasing the temperature from 20 to
95°Cat 1 °C/min.

Peptide Polymerization—Control o; AT and variants were
prepared at 0.5 mg/ml in PBS and incubated with 0-, 1-, 2-, and
5-fold molar excesses of P14 —P9 peptide at 37 °C for 16 h. Poly-
mer formation was assessed by 8% native PAGE.

Protease-induced Polymerization—A novel cleavage site for
trypsin was introduced at the P11 residue of the RCL by mutat-
ing Ala®>*® to Arg. The original Arg residue at P1 was mutated to
Asp to ensure that the only cleavage site would be at P11. The
P11 Arg/P1 Asp variants with and without the P8—-P6 Asp
mutations were prepared at 0.5 mg/ml in PBS and cleaved by
1:50 (weight) ratio of bovine trypsin at 25 °C for 1 h (the reac-
tion was stopped by the addition of AEBSF). Polymerization
was evaluated by 8% native PAGE. To confirm the results, the
experiment was run again at a higher concentration of the
P8 -P6 Asp variant (1 mg/ml) and a longer incubation time (48
h) at 25 °C (trypsin was inhibited by AEBSF after 1 h). Cleaved
polymers were still not observed for the variant (data not
shown).

GdnHCI and Heat Polymerization—Control o;; AT and vari-
ants were prepared at 0.1 mg/ml in PBS, and polymerization
was induced by incubation with 0, 0.5, 0.75, and 1.0 M GdnHCl
at 37 °C for 3 h or by incubation at 50 °C for 0, 1, 4, and 16 h.

Inhibition Assay—The stoichiometry of inhibition was esti-
mated by incubating 0.05 mg/ml thrombin in PBS for 5 min at
room temperature with 0.25-, 0.5-, 0.75-, 1-, 2-, and 5-fold
molar ratios of control @; AT and with 10-, 20-, 50-, 100-, 200-,
and 300-fold molar excesses of the «; AT variants. Reactions
were stopped by AEBSF, and final complex formation was eval-
uated by 10% SDS-PAGE.

Crystallization, Data Collection, and Refinement—The
cleaved (N-terminally truncated) P8 —P6 Asp and P10 Pro/
P9-P6 Asp variants were prepared by incubation with a 1:10
molar ratio of bovine thrombin at 37 °C for 1 h. Thrombin was
inhibited by AEBSF and then removed by Q-Sepharose chro-
matography. The cleaved P8 —P6 Asp variant was concentrated
to 10 mg/ml in 10 mm Tris (pH 7.4) and 50 mm NaCl and
crystallized in 13.3% PEG 550 monomethyl ether, 6.7% PEG
20,000, 0.1 m MES (pH 6.5), and 0.12 m Morpheus™ alcohol
mixture. The crystal was flash-cooled to 100 K after cryopro-
tecting in the original condition plus 20% glycerol, and a data
set was collected in-house using a Rigaku rotating copper anode
source. The cleaved P10-P6 variant was concentrated to 10
mg/ml in 10 mm Tris (pH 7.4) and 50 mm NaCl and crystallized
in 23% PEG 400 and 0.1 Mm MES-NaOH (pH 6.0). The crystal was
flash-cooled to 100 K in 30% PEG 400 and 0.1 M MES-NaOH
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(pH 6.0), and data were collected on beamline 102 at the Dia-
mond Light Source (Didcot, UK). Diffraction data were pro-
cessed using Mosflm, Scala, and Truncate (21). Initial phases
were determined by molecular replacement with a cleaved
;AT model (Protein Data Bank code 7API) using Phaser (22).
The structures were refined using CNS (23) and Refmac5 (24)
and rebuilt using XtalView (25) and Coot (26). Structural fig-
ures were made using PyMOL (27).

RESULTS

Functional and Structural Characterization of the P8-P6
Asp a,AT Variant—The control and P8 —P6 Asp variants were
expressed in E. coli on the C232A and M358R (P1) background
to remove the exposed Cys residue and to convert the specific-
ity to trypsin-like serine proteases. Correct folding into the
native state was confirmed by CD (supplemental Fig. S1) and by
thrombin cleavage at P1 (supplemental Fig. S2). The control
was an efficient inhibitor of thrombin, but unsurprisingly, the
P8-P6 Asp mutations rendered the variant noninhibitory.
However, using a massive excess of the variant, we were able to
observe some complex by SDS-PAGE, suggestive of a stoichio-
metry of inhibition of ~900 (supplemental Fig. S2). The ability
of the variant to inhibit thrombin, albeit to a small extent, sug-
gests the full incorporation of the RCL after cleavage at the
P1-P1’ bond but at a significantly slowed rate. Consistent with
this, CD unfolding showed that the RCL-cleaved control and
P8 —P6 variants were both hyperstable, with no melting transi-
tion up to 95 °C (supplemental Fig. S1). To see how the Asp
residues were accommodated in B-sheet A, we solved the struc-
ture of the RCL-cleaved P8 —P6 Asp variant and found that the
Asp residues were incorporated in the normal fashion with the
help of a buried water molecule and likely side chain protona-
tion (supplemental Fig. S3A and Table S1). We conclude from
these studies that the P8 —P6 Asp variant folds into the correct
native conformation and that the mutations significantly disfa-
vor or slow insertion of the C-terminal portion of the RCL, as
designed.

P8—-P6 Asp Mutations Prevent Peptide-induced Polymeri-
zation—One of the most commonly used models for loop-sheet
polymerization is the incubation of antithrombin with a pep-
tide corresponding to the very N-terminal portion of the RCL,
namely the P14 —P9 peptide (14, 28). We found that the anti-
thrombin-derived peptide (SEAAAS) is also effective at pro-
moting o; AT polymerization. We incubated the SEAAAS pep-
tide with control a; AT and with the P8 —P6 Asp variant for 16 h
at 37 °C with the ratio of peptide to protein increasing from 1:1
to 5:1 and tested for polymer formation by native PAGE (Fig.
3A). The peptide induced polymer formation in the control in a
concentration-dependent manner, as seen by the increased lad-
dering on the native gel and the disappearance of the monomer.
In contrast, the P8 —P6 variant did not form ladders when incu-
bated with the SEAAAS peptide, even at the highest concentra-
tion used. This provides an indication that the Asp residues at
P8 —P6 prevent the incorporation of the P8 —P3 region after the
incorporation of the P14 —P9 peptide. However, it is possible
that the peptide is effectively competing with the P8 —P6 Asp
RCL to fill the gap created by the initial in-register peptide
insertion. This was observed previously in a crystal structure of
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FIGURE 3. Native PAGE of loop-sheet polymers induced by peptides or
cleavage. A, small peptides corresponding to the P14-P9 region induce
polymerization of control «;AT (molar ratio indicated) as evidenced by the
formation of laddered bands on a native gel. In contrast, the peptide does not
induce polymerization of the P8-P6 Asp variant (P8P6) even at the highest
peptide concentration. B, the control and P8—-P6 Asp variant of a,AT were
mutated to create an exclusive trypsin cleavage site at the P11 position in the
RCL. Treatment with trypsin converted the control to polymers (with only a
small amount of cleaved monomer evident), whereas the P8 -P6 Asp variant
was completely resistant to polymer formation.

PAI-1 where two copies of a P14 P10 peptide inserted in the
proper position and in the P6—P2 position (29). The increas-
ingly diffuse nature of the monomer band for the peptide-incu-
bated variant might be indicative of single and double inser-
tions. This study demonstrates that the P8 -P6 Asp mutation
inhibits peptide-induced polymerization of a; AT, but we can-
not conclude that it blocks it entirely due to the possible com-
petition from the peptide.

P8—-P6 Asp Mutations Prevent Protease-induced Polymeri-
zation—A more robust method for inducing serpins to form
loop-sheet polymers is to proteolytically nick the RCL a few
residues N-terminal of the P1-P1’ bond (i.e. P11-P10 as illus-
trated in Fig. 2C). This causes the rapid incorporation of the
N-terminal portion of the RCL into sheet A but leaves the
C-terminal part exposed on the top and only capable of inser-
tion in trans. Polymers were observed by native PAGE and elec-
tron microscopy, even at vanishingly low concentrations (15),
illustrating the favorability of polymer formation by this
method. The loop-sheet linkage was subsequently verified by
two independent crystal structures (30, 31). To test if the
P8-P6 Asp mutations prevent polymerization by this mecha-
nism, we mutated the P1 residue to Asp and placed an Arg at
P11. Incubation with trypsin caused the rapid and full poly-
merization of control «;AT, but the P8-P6 Asp variant
remained monomeric after cleavage at P11 (Fig. 3B). We can
conclude from this study that Asp at P8 —P6 prevents polymer-
ization by the loop-sheet mechanism.

P8-P6 Asp Mutations Do Not Prevent GdnHCI- or Heat-in-
duced Polymerization—The standard method for producing
serpin polymers in vitro is to incubate at low concentration of
denaturant or at a temperature 5-10 °C below the melting
point. To determine whether the P8 —P6 Asp mutations affect
the ability of a; AT to polymerize under these commonly used
in vitro conditions, we incubated it and a control for 3h at 37 °C
in GdnHCI concentrations ranging from 0 to 1 M or at 50 °C for
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FIGURE 4. In vitro and in vivo polymer formatlon is unaffected by the RCL
mutations. A, incubation at 37 °C with increasing amounts of GdnHCl leads
to polymer bands on native PAGE for control, the P8 —P6 Asp variant (P8P6)
and the P10 Pro/P9-P6 Asp variant (P10P6). B, a native gel of the control and
variants after heating at 50 °C for the times indicated shows the formation of
polymers over time. The apparent resistance of the variants to polymerization
is likely due to the increased stability of the native variants relative to the
control (~5 °C). C, shown are Western blots of COS-7 cell lysates and media
when the control and P8-P6 Asp variant are without (M) or coupled with the
Z (Z) or Siiyama (S) mutations. The native gels (upper) show that polymers are
formed for the control and variant when on the Z or Siiyama background
whether samples were taken from cell lysate or secreted medium. Western
blots of SDS gels are given below to indicate the amount of «,AT loaded.
D, shown are cell media samples for the control (M) and Z versions of the P10
Pro/P9-P6 Asp variant on a native gel.

up to 16 h. The reactions were run on native polyacrylamide gel,
and the results are shown in Fig. 4 (A and B). It is evident from
the appearance of laddered bands on the native gels that the
P8—P6 variant has little effect on the ability of o; AT to poly-
merize under either condition. The persistence of the mono-
mer band for the variant at the highest GAnHCI concentration
and at the longest incubation time is consistent with the ~5 °C
increase in melting temperature for the native variant relative
to the control (supplemental Fig. S1). The P8 -P6 Asp muta-
tions clearly do not prevent polymerization by whatever mech-
anism is induced by either GAnHCI or heat.

P8-P6 Asp Mutations Do Not Affect Polymerization in
COS-7 Cells—W e cannot assume that polymers formed in vitro
upon partial denaturation are identical to those formed in cells
from a folding intermediate. So, to test the effect of the P8 —P6
Asp mutations on polymerization in cells, we created the Z and
Siiyama variants on the control or P8 —P6 Asp backgrounds and
transiently transfected COS-7 cells. Samples from cell lysates
and from the media were run on native polyacrylamide gel to
assess the amount of monomeric and polymeric species (Fig.
4C). In the absence of the polymerigenic mutations, both the
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control and P8 —P6 Asp were secreted predominantly as mono-
mers. However, when coupled with either the Z or Siiyama
mutation, the level of secretion was decreased, and the material
was predominantly polymeric. Similar results were obtained
from cell lysates (Fig. 4C). Although there is some indication
that the P8 —P6 Asp mutations rescue folding of the Z variant to
some degree (larger monomer band than that with control Z),
there is no rescue for the Siiyama variant when loading is taken
into account. Nevertheless, it is overwhelmingly clear from
these results that the P8 —P6 Asp variant is capable of polymer-
izing in cells when coupled with polymer-inducing mutations.
Addition of P10 Pro and P9 Asp to the P8 —P6 Asp Mutations
Does Not Prevent Polymerization in Vitro or in Cells—We
were somewhat surprised to find that aspartic acids at
P8 —P6 did not prevent the insertion of the RCL upon cleav-
age at P1 by thrombin and that the cleaved form was still
stable up to 95 °C (supplemental Fig. S1B). In an attempt to
obtain a variant incapable of loop insertion in the critical
P8 -P3region, we added two further mutations to the P8 —-P6
Asp variant, namely, P10 Pro and P9 Asp. In contrast to the
P8-P6 variant, the P10-P6 variant displayed a complete
absence of inhibitory activity (supplemental Fig. S2), and
when cleaved at the P1 residue by thrombin, its stability was
increased from 61 to only 81 °C (supplemental Fig. S1). How-
ever, when we solved the crystal structure of the cleaved
P10-P6 variant, the RCL was found to be fully inserted
(supplemental Fig. S3B and Table S1). Whether the RCL is
stably inserted from P10 —P3 in solution is unclear, but melt-
ing data prove that the additional mutations have had the
desired effect of further destabilizing the RCL interactions
within sheet A. Despite the destabilizing effect of the
P10 -P6 mutations, the variant was still capable of polymer-
izing in vitro with GdnHCI or heat (Fig. 4, A and B) and in
COS-7 cells when coupled with the Z mutation (Fig. 4D).

DISCUSSION

Serpin polymerization underlies a large number of loss-of-
function diseases, including emphysema (a; AT, a;-antichy-
motrypsin), angioedema (C1 inhibitor), and thrombosis
(antithrombin). In addition, the accumulation of polymers
within cells occasionally leads to gain-of-function toxicity,
resulting in liver disease (;AT) and dementia (neuroser-
pin). It has long been acknowledged that the design of treat-
ments for these disorders requires insight into the confor-
mation of the polymerigenic folding intermediate (M*) and
into the structural basis of the polymeric linkage. Over the
last 30 years, we and others have solved a multitude of crystal
structures of serpins in various conformations, illustrating
the flexibility of the fold and the promiscuity with which
peptides and protein loops can insert into B-sheet A. The
structure of a cleaved serpin polymer was even solved by two
groups independently. However, the structure of an intact
serpin polymer has eluded the field until recently, when we
solved the structure of a self-terminating antithrombin dimer
(19). The structure surprisingly showed a domain swap includ-
ing the entirely of both strands 4 and 5A and immediately
explained why partial unfolding is necessary to obtain anti-
thrombin polymers in vitro (i.e. to release strand 5A). Impor-
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tantly, this structure provided a plausible alternative to the
loop-sheet hypothesis and stimulated renewed interest into the
mechanism of serpin polymerization. This study was designed
to determine whether the P8 —P6 region of the RCL provides
the majority of the polymeric contact or if it instead merely
constitutes a small part of an extensive domain swap.

We made and characterized two a, AT variants that were
designed to disfavor incorporation of the critical P8 —P6 re-
gion into B-sheet A. The P8 —P6 Asp mutations had the de-
sired effect of slowing RCL incorporation after cleavage at
P1, as indicated by the high stoichiometry of inhibition, but
they did not prevent full loop insertion or significantly desta-
bilize the cleaved form relative to the control. Further muta-
tions of P10 Pro and P9 Asp did significantly destabilize the
cleaved form, with the T, decreasing from >95 °C to 81 °C,
yet the variant was still capable of full RCL incorporation as
determined by the crystal structure. These variants were
thus well suited to test the loop-sheet hypothesis because
they did not prevent insertion of the P8 —P6 region if part of
a large domain swap (i.e. at least the whole RCL from P15 to
P3) but would still be expected to slow or block insertion of
the P8 —P3 region in isolation. This is indeed what we found
whether by adding a P14 —P9 peptide to induce polymeriza-
tion or by specific cleavage at the P11-P10 bond. The latter
study is compelling evidence that the mutations prevent the
intermolecular insertion of the isolated P10 —P3 region if the
P8-P6 residues are mutated from hydrophobic to acidic
amino acids. It is, of course, possible that the mutations just
slow polymerization by this method and that the time of
incubation was insufficiently long or that the concentration
was insufficiently high to observe polymers. This was tested
by increasing the length of incubation and the protein con-
centration, yet polymers were still not observed by native
PAGE (data not shown). In contrast, when normal in vitro
methods were used (i.e. denaturant or heat), the apparent
rates of polymerization for the variants were similar to those
of the control, despite the increase in thermal stability for the
native variants (~5 °Cincreasein T,,). We can thus conclude
that the P8 —P6 Asp variant is incapable of forming polymers
by the two established models of the loop-sheet mechanism
yet polymerizes readily under normal in vitro conditions.
Therefore, a; AT does not polymerize via the loop-sheet
mechanism in vitro.

Although it has long been assumed that polymers formed in
vitro are the same as those formed in vivo, it is unclear whether
the family of partially unfolded states obtained using heat or
GdnHCI resembles the polymerigenic folding intermediate.
We therefore made the P8 —P6 Asp mutations on the polymer-
inducing Z and Siiyama a; AT backgrounds and tested polymer
formation in cells. Similar to what was observed in vitro, we
found that the P8 —P6 Asp mutations had minimal effect on
polymerization in vivo. This suggests that the loop-sheet mech-
anism is not in operation for polymerigenic mutants of o; AT in
cells.

The P8 -P6 Asp mutations were designed to test the loop-
sheet hypothesis, in particular, that the intermolecular inser-
tion of the P8 —P3 region of the RCL is the principal polymer
contact. If this were the case, then mutation of hydrophobic
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residues to Asp would prevent or at least disfavor the loop-
sheet mechanism. But what if the loop-sheet mechanism
actually utilizes more of the RCL, say P14 —P3. This would
potentially explain why the mutations prevented peptide-
and cleavage-induced polymerization but not normal in vitro
or in vivo polymerization. We recently undertook a modeling
study to ascertain the degree of possible RCL incorporation in
trans and found that the maximal extent physically possible is
P12-P3 (18). However, as a necessary consequence of increased
RCL incorporation, the polymer will compress and no longer
resemble beads on a string but rather a rigid rod. In addition,
our further mutations of P10 to Pro and P9 to Asp had no effect
on in vitro polymerization, contrary to what would be expected
if the insertion from P12-P9 could somehow overcome the
defect caused by the P8 —P6 Asp mutations. We thus conclude
that partial intermolecular RCL insertion is not the polymeric
linkage for a;AT.

This leaves two other possibilities: either the RCL is part of an
extensive domain swap, as seen in our crystal structure of the
antithrombin dimer (19), or the RCL is not involved. The evi-
dence that the RCL must be involved is strong. The only known
mechanism of generating a hyperstable serpin is to expand
sheet A to the six-stranded form, and it has been demonstrated
that the polymeric linkage is hyperstable, implying involvement
of the RCL. Studies have also shown that the RCL is protected
from proteolysis in serpin polymers (32).

In summary, we have demonstrated that RCL mutations
that slow or disfavor incorporation into B-sheet A abrogate
loop-sheet polymerization of a;AT by the two commonly
used models (peptides and proteolysis) but have little or no
effect on polymerization in vitro by heat or GdnHCI or in
vivo when coupled to polymer-inducing mutations. We con-
clude that the RCL, in particular the P10-P6 region, consti-
tutes only a small part of an extensive domain swap that
likely includes the preceding strand 5 from (-sheet A. In
light of these findings and the recent crystal structure of the
domain-swapped antithrombin dimer, the loop-sheet hy-
pothesis should be reconsidered.
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