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The serpinopathies result from the ordered polymerization of
mutants of members of the serine proteinase inhibitor (serpin)
superfamily. These polymers are retained within the cell of synth-
esis where they cause a toxic gain of function. The serpinopathies
are exemplified by inclusions that form with the common severe Z
mutant of «4-antitrypsin that are associated with liver cirrhosis.
There is considerable controversy as to the pathway of serpin poly-
merization and the structure of pathogenic polymers that cause
disease. We have used synthetic peptides, limited proteolysis,
monoclonal antibodies, and ion mobility-mass spectrometry to
characterize the polymerogenic intermediate and pathological
polymers formed by Z a;-antitrypsin. Our data are best explained
by a model in which polymers form through a single intermediate
and with a reactive center loop-p-sheet A linkage. Our data are
not compatible with the recent model in which polymers are linked
by a p-hairpin of the reactive center loop and strand 5A. Under-
standing the structure of the serpin polymer is essential for rational
drug design strategies that aim to block polymerization and so
treat aq-antitrypsin deficiency and the serpinopathies.

alpha-1-antitrypsin deficiency | protein folding | serpins | polymers |
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n increasing number of disorders are recognized to result

from the self-association and tissue deposition of misfolded
proteins. These conformational diseases include Alzheimer,
Huntington, and Parkinson disease as well as the amyloidoses
and serpinopathies. The serpinopathies are characterized by the
aggregation of members of the serine proteinase inhibitor or
serpin superfamily of proteins (1). These include mutations in
neuroserpin that cause the dementia FENIB and mutations in an-
tithrombin, Cl-inhibitor, and a;-antichymotrypsin associated with
thrombosis, angio-oedema, and emphysema respectively. The best
characterized of the serpinopathies results from the severe Z de-
ficiency allele of o -antitrypsin that is found in 4% of the Northern
European Caucasian population. In homozygotes this mutation
results in the retention of 85%-90% of synthesized a;-antitrypsin
within the endoplasmic reticulum of hepatocytes, where it is either
targeted for degradation or sequestered as ordered polymers. The
retained protein causes hepatocellular damage and liver disease
(2) while the lack of circulating a;-antitrypsin predisposes the
Z homozygote to early onset emphysema (1).

The structure of a;-antitrypsin is based on a central p-sheet A
and a mobile reactive center loop (Fig. 1). The classical pathway
of serpin polymerization suggests that the Z mutation of a;-anti-
trypsin distorts the relationship between the reactive center loop
and p-sheet A. This perturbation in structure allows the forma-
tion of an unstable intermediate (M*) and a sequential B-strand
linkage between the reactive center loop of one molecule and
B-sheet A of another (Fig. 14) (3-8). However this model has
recently been challenged by the crystal structure of a self-termi-
nating dimer of another serpin, antithrombin (9). The closed
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Fig. 1. The two proposed pathways of serpin polymerization. (A) The clas-
sical pathway of polymerization. The Z mutation (Glu342Lys-arrow head) or
shutter domain mutations (red circle) destabilize B-sheet A (blue) to form an
activated intermediate species (M*). Intermolecular linkage occurs via dona-
tion of the reactive loop (red) from one molecule to the open lower portion
of the central p-sheet A channel of a second molecule. (B) The alternative
B-hairpin pathway. The formation of an intermediate requires unraveling
of the helix | (green arrow) and the extrusion of strand 5A (purple) from
B-sheet A to generate a donor interface with the reactive center loop. Link-
age occurs by the insertion of this hairpin domain into p-sheet A of a
similarly activated molecule. The strands of p-sheet A are labeled.

dimer revealed a p-hairpin domain swap containing not only
the reactive center loop but also strand 5 of p-sheet A (strand
5A; Fig. 1B).
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We have used a range of techniques to evaluate these models
of polymerization.

Results

Inhibition of a4-antitrypsin Polymerization by Strand 5A Peptides. Syn-
thetic peptides with homology to the reactive center loop block
and reverse the polymerization of Z a,-antitrypsin (3, 10, 11). An
extension of the new B-hairpin model of polymerization is that
polymer formation should also be blocked by peptides that in-
clude strand SA. Heat-induced polymers of Z a;-antitrypsin share
an epitope with polymers formed in vivo (12). We assessed 55
peptides of 5-12 amino acid length based on the strand 5A se-
quence of a;-antitrypsin for their ability to block polymerization
(Fig. 2A4). Only the reactive loop tetrapeptide TTAI (11) blocked
polymerization (Fig. 2B). Some s5A peptides formed a small
amount of binary complex that migrated anodal to native a;-anti-
trypsin, however none was able to block the polymerization of Z
ap-antitrypsin (Fig. 2B) or the wildtype (M) a,-antitrypsin.

Limited Proteolysis of a;-antitrypsin Polymers. The role of strand
5A in forming the intermolecular linkage of the polymer chain
was further assessed by limited proteolysis of Z a;-antitrypsin
polymers. The p-hairpin model proposes that helix I must unfold

A Strand 5A peptides

Ac-YKAVLTIDE-NH:
Ac-HIAVLTIDE-NHz2
Ac-HLAVLTIDE-NH:=
Ac-HVAVLTIDE-NH:2
Ac-HFAVLTIDE-NH:
Ac-HISVLTIDE-NH:=
Ac-HIAELTIDE-NH:2
Ac-HISDLTIDE-NH:
Ac-HISILTIDE-NH:

29 Ac-KAVLTIDEK-NH:
30 Ac-AVLTIDEKG-NH:z
31 Ac-VHKAVLTI-NH:z
32 Ac-HKAVLTID-NHz2
33 Ac-KAVLTIDE-NH:2
34 Ac-AVLTIDEK-NH:z
35 Ac-VLTIDEKG-NH:2
36 Ac-VHKAVLT-NH:z
37 Ac-HKAVLTI-NH:z

CONOORON=

10 Ac-HISLLTIDE-NH:
11 Ac-HISFLTIDE-NH:
12 Ac-HISNLTIDE-NH:
13 Ac-HKAVLEIDE-NH:
14 Ac-HKAVLDIDE-NHz2
15 Ac-HKAVLTYDE-NH:
16 Ac-HKAVLTTDE-NH:

38 Ac-KAVLTID-NHz2
39 Ac-AVLTIDE-NH:
40 Ac-VLTIDEK-NH:=
41 Ac-LTIDEKG-NH:=
42 Ac-VHKAVL-NH:2
43 Ac-HKAVLT-NHz
44 Ac-KAVLTI-NH2

17 Ac-HKAVLTLDE-NHz
18 Ac-HKAVLTFDE-NH2
19 Ac-HKAVLTISE-NH:2

20 Ac-HKAVLTIDS-NH:2

21 Ac-VHKAVLTIDEKG-NH:2
22 Ac-VHKAVLTIDEK-NH:2
23 Ac-HKAVLTIDEKG-NH:
24 Ac-VHKAVLTIDE-NH:2
25 Ac-HKAVLTIDEKG-NH:
26 Ac-KAVLTIDEKG-NH:2
27 Ac-VHKAVLTIDG-NH2
28 Ac-HKAVLTIDE-NH:

45 Ac-AVLTID-NH:
46 Ac-VLTIDE-NH:2
47 Ac-LTIDEK-NH:2
48 Ac-TIDEKG-NH:z
49 Ac-VHKAV-NH:
50 Ac-HKAVL-NH:
51 Ac-KAVLT-NH:
52 Ac-AVLTI-NH:z
53 Ac-LTIDE-NH:z2
54 Ac-TIDEK-NH:
55 Ac-IDEKG-NH:
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Fig. 2. Assessing the ability of strand 5A peptide analogues to inhibit the
heat-induced polymerization of Z a;-antitrypsin. (A) The sequences of the
55 strand 5A analogue peptides assessed for their ability to block polymer-
ization. The strand 5A sequence is KAVHKAVLTIDE. (B) 7.5% (w/v) acrylamide
nondenaturing PAGE to evaluate the ability of strand 5A peptides to block
the polymerization of Z a;-antitrypsin. The peptides were incubated at a mo-
lar ratio of 100: 1 with monomeric Z a4-antitrypsin (0.2 mg/mL) in PBS at 37 °
C for 2 d. The temperature of the mixture was then raised to 41 °C for 5d to
form polymers. Lane 1: monomeric Z a4-antitrypsin; lane 2: control Z a4-anti-
trypsin polymers; lane 3: Z aq-antitrypsin incubated with the reactive loop
blocking peptide TTAI; lanes 4-10: Z a;-antitrypsin incubated with strand
5A peptides (peptides 1-7 from A). The monomer (m), dimer (d) and polymer
(p) are indicated. Each lane contains 4 pg of protein.
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in order to release strand 5A and allow the formation of poly-
mers. Indeed the exposure of cryptic sites in the helix I in poly-
mers of wildtype M a; -antitrypsin was used to provide support for
the B-hairpin model of polymerization (9).

The endopeptidases Lys-C and Asp-N were used for the enzy-
matic digestion of heat-induced Z a;-antitrypsin polymers. These
enzymes were selected as they have cleavage sites within the
folded helix I that will only be exposed if the helix is unwound.
The cleavage products were separated by SDS-PAGE (Fig. 34)
before blotting onto PVDF membranes for N-terminal sequen-
cing. The Lys-C cleavage data were confirmed by separation of
the products by reverse phase HPLC prior to N-terminal sequen-
cing. All the cleavage sites in Lys-C digested polymeric Z a,-anti-
trypsin were in exposed regions in the crystal structure of
monomeric q;-antitrypsin (13), except for cleavage at 222Lys
in strand 3C, 274Lys in helix H, and 310Lys in the single-turn
adjacent to helix I. There was no evidence of cleavage at 300Lys
within helix I. The fragment pattern obtained on Lys-C digestion
of the monomer was virtually identical to that obtained by digest-
ing polymeric a;-antitrypsin, except for the lack of cleavage at
274Lys.

The endopeptidase cleavage profile was then repeated using
polymers isolated from hepatocytes of an individual with Z
a;-antitrypsin associated liver disease (14). There was no cleavage
at 300Lys, which should be available if the helix I is unfolded.
Limited proteolysis experiments were also undertaken using
Asp-N to digest polymeric Z «;-antitrypsin. The cleavage sites
are shown in Fig. 3B. There was no cleavage at 298 Asp at the junc-
tion between strand 6A and helix I.

Conformational Analysis of Polymers Using Monoclonal Antibodies.
Polymers of a;-antitrypsin have been prepared under a variety
of conditions but it is unclear which method best reproduces
the polymers that form in vivo. The unique 2C1 mAb that recog-
nizes polymers of a;-antitrypsin that cause disease (12) was used
to assess a;-antitrypsin polymers formed under a range of condi-
tions in vitro. M «,-antitrypsin polymers were prepared by heat-

A — Lys-C Cleavage site
75—
- <1 i il
50 . - Uncleaved Antitrypsin
W < TDTSH (N-terminal)
25— | RLGMF (222Lys s3C)
<—1— KLSSW (233Lys s3C - s2B turn)
TDTSH
15
P— FLENE (274Lys H-helix)
TDTSH
FLENE
10 <—— ITPNL (25Lys A-helix)
ADT (25Lys B-helix - C-helix turn)
<—— KGTEA (342Lys Reactive centre loop)
1 2 3
B Fragment Asp-N Cleavage site
DEILE 74Asp C-helix
DQATT 211Asp s3C - s4C loop
DFHV 207Asp s4C
DRRSA 280Asp H-helix - s2C loop
DLSGV 317Asp I-helix -s5A loop
EAIPM 354Glu Reactive centre loop

Fig. 3. Endopeptidase cleavage of polymeric Z aq-antitrypsin. (A) 12% (w/v)
SDS-PAGE to show the cleavage products of Lys-C digestion of polymeric Z
aj-antitrypsin and their secondary structural location in the monomer. Lane 1:
molecular mass markers (kDa); lane 2: undigested Z a;-antitrypsin; lane 3: Z
aj-antitrypsin polymers incubated overnight with Lys-C. The gel was blotted
onto PVDF and subjected to N-terminal sequencing. Longer incubation times
did not change the cleavage profile. (B) Secondary structural location of
cleavage fragments following Asp-N digestion of Z aq-antitrypsin polymers.
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ing, by incubation at low pH and in 4M urea, or 3M guanidine.
They were separated by nondenaturing PAGE and probed by
Western blot analysis (Fig. 44). The mAb 2D1 detected all
ap-antitrypsin conformers seen by silver staining while mAb
2C1 only recognized polymers formed by heating. The same re-
sults were obtained by sandwich ELISA using mAb 9CS5 to detect
all a;-antitrypsin conformers and mAb 2C1 to detect polymers
(Fig. 4B). These results show that only heating of the monomeric
protein produces polymers that share an epitope with those found
in human disease.

There is no crystal structure of the pathological a;-antitrypsin
polymer, however there are structures of polymers linked by a
cleaved reactive center loop (15, 16). Polymers are also formed

Bane

/

\

=y

A mon.  polymers B —e— 9C5 M monomer

heat acid urea guan.

—ae— 9C5 M pol guan.
—ae— 9C5 M pol urea

B ‘ £ 1500
vt | p o
Silver I 1 Q
stain o
o o o g 1000
(]
£
o 500
e < 2

1 10 100 1000
p Antigen (ng/ml)
-—

mAb - —e— 2C1 M monomer
2CH1 —e—2C1 M pol heat
—e— 2C1 M pol guan
<4m —e—2C1 M pol urea

E 1500 "
c
o
)
3 1000
o
g

mAb Q

2D1 5 500
Q
<

1 10 100 1000
Antigen {ng/ml)

D SimplyBlue 2¢1

!é:;; i
Pl e |

|

- e 0

1.2 3 4 T2 T2

Fig. 4. Monoclonal antibody 2C1 recognizes polymers of a;-antitrypsin pre-
pared by heating but not by other denaturing conditions. (A) 7.5% (w/v)
nondenaturing PAGE to show polymer analyzed by silver stain (upper) or
Western blot, first with mAb 2C1 (center) and then with mAb 2D1 (bottom)
on the same membrane. mAb 2C1 recognized heat-induced polymers but
gave no signal for polymers prepared by treating a;-antitrypsin at low
pH, or with 1-3 M guanidine or 1-4 M urea. The monomer (m) and polymer
(p) are indicated. (B) The same polymers assayed in sandwich ELISA, using
either mAb 9C5 (upper graph) or 2C1 (lower graph) as the detecting antibo-
dies. mAb 9C5 detected all species with high affinity but mAb 2C1 detected
only heat-induced polymers. (C) 7.5% (w/v) nondenaturing PAGE. Lane 1: M
aj-antitrypsin monomer; lane 2: heat-induced a;-antitrypsin polymer; lane 3:
antithrombin hexapeptide-induced polymer of a;-antitrypsin; lane 4: P9-P10
reactive center loop-cleaved polymer of a;-antitrypsin. The monomer (m), di-
mer (d), polymer (p) and intermediate state (I) are indicated. The intermedi-
ate in lane 2 migrates between the monomeric and dimeric states of the non
heat-induced polymers. (D) 7.5% (w/v) nondenaturing PAGE of Z a;-antitryp-
sin monomer (lane 1) and polymer (lane 2) visualized by SimplyBlue™ (left) or
following Western blot analysis with mAb 2C1 (right). Arrowheads indicate
the intermediate (l) in the polymer lanes. The 2C1 shows no signal for the
monomer but recognizes the intermediate and higher order polymers.
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by incubating a;-antitrypsin with the antithrombin hexapeptide
SEAAAS, which anneals to the upper portion of p-sheet A
and allows the incorporation of an exogenous reactive loop into
the lower part of p-sheet A (10). These polymers were used to
provide structurally defined comparisons with polymers formed
by heating. Analysis by nondenaturing PAGE demonstrated an
additional band in the heat-induced polymers when compared
to the hexapeptide-induced and the reactive loop-cleaved «, -anti-
trypsin polymers (Fig. 4C). Gel filtration chromatography indi-
cated that this species was monomeric and its intensity waned
with that of residual monomer at the concluding stages of poly-
merization. The mAb 2C1 recognized this monomeric intermedi-
ate as readily as the polymerized protein in Western blot analysis
(Fig. 4D). It did not recognize monomeric Z a,-antitrypsin
suggesting the intermediate shares a conformational epitope with
the monomeric subunits in the polymer chain that are absent in
the native protein.

Structural Analysis of the Polymer by Mass Spectrometry. Mass spec-
trometry was used to further characterize the intermediate and
the polymers of a;-antitrypsin. The mass spectra of monomeric,
cleaved polymer, and heat-induced polymer of a,-antitrypsin are
shown in Fig. 54. A distribution of peaks from 12+ to 154 was
observed for monomeric M a;-antitrypsin. The splitting of the
peaks observed for each charge state is due to the microhetero-
geneity at the N terminus of a;-antitrypsin (17). The reactive
loop-cleaved spectrum contains four charge state distributions
that are in excellent agreement with the species observed on
nondenaturing PAGE (Fig. 4C, lane 4). The series of peaks at
2,250-3,000 m/z centering on the 9+ ion correspond to the en-
zyme glycyl endopeptidase (23 kDa) that was used to cleave the
reactive center loop. Residual unpolymerized cleaved monomer
has a similar charge distribution to the untreated monomer cen-
tered on the 13+ ion. The distribution of peaks around 5,250 m /z
corresponds to the cleaved polymer dimer (100 kDa) and that
around 6,250 m/z to the trimer (150 kDa). The heat-induced
polymer spectrum has five distinct charge state distributions cor-
responding to five different species. The charge state distribu-
tions were comparable to those found for the cleaved polymer
ladder except for the unique series of peaks at 2,775-3,250
m/z. These low intensity charge states (15+ to 18+) correspond
to the mass of the monomer but have increased charge relative to
the monomer distribution that is observed for all three samples.
These peaks are consistent with the intermediate species ob-
served on nondenaturing PAGE. Similar data were obtained
by real time mass spectral analysis of M and Z a, -antitrypsin poly-
merization within temperature regulated electrospray capillaries.
The polymerogenic intermediate of Z a;-antitrypsin predictably
formed at an earlier time point than that of M a;-antitrypsin and
its appearance was coincident with the formation of the higher
order polymers.

Structural Analysis of the Polymer by lon Mobility Spectrometry. IM-
MS provides multidimensional separation of gas phase protein
ions and has only recently been applied to large noncovalent
protein complexes (18-20). The drift times of protein ions in a
gas filled drift tube under the influence of a weak electric field
can be converted into collision cross sections that depend directly
on their size and geometry (21-23). More compact ions trans-
verse the drift tube faster than elongated ions for a given mass
and charge state, thus allowing a measure of the overall topology
and conformation of a polymer ion in the gas phase and from
these values the intermolecular distances for the components
of the polymer chain can be estimated.

Fig. 5B shows the ion mobility spectra of the monomer, and
both reactive loop-cleaved and heat-induced polymers. A mono-
meric intermediate, whose collision cross section is significantly
larger than those observed for the other monomers, was again

Ekeowa et al.



M x10 N i3+ Monomer

A100-

%

Mass / Da
« 51150 +/- 90
« 51870 +/- 60

Cleaved PoI)'/mer Control

%

4 Residual glycyl

Mass / Da
23420 +/- 10
23900 +/- 10
49290 +/- 50

49900 +/- 100

endopeptidase : 99800 +/- 100
enzyme - 149640 +/- 80
108 z j ! j ) j Heat-induced polymer " ) ) ) j
M x10 M 19+ . Y Mass / Da
Additional charge
state distribution, + 51080 +/-20
not observed for 28+ + 51820 +/-10
+ 102920 +/-40
2 { the untreated +154600 +/- 100
Lk - 206280 +/- 70
0 Fig. 5. ay-antitrypsin polymers studied by IM-MS.
3000 4000 5000 6000 7000 8000 9000 10000 11000 (A) Mass spectra of M a;-antitrypsin monomer, the
m/z heat-induced polymer, and P9-P10 reactive loop-
B3o cleaved polymer. The mass spectrum of the monomer

%mer

Cleaved Polymer Monomer

n
o

Residual glycyl
endopeptidase Dirher

enzyme
onomer

Drift time / ms

o

Heated Polymer

has a charge state distribution centered on the 13+
ion (upper spectrum). The mass spectrum of the reac-
tive loop-cleaved polymer has four charge state distri-
butions (middle spectrum). The peaks at low m/z are
attributed to residual enzyme and the series of peaks
at 4,000 and 5,250 and 6,250 m/z represent the
cleaved monomer, dimer and trimer respectively. Si-
milar spectra were observed for the heat-induced
sample (lower spectrum). However, this spectrum ex-
miz hibits a second monomer population with higher
charge states (15+ to 18+), which are consistent with

the polymerogenic intermediate. (B) lon mobility

drift times observed for the M a;-antitrypsin mono-

A mer, the heat-induced polymer, and reactive loop-
cleaved polymer (corresponding mass spectra shown
in A). The monomer and polymer species are labeled
and highlighted with white ellipses, the intermediate
with a red ellipse, and the cleavage enzyme with a
yellow ellipse. (C) Drift times from (B) converted into
a collision cross sectional plot. The monomer collision
cross sections for all the samples are almost identical
and similarly the collision cross sections for the
cleaved polymer and heat-induced polymer dimers
also overlap. The intermediate in the heat-induced
polymer sample shows an expanded collision cross
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observed for the heat-induced polymers. The collision cross
section plot (Fig. 5C) showed a striking resemblance to the
nondenaturing PAGE of heat-induced a;-antitrypsin polymers,
with the intermediate species eluting between the monomer
and the dimer.

The theoretical collision cross sections for the a;-antitrypsin
monomer 1QLP (13) and the cleaved dimer 1QMB (15) were
calculated for comparison with the experimental data. The model
for the p-hairpin dimer of ;-antitrypsin was generated using Py-
MOL and the domain swapped antithrombin dimer 2ZNH (9) as
a template. The disparity between the experimental collision
cross sections (Fig. 64) and the calculated collision cross sections
(Fig. 6B) is due to the three N-linked oligosaccharides that are
not seen in the X-ray structures of a;-antitrypsin. However, a
measure of the relative intermolecular arrangement and distance
was obtained by the calculation of the percentage increase in col-
lision cross section in the dimer relative to the monomer. The
experimental data show that both the heat-induced and glycyl
endopeptidase cleaved dimers display a similar increase in colli-

Ekeowa et al.

section relative to the monomer and maintains the
same electrophoretic relationship with the dimer as
that observed on nondenaturing PAGE (Fig. 4Q).

sion cross section when compared with the monomer (Fig. 6C).
These data are indicative of comparable intermolecular separa-
tion. The percentage increase in the theoretical collision cross
section for the cleaved dimer crystal structure is in good agree-
ment with the experimental percentage increase in collision cross
section for the glycyl endopeptidase cleaved dimer. Significantly
the loop-sheet dimer model rather than the f-hairpin dimer
model gave values consistent with the experimental increase in
collision cross section.

Discussion

Point mutations can cause serpins to be retained as ordered poly-
mers and lead to disease by a toxic gain of function in the cell of
synthesis and a loss of function due to a lack of secreted protein
(1). The structure of the pathological polymers was believed to
result from the sequential linkage between the reactive center
loop of one molecule and B-sheet A of another (3). However, this
pathway was recently challenged by a model in which polymers

PNAS | October 5,2010 | vol. 107 | no.40 | 17149

CHEMISTRY

BIOCHEMISTRY



A % increase in C
Conformation  Average Experimental ~ CCS relative
CS (nm2) to monomer
« Experimental % CCS (relative
M monomer 33+2 = Model to M monomer)
7, 7
Z monomer 332 % % % %
M intermediate 39x3 1817 M monomer
Heat-induced dimer 56+ 4 174 + 24
Z monomer
Cleaved dimer 59 +4 183+ 26
M intermediate
B Crystal/Model Calculated CCS %
Structure (nm2) Dimer/Monomer Heat-induced dimer
2% o
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R § Cleaved dimer
1QLP monomer )
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.%; %“ 46 173 Loop-sheet dimer
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B-hairpin dimer
o:fi,\ o 47 174
Hin &
1QMB cleaved dimer

Fig. 6. Comparison of experimental and calculated collision cross sections
(CCS) for models of a;-antitrypsin polymers. (A) Experimental collision cross
sections for aq-antitrypsin monomers, the heat-induced and reactive loop-
cleaved M aq-antitrypsin dimers. The dimer collision cross sections are indis-
tinguishable. (B) Table of calculated collision cross section measurements for
the X-ray crystallographic structures of monomeric a,-antitrypsin (1QLP), the
cleaved dimer (1QMB), and the three-dimensional dimer models for the
loop-sheet and p-hairpin pathways. The flexed loop-sheet, linear loop-sheet
dimers and 1QMB cleaved dimers collision cross sections are very similar,
whereas the p-hairpin dimer has a significantly larger collision cross section.
(C) Plot comparing the percentage increases in collision cross section upon
dimer formation for experimental (red) and calculated (blue) data. The rela-
tionship between the experimental heat-induced and reactive loop-cleaved
dimer collision cross sections are consistent with a loop-sheet linkage and the
crystallographic structure of cleaved dimers (1QMB). The calculated collision
cross section of the B-hairpin dimer model is significantly larger than that
observed experimentally for dimers formed by heating a;-antitrypsin.

are formed by a p-hairpin linkage containing the reactive center
loop and strand 5A (9).

The new model proposes that polymers form while the protein
is folding rather than from an intermediate with a near native
structure. This model is difficult to reconcile with the sponta-
neous polymerization of folded mutant serpins under physiologi-
cal conditions (3), the presence of polymers in tissues such as the
skin from which they are not secreted (24), and in vivo polymer
formation from wildtype protein (25). The exposed hydrophobic
p-hairpin of the intermediate (Fig. 1B) would predictably activate
the unfolded protein response. However the unfolded protein
response is characteristically absent during the intracellular accu-
mulation of serpin polymers (26-28). It is clearly critical to define
the intermolecular linkage in order to develop strategies to block
serpin polymerization and so treat the serpinopathies.

Previous in vitro and crystallographic studies have shown that
exogenous peptides with homology to the reactive center loop
can anneal to p-sheet A and so block polymerization (3, 10,
11, 29). The B-hairpin model would suggest that a similar blocking
mechanism should be achieved by peptides based on strand 5A.
Five-twelve mer peptides based on strand 5A of «;-antitrypsin
interacted weakly, or not at all, with a;-antitrypsin and none was
able to block the polymerization of either wildtype or Z a;-anti-
trypsin. This finding is inconsistent with a model of polymeriza-
tion in which intermolecular insertion of strand 5A is critical.

The linkage in the serpin polymer was then assessed by limited
proteolysis aimed at assessing the availability of cleavage sites in
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helix I. Helix I must unravel if linear and flexible polymers are
formed by a reactive center loop/strand 5A-B-sheet A linkage,
while helix I plays no role in polymers formed by a reactive center
loop-B-sheet A interaction. Endopeptidase cleavage data showed
that helix I remained protected from digestion in monomeric Z
ap-antitrypsin, in polymers of Z a;-antitrypsin formed under phy-
siological conditions in vitro and in polymers isolated from the
endoplasmic reticulum of hepatocytes of a Z a;-antitrypsin
homozygote. These data are consistent with hydrogen/deuterium
exchange studies that showed no change in the helix I of «;-anti-
trypsin upon formation of the polymerogenic intermediate or
chains of polymers (30).

Polymers of a;-antitrypsin can be prepared by a range of chao-
tropic conditions. The 2C1 polymer specific mAb demonstrated
that only heating, and not low pH or denaturants, results in poly-
mers that share a neoepitope that defines polymers formed in
disease. Studies of heat-induced polymerization in vitro are
therefore the most applicable to pathological polymerization.
This finding questions the validity of the biochemical data that
was used to support the p-hairpin model of polymerization as this
was based on a;-antitrypsin conformers formed in the presence of
guanidine (9). The heat-induced polymer shares the epitope re-
cognized by mAb 2C1 with the polymerogenic intermediate that
was not found in monomeric a;-antitrypsin.

IM-MS data were used to unambiguously assign the intermedi-
ate state to a monomer with an enlarged surface area relative to
the native monomer. The percentage increase in collision cross
section from the native monomer to this intermediate is of the
same magnitude as that observed by Stokes radii using hydrogen-
deuterium exchange (31), although these unit measures are not
interchangeable. The experimental collision cross section data for
the heat-induced and reactive center loop-cleaved dimers sug-
gested comparable topographies that were in excellent agreement
with calculated collision cross sections for the loop-sheet mod-
eled dimer and the structure of the cleaved dimer 1QMB (15).
However, the theoretical collision cross section for the p-hairpin
ap-antitrypsin dimer model based on the 2ZNH template (9) is
significantly larger than the collision cross sectional area of
the heat-induced a;-antitrypsin dimer. These findings imply that
the a;-antitrypsin polymer shares the short single strand of the
cleaved dimer rather than the more extended and unfolded linker
domain of the p-hairpin polymer. Moreover, the identical charge
states of the reactive center loop-cleaved and heat-induced poly-
mer species suggest that they share similar surface topologies.
These data argue against the extensive structural unravelling
proposed for the B-hairpin of the reactive center loop/strand
5A linkage, as this would reveal more residues for protonation.

In summary the single strand reactive loop-p-sheet A interac-
tion best explains the data from exogenous reactive loop peptides,
limited proteolysis, monoclonal antibodies, and mass spectrome-
try with o -antitrypsin. These findings are in keeping with recent
biophysical studies assessing the polymerization of another ser-
pin, neuroserpin (32). It is likely that the fine details of the poly-
mer linkage will vary with different mutations and in different
serpins. Nevertheless the single strand linkage of serpin polymers
should be used as the model to develop strategies for blocking
polymerization in order to treat the serpinopathies.

Experimental Methods

Preparation of a4-antitrypsin Conformers. Polymers were prepared
by heating a;-antitrypsin (17) at 5 pM and 60 °C in 40 mM Tris,
pH 8.0. Polymers for IM-MS were formed in 20 mM ammonium
acetate buffer. P9-P10 reactive loop-cleaved a,-antitrypsin poly-
mers were prepared by incubating the protein with glycyl endo-
peptidase (B.S.C Biochemical) at 37°C for 4 h in 20 mM
ammonium acetate buffer. The antithrombin hexapeptide-in-
duced polymers were formed by incubating a;-antitrypsin with
the SEAAAS hexapeptide (molar ratio «;-antitrypsin:peptide
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of 1:10) in 40 mM Tris, pH 8.0 overnight at 37 °C. Acid pH poly-
merization of M a;-antitrypsin was performed by incubating M
a;-antitrypsin in 0.1 M sodium acetate pH 4.5 at 25°C for
24 h. Urea polymers were prepared by incubating M «; -antitryp-
sin in 1-4 M urea (buffered by 40 mM Tris-HCI pH 8) at 25 °C for
24 h. Guanidine polymers were prepared by incubating the pro-
tein in 1-3 M guanidine hydrochloride (buffered by 40 mM Tris-
HCl pH 8) at 25 °C for 24 h. Pathogenic Z a; -antitrypsin polymers
were isolated as described previously (14). All polymers were con-
firmed by 7.5% (w/v) acrylamide nondenaturing PAGE.

Endopeptidase Cleavage. Residual monomer was removed from
polymers formed at 41 °C by gel filtration (Superdex™ 200 GE
healthcare) before overnight incubation with Lys-C or Asp-N
in 40 mM Tris, pH 8.0 at molar ratios of 200:1-10:1 at 20 °C.
Digestion fragments were either separated by 10 % (w/v) acry-
lamide SDS-PAGE before transfer onto a PVDF membrane
for sequencing, or separated by reverse phase chromatography.
After lyophilization, all peptide peaks were analyzed by N-term-
inal sequencing at the Department of Biochemistry, University of
Cambridge.

Peptide Blockade of «q-antitrypsin Polymerization. Strand 5A pep-
tides and the TTAI peptide were kind gifts from Amicus Ther-
apeutics Inc. and GlaxoSmithKline (Stevenage) respectively.
Peptide blockade of a;-antitrypsin polymerization was assessed
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by incubation at a molar ratio of 100:1 with monomeric Z
ap-antitrypsin (0.2 mg/mL) in PBS at 37 °C for 2 d. The tempera-
ture of the mixture was then raised to 41 °C for 5 d to form poly-
mers. Peptides were dissolved in DMSO (final concentration
0.38% v/v) and polymer formation assessed by 7.5% (w/v) non-
denaturing PAGE.

lon Mobility-Mass Spectrometry. IM-MS experiments were per-
formed on a Synapt HDMS quadrupole-ion trap-IM-MS instru-
ment (Waters). Nanoflow electrospray capillaries were prepared
with a nanoESI source as previously described (33). The collision
cross sections acquired from fixed wave height data were cali-
brated externally (18). The error in the collision cross section
measurements is 7%. Spectra were analyzed using MassLynx
V4.1 and DriftScope V2.1 (Waters).
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