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The serpin ap-antiplasmin (SERPINF2) is
the principal inhibitor of plasmin and in-
hibits fibrinolysis. Accordingly, «»-
antiplasmin deficiency in humans results
in uncontrolled fibrinolysis and a bleed-
ing disorder. ap-antiplasmin is an unusual
serpin, in that it contains extensive N-
and C-terminal sequences flanking the
serpin domain. The N-terminal sequence

is crosslinked to fibrin by factor Xllla,
whereas the C-terminal region mediates
the initial interaction with plasmin. To
understand how this may happen, we
have determined the 2.65A X-ray crystal
structure of an N-terminal truncated mu-
rine az-antiplasmin. The structure reveals
that part of the C-terminal sequence is
tightly associated with the body of the

serpin. This would be anticipated to posi-
tion the flexible plasmin-binding portion
of the C-terminus in close proximity to
the serpin Reactive Center Loop where it
may act as a template to accelerate serpin/
protease interactions. (Blood. 2008;111:
2049-2052)
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Introduction

Vertebrate vascular integrity is protected by a sophisticated hemo-
static mechanism that, when activated by trauma, leads to the
formation of a fibrin-rich clot. Simultaneously the fibrinolytic
system is activated to begin the process of remodelling and
removing the clot during tissue repair.! Fibrinolysis is initiated by
trace quantities of tissue plasminogen activator (tPA) derived from
endothelial cells. In the presence of fibrin, tPA cleaves the protease
plasminogen (which comprises an apple domain, 5 kringle domains
[K1-K5], and a C-terminal serine protease domain?) between the
fifth kringle domain and the protease domain to form plasmin,
which mediates clot lysis.> All 6 domains of plasmin remain
associated via a disulphide bond after cleavage.* The physiologic
inhibitor of plasmin (k, 3.8 X 107 M~!s™ 1)’ is ay-antiplasmin and
patients deficient in this serpin suffer a variable, but often severe,
bleeding disorder.>” By contrast, mice with a targeted deletion of
ap-antiplasmin have a normal hemostatic response to minor
trauma, presumably because the deficient animals plasma con-
tained significant residual plasmin inhibitory activity.® However,
when challenged with artificially induced pulmonary emboli, the
deficient mice have a greater survival rate than the wild type
(41.7% mortality vs 68.8%) consistent with up-regulation of the
fibrinolytic system.” These data suggest that therapeutic interven-
tion in the plasmin/a,-antiplasmin interaction may be of benefit to
patients with thrombotic disorders.

ap-antiplasmin contains extensive N- and C-terminal sequences
that flank the serpin domain (Figure S1, available on the Blood
website; see the Supplemental Materials link at the top of the online
article). The N-terminal sequence is crosslinked to fibrin by factor
XIlIa.!% The 55 amino acid C-terminal sequence binds to the K1
and K4 domains of plasmin most strongly (K2 and K5 with lower

affinity)®!! and enhances the rate of interaction between plasmin
and ay-antiplasmin by 30- to 60-fold.> It is suggested that the
C-terminus acts as a template for the interaction with plasmin,
bringing its active site into apposition with the serpin reactive site.®

To understand the role of a,-antiplasmin in regulating fibrinoly-
sis and the function of the C-terminus we report the X-ray crystal
structure of an N-terminally truncated recombinant murine
op-antiplasmin.

Methods

Murine op-antiplasmin ¢cDNA was amplified by reverse transcription—
polymerase chain reaction (RT-PCR) from murine liver and inserted into a
pET(3a)His vector.!> Recombinant murine a,-antiplasmin lacking the first
43 amino acids (a-antiplasminags) of the mature sequence was expressed
in BL21(DE3) cells and purified on a HisTrap HP column (GE Healthcare
Bio-Sciences, Rydalmere, Australia), followed by a Mono Q column (GE
Healthcare Bio-Sciences) and size exclusion chromatography.

All kinetic assays were done in triplicate in 20mM Tris pH 7.4, 150 mM
NaCl, 0.01% Tween-80. The stoichiometry of inhibition (SI) was deter-
mined by incubating 5nM human plasmin (Haematologic Technologies,
Essex Junction, VT) with different amounts (1-7 nM) of serpin for 2 hours
at 37°C. Residual activity was assayed with 150 uM chromogenic substrate
S-2251 (Chromogenix, Milan, Italy).

The second-order rate constant for plasmin inhibition by a,-
antiplasminags was determined under pseudo—first-order conditions using a
continuous assay.'? a-antiplasminags (0.5nM) was reacted with human
plasmin (2.5-6 nM) in the presence of 1 mM S-2251 at 25°C.

ap-antiplasminag; at 5 mg/mL in a 20 mM Tris-HCl pH 8.0,
25 mM NaCl, 5 mM 2-mercaptoethanol buffer crystallised in 20% PEG3350,
0.2M MgS0O4 and 3% sucrose, 1.2% inositol at 22°C. The crystals diffracted to
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Table 1. Data collection and refinement statistics

Mouse
az-antiplasminygs

Data collection

Space group P65
Cell dimensions
a b, c A 115.70, 115.70, 100.53
B,y ° 90.0, 90.0, 120.0
Molecules in the asymmetric unit, no. 1
Resolution, A 44.95(2.65) *
Rpim, % 5.9 (38.1)
ol 15.4(2.1)
Total number of observations 158236 (20909)
Total number of unique reflections 22284
Completeness, % 99.9(99.7)
Multiplicity 7.1(6.5)
Refinement
Ruork ! Rirees % 18.31/21.52
No. atoms
Protein 2845
Water 82
B-factors, A2
Protein 23.7
Water 36.17
RMS deviations
Bond lengths, A 0.008
Bond angles, ° 1.257

RMS indicates root mean square.
*Values in parentheses are for highest-resolution shell.

2.65 A resolution (Table 1). These data were processed using MOSFLM!# and
SCALA.!* Five percent of the dataset was flagged for calculation of the Ryiee with
neither a sigma, nor a low-resolution cut-off applied to the data. Crystallographic
analyses were performed using CCP4i.'4

The structure was solved using molecular replacement (using 1 YXA!?
as a search probe) and the program PHASER.'> Refinement was performed
using CNS' and REFMAC'" (with Translation and Liberation Screw
refinement) and a bulk solvent correction (Babinet model with mask).
Model building was carried out using COOT. Water molecules were added
using ARP/WARP when the R, reached 30%.

Results and discussion

Murine «s-antiplasminyg; is an effective inhibitor of human
plasmin (k, 4.01 = 0.20 X 10® M~'s~!, SI of 1.02 = 0.05);
these data show that the serpin is functional and properly folded.
The 2.65 A structure of a,-antiplasminygs consists of residues
46 to 367 and 377 to 419 (Figure S1), and 83 water molecules.
Eleven amino acids at the N-terminus (including the hexahisti-
dine tag), residues 368 to 376 of the reactive center loop (RCL)
and residues 420 to 464 of the C-terminus could not be built into
electron density.

Murine a-antiplasminag; adopts the native serpin fold (Figure
1A). The 20 amino acid RCL is responsible for the initial
interaction with plasmin. This region is slightly shorter than in most
inhibitory serpins (24 residues in antithrombin and 21 residues in
heparin cofactor II)!”7 and, in contrast to other serpins with longer
RCLs,'218-20 is fully expelled from the A B-sheet. The N-terminal
portion of the RCL (363-365) is tightly packed against the serpin
body and forms a parallel 3 strand interaction with residues 214 to
216 of the s3A/s4C loop (Figure 1A). A structural comparison of
ap-antiplasminygs with the antitrypsin/trypsin Michaelis complex?!
reveals that the a,-antiplasmin RCL may be too short to form
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significant interactions with plasmin outside the active site. In
contrast, the P7-P10 region of antitrypsin forms a short a-helix that
interacts with a trypsin exosite (Figure 1B).

The C-terminal portion of the RCL joins onto the first strand
(s1C) of the C-sheet. In a,-antiplasmin, a conservative mutation in
s1C of a buried hydrophobic residue (Val384Met) results in a
bleeding disorder.” Mutations in this region in other serpins result
in reduced inhibitory activity through misfolding, disruption of the
conformation of the RCL or by promoting serpin polymerization.??

a-antiplasmin is one of 2 known F-clade serpins.!” The other
member of this clade, SERPINF1, is a noninhibitory serpin that
possesses potent anti-angiogenic activity.”® The role of ay-
antiplasmin in angiogenesis remains to be investigated, however,
the potential for the C-terminal sequence to interact with integrins*
may point to a role for this molecule outside hemostasis.

The C-terminal sequence of a,-antiplasmin interacts with the
kringle domains of plasmin and facilitates formation of the
ap-antiplasmin/plasmin complex. Accordingly, a form of o,-
antiplasmin lacking the extended C-terminus reacts much more
slowly with plasmin.?> Our structural studies reveal that the first
10 amino acids of the C-terminus (410-419) of a,-antiplasminyys
are tightly associated with the serpin body (Figure 1A,B). A sharp
kink in the C-terminus mediated by Pro411, permits residues 416 to
417 to form an additional B-strand (termed s4'C) at the beginning
of strand s3C of the C B-sheet (Figure 1C). The remainder of the
C-terminus (residues 420-464), which includes the known plasmin-
binding residue Lys464, cannot be modeled into electron density,
suggesting that this region is flexible in the absence of plasmin.

The structures of intact plasminogen or plasmin have not been
reported, precluding a detailed modeling study of the os-
antiplasmin / plasmin complex. However, the structure reveals that
the interactions between residues 410 to 419 of the C-terminus and
the serpin body position the C-terminal sequence less than 30A
from the RCL (Figure 1A,B), where it would be in an appropriate
position to bridge to plasmin.

To conclude, our data suggest that the a,-antiplasmin RCL is
structured for simple substrate-like interaction with the pro-
tease, and that the C-terminal region may function as a “hook”
that accelerates the interaction with plasmin into the physiologic
range. Further, the structure may provide a foundation for the
design of compounds to disrupt the o,-antiplasmin/plasmin
interaction in thrombosis.
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Figure 1. The X-ray crystal structure of murine
az-antiplasminyags. (A) Cartoon representation of ao-
antiplasminyaz, with the A-sheet in red, the B-sheet in
green, and the C-sheet in yellow, the RCL in magenta
(missing residues in dotted line), the 9 helices (labeled)
and loops in gray. The C-terminal region is in blue. The
N and C termini are labeled. (B) Superposition of
ag-antiplasminagz (cyan) and the antitrypsin/trypsin
Michaelis complex (10PH)?2! yellow and pink, the RCL
of ap-antiplasmin,sg in green and C-terminal extension
in blue, P7-P10 of antitrypsin circled. Figures are
produced with PyMOL (Delano Scientific, Palo Alto,
CA). (C) Aclose-up view of molecular contacts between
the C-terminal region and the serpin molecule. A total of
10 hydrogen bonds (magenta dashed lines; 3 of which
are water mediated) are made between the C-terminus
and the body of the serpin. Water molecules are cyan
spheres. Colouring scheme for the residues are as in
panel A, and they are labeled with the single letter code.

X-RAY CRYSTAL STRUCTURE OF a,-ANTIPLASMIN

antitrypsin
a-antiplasmin

180°

RCL

2051

data; A.M.B. analyzed data and wrote the paper; and J.C.W. and
P.B.C. designed research, analyzed data, and wrote the paper

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

sity, PO Box 13d, Melbourne, Victoria 3800 Australia;
e-mail: James.Whisstock@med.monash.edu.au; or Dr
Paul B. Coughlin, Australian Center for Blood Diseases,
Level 6 Burnet Building, 89 Commercial Road, Prahrann,

20 aunr g0 uo 3senb Aq Jpd'6y0200807008UZ/9E912ZL/6702//L | L /4Pd-Bloiue/poo|q/Aau’suolelgndysey/:dny woly papeojumod

Correspondence: Dr James C. Whisstock, Department Victoria 3181 Australia; e-mail: Paul.Coughlin@med.
of Biochemistry and Molecular Biology, Monash Univer- monash.edu.au.
References
1. Lijnen HR. Elements of the fibrinolytic system. . Favier R, Aoki N, de Moerloose P. Congenital 10. Christiansen VJ, Jackson KW, Lee KN, McKee

Ann N Y Acad of Sci. 2001;936:226-236.

2. Castellino FJ, Ploplis VA. Structure and function
of the plasminogen/plasmin system. Thromb

alpha(2)-plasmin inhibitor deficiencies: a review.
Br J Haematol. 2001;114:4-10.

. Lind B, Thorsen S. A novel missense mutation in

PA. The effect of a single nucleotide polymor-
phism on human alpha 2-antiplasmin activity.
Blood. 2007;109:5286-5292.

Haemost. 2005;93:647-654. the human plasmin inhibitor (alpha2-antiplasmin) 11. Frank PS, Douglas JT, Locher M, Llinas M,

3. Hoylaerts M, Rijken DC, Lijnen HR, Collen D. Ki- gene associated with a bleeding tendency. Br J Schaller J. Structural/functional characterization
netics of the activation of plasminogen by human Haematol. 1999;107:317-322. of the alpha 2-plasmin inhibitor C-terminal pep-
tissue plasminogen activator. Role of fibrin. J Biol . Lijnen HR, Okada K, Matsuo O, Collen D, Dew- tide. Biochemistry. 2003;42:1078-1085.

Chem. 1982;257:2912-2919. erchin M. Alpha2-antiplasmin gene deficiency in 12. Horvath AJ, Irving JA, Rossjohn J, et al. The mu-

4. Violand BN, Castellino FJ. Mechanism of the mice is associated with enhanced fibrinolytic po- rine orthologue of human antichymotrypsin: a
urokinase-catalyzed activation of human plasmin- tential without overt bleeding. Blood. 1999;93: structural paradigm for clade A3 serpins. J Biol
ogen. J Biol Chem. 1976;251:3906-3912. 2274-2281. Chem. 2005;280:43168-43178.

5. Wiman B, Boman L, Collen D. On the kinetics of . Matsuno H, Okada K, Ueshima S, Matsuo O, 13. Le Bonniec BF, Guinto ER, Stone SR. Identifica-

the reaction between human antiplasmin and a
low-molecular-weight form of plasmin. Eur J Bio-
chem. 1978;87:143-146.

Kozawa O. Alpha2-antiplasmin plays a significant
role in acute pulmonary embolism. J Thromb
Haemost. 2003;1:1734-1739.

tion of thrombin residues that modulate its inter-
actions with antithrombin Il and alpha 1-
antitrypsin. Biochemistry. 1995;34:12241-12248.



2052

14.

15.

16.

17.

LAW et al

Collaborative Computational Project No.4. The
CCP4 suite: programs for protein crystallography.
Acta Crystallogr D Biol Crystallogr. 1994;50:760-
763.

Storoni LC, McCoy AJ, Read RJ. Likelihood-en-
hanced fast rotation functions. Acta Crystallogr D
Biol Crystallogr. 2004;60:432-438.

Briinger AT, Adams PD, Clore GM, et al. Crystallog-
raphy & NMR system: A new software suite for mac-
romolecular structure determination. Acta Crystallogr
D Biol Crystallogr. 1998;54 (Pt 5):905-921.

Irving JA, Pike RN, Lesk AM, Whisstock JC. Phy-
logeny of the serpin superfamily: implications of
patterns of amino acid conservation for structure
and function. Genome Res. 2000;10:1845-1864.

18.

20.

21.

BLOOD, 15 FEBRUARY 2008 - VOLUME 111, NUMBER 4

Carrell RW, Stein PE, Fermi G, Wardell MR. Bio-
logical implications of a 3 A structure of dimeric
antithrombin. Structure. 1994;2:257-270.

. McGowan S, Buckle AM, Irving JA, et al. X-ray

crystal structure of MENT: evidence for functional
loop-sheet polymers in chromatin condensation.
EMBO J. 2006;25:3144-3155.

Zhang Q, Buckle AM, Law RH, et al. The N terminus
of the serpin, tengpin, functions to trap the metasta-
ble native state. EMBO Rep. 2007;8:658-663.

Dementiev A, Simonovic M, Volz K, Gettins PG.
Canonical inhibitor-like interactions explain reac-
tivity of alpha1-proteinase inhibitor Pittsburgh and
antithrombin with proteinases. J Biol Chem. 2003;
278:37881-37887.

22.

23.

24.

25.

Stein PE, Carrell RW. What do dysfunctional ser-
pins tell us about molecular mobility and disease?
Nat Struct Biol. 1995;2:96-113.

Ek ET, Dass CR, Choong PF. Pigment
epithelium-derived factor: a multimodal tumor in-
hibitor. Mol Cancer Ther. 2006;5:1641-1646.

Thomas L, Moore NR, Miller S, Booth NA. The
C-terminus of alpha2-antiplasmin interacts with
endothelial cells. Br J Haematol. 2007;136:472-
479.

Clemmensen |, Thorsen S, Mullertz S, Petersen
LC. Properties of three different molecular forms
of the alpha 2 plasmin inhibitor. Eur J Biochem.
1981;120:105-112.

20 aunr g0 uo 3senb Aq Jpd'6y0200807008UZ/9E912ZL/6702//L | L /4Pd-Bloiue/poo|q/Aau’suolelgndysey/:dny woly papeojumod



