
HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY

Brief report

X-ray crystal structure of the fibrinolysis inhibitor �2-antiplasmin
Ruby H. P. Law,1 Trifina Sofian,2 Wan-Ting Kan,1,3 Anita J. Horvath,2 Corinne R. Hitchen,2 Christopher G. Langendorf,1

Ashley M. Buckle,1 James C. Whisstock,1,3 and Paul B. Coughlin2

1Department of Biochemistry and Molecular Biology, Monash University, Clayton; 2Australian Centre for Blood Diseases, Monash University, Prahran; and
3Australian Research Council (ARC) Centre of Excellence in Structural and Functional Microbial Genomics, Monash University, Clayton, Australia

The serpin �2-antiplasmin (SERPINF2) is
the principal inhibitor of plasmin and in-
hibits fibrinolysis. Accordingly, �2-
antiplasmin deficiency in humans results
in uncontrolled fibrinolysis and a bleed-
ing disorder. �2-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 XIIIa,
whereas the C-terminal region mediates
the initial interaction with plasmin. To
understand how this may happen, we
have determined the 2.65Å X-ray crystal
structure of an N-terminal truncated mu-
rine �2-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.1 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 domain2) between the
fifth kringle domain and the protease domain to form plasmin,
which mediates clot lysis.3 All 6 domains of plasmin remain
associated via a disulphide bond after cleavage.4 The physiologic
inhibitor of plasmin (ka 3.8 � 107 M�1s�1)5 is �2-antiplasmin and
patients deficient in this serpin suffer a variable, but often severe,
bleeding disorder.6,7 By contrast, mice with a targeted deletion of
�2-antiplasmin have a normal hemostatic response to minor
trauma, presumably because the deficient animals plasma con-
tained significant residual plasmin inhibitory activity.8 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.9 These data suggest that therapeutic interven-
tion in the plasmin/�2-antiplasmin interaction may be of benefit to
patients with thrombotic disorders.

�2-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
XIIIa.10 The 55 amino acid C-terminal sequence binds to the K1
and K4 domains of plasmin most strongly (K2 and K5 with lower

affinity)8,11 and enhances the rate of interaction between plasmin
and �2-antiplasmin by 30- to 60-fold.5 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.8

To understand the role of �2-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
�2-antiplasmin.

Methods

Murine �2-antiplasmin cDNA was amplified by reverse transcription–
polymerase chain reaction (RT-PCR) from murine liver and inserted into a
pET(3a)His vector.12 Recombinant murine �2-antiplasmin lacking the first
43 amino acids (�2-antiplasmin�43) 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 �M chromogenic substrate
S-2251 (Chromogenix, Milan, Italy).

The second-order rate constant for plasmin inhibition by �2-
antiplasmin�43 was determined under pseudo–first-order conditions using a
continuous assay.13 �2-antiplasmin�43 (0.5nM) was reacted with human
plasmin (2.5-6 nM) in the presence of 1 mM S-2251 at 25°C.

�2-antiplasmin�43 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 MgSO4 and 3% sucrose, 1.2% inositol at 22°C. The crystals diffracted to
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2.65 Å resolution (Table 1). These data were processed using MOSFLM14 and
SCALA.14 Five percent of the dataset was flagged for calculation of the Rfree with
neither a sigma, nor a low-resolution cut-off applied to the data. Crystallographic
analyses were performed using CCP4i.14

The structure was solved using molecular replacement (using 1YXA12

as a search probe) and the program PHASER.15 Refinement was performed
using CNS16 and REFMAC14 (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 Rfree reached 30%.

Results and discussion

Murine �2-antiplasmin�43 is an effective inhibitor of human
plasmin (ka 4.01 � 0.20 � 106 M�1s�1, SI of 1.02 � 0.05);
these data show that the serpin is functional and properly folded.
The 2.65 Å structure of �2-antiplasmin�43 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 �2-antiplasmin�43 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)17 and, in contrast to other serpins with longer
RCLs,12,18-20 is fully expelled from the A �-sheet. The N-terminal
portion of the RCL (363-365) is tightly packed against the serpin
body and forms a parallel � strand interaction with residues 214 to
216 of the s3A/s4C loop (Figure 1A). A structural comparison of
�2-antiplasmin�43 with the antitrypsin/trypsin Michaelis complex21

reveals that the �2-antiplasmin RCL may be too short to form

significant interactions with plasmin outside the active site. In
contrast, the P7-P10 region of antitrypsin forms a short �-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 �2-antiplasmin, a conservative mutation in
s1C of a buried hydrophobic residue (Val384Met) results in a
bleeding disorder.7 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.22

�2-antiplasmin is one of 2 known F-clade serpins.17 The other
member of this clade, SERPINF1, is a noninhibitory serpin that
possesses potent anti-angiogenic activity.23 The role of �2-
antiplasmin in angiogenesis remains to be investigated, however,
the potential for the C-terminal sequence to interact with integrins24

may point to a role for this molecule outside hemostasis.
The C-terminal sequence of �2-antiplasmin interacts with the

kringle domains of plasmin and facilitates formation of the
�2-antiplasmin/plasmin complex. Accordingly, a form of �2-
antiplasmin lacking the extended C-terminus reacts much more
slowly with plasmin.25 Our structural studies reveal that the first
10 amino acids of the C-terminus (410-419) of �2-antiplasmin�43

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 �-strand (termed s4�C) at the beginning
of strand s3C of the C �-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 �2-
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 30Å
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 �2-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 �2-antiplasmin/plasmin
interaction in thrombosis.
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Table 1. Data collection and refinement statistics

Mouse
�2-antiplasmin�43

Data collection

Space group P65

Cell dimensions

a, b, c, Å 115.70, 115.70, 100.53

�, �, 	, ° 90.0, 90.0, 120.0

Molecules in the asymmetric unit, no. 1

Resolution, Å 44.95(2.65) *

Rpim, % 5.9 (38.1)

I/
I 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

Rwork / Rfree, % 18.31 / 21.52

No. atoms

Protein 2845

Water 82

B-factors, Å2

Protein 23.7

Water 36.17

RMS deviations

Bond lengths, Å 0.008

Bond angles, ° 1.257

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