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�2-Antiplasmin is the physiological inhibitor of plasmin and
is unique in the serpin family due to N- and C-terminal exten-
sions beyond its core domain. The C-terminal extension com-
prises 55 amino acids from Asn-410 to Lys-464, and the lysine
residues (Lys-418, Lys-427, Lys-434, Lys-441, Lys-448, and Lys-
464) within this region are important in mediating the initial
interaction with kringle domains of plasmin. To understand the
role of lysine residues within the C terminus of �2-antiplasmin,
we systematically and sequentially mutated the C-terminal
lysines, studied the effects on the rate of plasmin inhibition, and
measured the binding affinity for plasmin via surface plasmon
resonance.We determined that the C-terminal lysine (Lys-464)
is individually most important in initiating binding to plasmin.
Using two independent methods, we also showed that the con-
served internal lysine residues play amajor rolemediating bind-
ing of the C terminus of �2-antiplasmin to kringle domains of
plasmin and in accelerating the rate of interaction between
�2-antiplasmin and plasmin. When the C terminus of �2-anti-
plasmin was removed, the binding affinity for active site-
blocked plasmin remained high, suggesting additional exosite
interactions between the serpin core and plasmin.

When tissue injury occurs, fibrinolysis and coagulation are
activated in concert. Tissue plasminogen activator secreted by
the injured endothelium activates plasminogen to plasmin,
which in turn degrades the fibrin clot. Fibrinolysis remains
localized because tissue plasminogen activator and plasmino-
gen co-localize on fibrin strands, dramatically improving cata-
lytic efficiency (1). In addition, free plasmin in plasma is rapidly
inactivated by its principal regulator, �2-antiplasmin. Dysregu-
lation of either fibrinolysis or coagulation has the potential to
cause thrombosis, whereas on the other hand, therapeutic
manipulation of these pathways can be used to treat thrombotic
diseases (2). Currently, most therapeutic agents used to pro-
mote fibrinolysis directly activate plasminogen, but their use is
limited by the risk of excessive bleeding. However, there is
increasing evidence that �2-antiplasmin is a useful alternative
target in the development of new therapeutics for thrombotic
diseases (3).

�2-Antiplasmin is unique among the serpin family due to the
presence of N- and C-terminal extensions beyond its inhibitory
core. The 42-amino acid N terminus is cross-linked to fibrin by
factor XIIIa, localizing its activity to the clot (4, 5). The �2-an-
tiplasmin C terminus extends 55 amino acids from Asn-410 to
Lys-464 and is believed to be important in the initial interaction
with kringle domains of plasmin (6). A form of �2-antiplasmin
that lacks the C terminus interacts with plasmin much more
slowly comparedwith the intactmolecule (7). The crystal struc-
ture of murine �2-antiplasmin lacking the first 43 amino acids
has been determined; however, the C terminus could not be
modeled, which suggests that the C-terminal region of �2-anti-
plasmin is highly flexible (8).
The C terminus of �2-antiplasmin contains six lysines, five

of which are conserved between species (Lys-427, Lys-434,
Lys-441, Lys-448, and Lys-464), and it is known that lysines
are key in mediating binding to kringle domains. Using a
synthetic peptide corresponding to the final 26 amino acids
of the C terminus, a previous study showed that the �2-an-
tiplasmin/plasmin association was reduced, indicating that
this region has high affinity for plasmin kringle domains (9).
However, the relative importance assigned to the C-terminal
lysine compared with other internal lysines differs in pub-
lished studies. Frank et al. (6) and Gerber et al. (10) studied
the binding of kringle domains to C-terminal peptide con-
taining Lys-to-Ala mutations. They showed that the C-ter-
minal lysine (Lys-464) was the most important contributor
to binding affinity for plasmin kringle domains (6, 10). How-
ever, kinetic inhibitory studies by Wang et al. (11) indicated
that Lys-448 in full-length �2-antiplasmin was most impor-
tant in the interaction with plasmin.
At present, there are no comprehensive studies investigating

the role of lysine residues using inhibitory rates as an end point.
To fully understand the role of the C-terminal lysine residues in
the interaction with kringle domains of plasmin, we present a
systematic and sequential study on the mutagenesis of �2-anti-
plasmin C-terminal lysines (Lys-427, Lys-434, Lys-441, Lys-
448, and Lys-464) and truncation of the C terminus. This is the
first report describing the plasmin inhibition rate (ka) for full-
length human �2-antiplasmin and intact plasmin. Further-
more, we investigated the binding affinity (KD) of wild-type
�2-antiplasmin and various mutants for active site-blocked
plasmin using plasmon surface resonance. These studies sug-
gest additional exosite interactions between the serpin core
domain and plasmin.
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EXPERIMENTAL PROCEDURES

Construction of �2-Antiplasmin Variants—Human WT
�2-antiplasmin cDNA was isolated from a liver cDNA library
using PCR with primers 5�-GGA TCC ACC CCA GGA GCA
GGT GTC CC-3� and 5�-GGA TCC TCA CTT GGG GCT
GCC AAA C-3�. The product was cloned into the pET-His(3a)
expression vector and sequenced for authenticity (12). The
QuikChange site-directed mutagenesis kit (Stratagene) was
used on humanWT �2-antiplasmin template in which alanine
or stop codons were introduced at various lysine residues along
the C terminus. Several mutations within the C terminus of
human �2-antiplasmin were made as follows: K427A, K434A,
K441A, K448A, K464A, P414stop (Cterm�), K448A/K464A,
K434A/K448A/K464A, K434A/K441A/K448A/K464A, K427A/
K434A/K441A/K448A/K464WT, L449stop, and K448A/
L449stop (see Fig. 1).3 All constructs were nucleotide-se-
quenced to confirm the mutations introduced.
Expression and Purification of �2-Antiplasmin Variants—

Recombinant human �2-antiplasmin (WT and mutants) was
expressed in Escherichia coli BL21(DE3)pLysS cells. Cells were
grown overnight at 37 °C with shaking at 220 rpm in 2� tryp-
tone-yeast culturemedium supplementedwith 50�g/ml ampi-
cillin. The cell cultures were then diluted 1:10 in fresh 2� tryp-
tone-yeast medium supplemented with 50 �g/ml ampicillin
and grown for a further 2 h at 37 °C and 220 rpm. Human
�2-antiplasmin was then induced with a final concentration of
0.02 mM isopropyl �-D-thiogalactopyranoside and incubated
for 4 h at 30 °C and 220 rpm. Cells were harvested by centrifu-
gation at 3500 rpm (Beckman JS-4.2 rotor) for 20 min and
stored at �80 °C until used.
To obtain soluble recombinant�2-antiplasmin, the cell pellet

was lysed in lysis buffer (50 mMNaPO4 (pH 8.0), 500 mMNaCl,
20 mM imidazole, and 5 mM �-mercaptoethanol) containing 1
mg/ml lysozyme, 0.2 mg/ml DNase, 1:1000 protease inhibitor
mixture (Sigma), and 0.01% phenylmethanesulfonyl fluoride
per liter of cell culture. The cells were frozen in liquid nitrogen
and then completely thawed three times in a 37 °C water bath.
The lysate was centrifuged (Sorvall SS34 rotor) at 18,000 rpm
for 20 min. To purify recombinant �2-antiplasmin, the super-
natants were loaded onto a HisTrap column (GE Healthcare)
and eluted with a linear imidazole gradient (0.02–0.5 M) in lysis
buffer. The proteins were further purified on aMonoQ column
(GEHealthcare)with a linearNaCl gradient (0–0.5M) in 20mM

Tris (pH 8.0) and 0.1 mM EDTA. All recombinant human
�2-antiplasmin was electrophoresed on 12.5% SDS-polyacryl-
amide gel to confirm the purity of peak fractions. Aliquots of
recombinant protein were stored at �80 °C until used.
Determination of Stoichiometry of Inhibition—The stoichio-

metry of inhibition (SI)4 was determined by incubating 1 nM
human plasmin (Hematologic Technologies, Essex Junction,
VT) with WT �2-antiplasmin and mutants at various concen-
trations (0.2–1.5 nM) for 1 h at 37 °C. Residual plasmin activity
was assayed at 25 °C using a FLUOstar Optima plate reader

(BMG Labtech, Victoria, Australia) set at 355/460 nm with
200 �M fluorogenic substrate H-Ala-Phe-Lys-AMC (Bachem,
Bubendorf, Switzerland). All reactions were done in triplicates
in 20 mM Tris (pH 8.0), 150 mMNaCl, and 0.01% Tween 80 in a
1% bovine serum albumin-coated PerkinElmer OptiPlate.
Measuring the Rate of Plasmin Inhibition via Kinetic Assay—

The rate of plasmin inhibition by recombinant �2-antiplasmin
was determined using a continuous method described previ-
ously (13). Plasmin (0.5 nM) was reacted with various concen-
trations of recombinant �2-antiplasmin, WT (1.0–2.5 nM) or
mutant (1.5–40 nM), in the presence of 1 mM H-Ala-Phe-Lys-
AMC at 25 °C. Fluorescence emission was continuously mea-
sured using a FLUOstar Optima plate reader at 355/460 nm
over time. Triplicate experiments were performed with each
recombinant �2-antiplasmin in 20 mM Tris (pH 8.0), 150 mM

NaCl, and 0.01% Tween 20 in a 1% bovine serum albumin-
coated PerkinElmer OptiPlate.
The raw data were fitted using nonlinear regression in

GraphPad Prism (Equation 1),

P �
V0

kobs
� �1 � e��kobst�� (Eq. 1)

whereP is the concentration of product at time t,V0 is the initial
velocity, and kobs is the apparent first-order rate constant (14).
The kobs value for each serpin concentration was calculated by
Equation 1. Each kobs value was plotted against the respective
�2-antiplasmin concentration. Linear regression analysis was
performed to obtain the uncorrected rate of inhibition (k�).
Equation 2 was used to account for fluorogenic substrate
competition,

ka � k� � �1 �
�S�

Km
� � SI (Eq. 2)

where the rate of inhibition was adjusted with the SI, substrate
concentration ([S]), and Michaelis constant (Km) of the sub-
strate to give the second-order rate constant (ka) (14).
Binding of �2-Antiplasmin to Active Site-blocked Plasmin by

Surface Plasmon Resonance—The interactions between active
site-blocked plasmin and various recombinant �2-antiplasmin
proteins were determined via surface plasmon resonance using
the Biacore T100 system (GE Healthcare). Active site-blocked
plasmin was produced by incubating human plasmin with a
1000-fold molar excess of D-Val-Phe-Lys chloromethyl ketone
(Calbiochem) at 37 °C for 1 h. Active site-blocked plasmin was
then dialyzed overnight at 4 °C in running buffer (0.01MHEPES
(pH 7.4), 0.15 M NaCl, 50 �M EDTA, and 0.05% surfactant P20
(GE Healthcare)). To confirm that the active site was com-
pletely blocked, the activity of active site-blocked plasmin was
checked against active plasmin in the presence of 200 �M

H-Ala-Phe-Lys-AMC fluorogenic substrate.
To measure the binding affinity and rate of plasmin associa-

tion of �2-antiplasmin with active site-blocked plasmin, we
immobilized hexahistidine-tagged WT or mutant �2-antiplas-
min on the nitrilotriacetic acid (NTA) surface of a NTA chip
(GE Healthcare) following the manufacturer’s instructions. All
experiments were carried out in running buffer at a flow rate of
10 �l/min and performed in triplicates. Briefly, the NTA sur-

3 The numbering of recombinant �2-antiplasmin variants was based on the
secreted 464-residue form (5).

4 The abbreviations used are: SI, stoichiometry of inhibition; AMC, 7-amino-4-
methylcoumarin; NTA, nitrilotriacetic acid.
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face was activated by injecting 500 �M NiCl2 for 1 min. 20 nM
WT or mutant recombinant �2-antiplasmin was immobilized
onto the surface on one flow cell for 1min. A reference flow cell
containing no �2-antiplasmin was used to account for nonspe-
cific binding to theNTA surface. Six different concentrations of
active site-blocked plasmin (analyte) were injected for 1 min of
association time, followed by 10 min of dissociation time. The
range of active site-blocked plasmin concentrations (2–120 nM)
was adjusted for each�2-antiplasmin variant. At the end of each
concentration cycle, the NTA surface was completely stripped
with regeneration buffer (0.01 M HEPES (pH 7.4), 0.15 M NaCl,
0.35 M EDTA, and 0.05% surfactant P20) at a flow rate of 30
�l/min for 2 min. NTA surface activation and �2-antiplasmin
immobilization were performed at each active site-blocked
plasmin concentration. The injection needle was cleaned with
an extra wash of running buffer after each subsequent step.
Real-time binding curvesweremonitored on a sensorgramas

resonance units over time. For kinetic and binding affinity anal-
ysis of recombinant �2-antiplasmin with active site-blocked
plasmin, we used the two-state reaction model provided in the
Biacore T100 evaluation software (Version 1.1.1) (Equation 3).

E � I º EI º EI* (Eq. 3)

This model describes a 1:1 binding of analyte to immobilized
ligand, followed by a secondary interaction that stabilizes the
two molecules. �2 analysis supported this model. The overall
equilibrium dissociation constant (KD) was calculated using
Equation 4 (15).

KD �
kd1

ka1
�

kd2

kd2 � ka2
(Eq. 4)

RESULTS

Stoichiometry of Inhibition between Recombinant Human
�2-Antiplasmin and Plasmin—To examine the role of lysine
residues in the �2-antiplasmin C terminus, we employed site-
directed mutagenesis and produced a series of mutant recom-
binant proteins (Fig. 1). Mutations within the C-terminal
region of �2-antiplasmin would not be expected to affect the
inhibitory mechanism because this property resides in the ser-
pin core domain. However, to verify that the recombinant pro-
teinswere correctly folded, the SI for humanplasminwas deter-
mined for WT and mutant �2-antiplasmin.
The serpin/protease ratio that resulted in complete loss of

protease activity was determined as the SI of the serpin (Fig. 2).
The SI ofWT �2-antiplasmin was found to be 1.0 (Fig. 2, A and

E) and corresponds with published values (16). Fig. 2E shows
the SI values obtained for each recombinant protein produced.
All mutants were shown to have an SI of between 0.9 and 1.5
(Fig. 2, B–E), indicating that the efficiency of mutant protein
had not been structurally perturbed by the introduction of var-
ious amino acid substitutions in the C terminus. To confirm
these observations, WT recombinant �2-antiplasmin and
mutantswere also assessed byCDspectrometry.Mutant�2-an-
tiplasmin proteins produced CD spectra similar to WT �2-an-
tiplasmin, demonstrating that the mutant proteins retained
their native fold (data not shown).
Rate of Plasmin Inhibition of Recombinant Human �2-

AntiplasminVariants—The primary hypothesis being tested in
this work is that lysine residues at the extreme C terminus of
�2-antiplasmin as well as internally within the C-terminal
extension accelerate inhibition of plasmin. Therefore, kinetic
studies using a protease inhibition (progress curve) assay were
performed tomeasure the rate of plasmin inhibition byWTand
mutant �2-antiplasmin. Fig. 3 shows examples of progress and
fitted curves obtained from the analysis of WT and P414stop
(Cterm�) �2-antiplasmin.
As expected, recombinant humanWT �2-antiplasmin was a

fast inhibitor of human plasmin, with a plasmin inhibition rate
(ka) of (3.7 	 0.3) � 107 M�1 s�1, which corresponds to pub-
lished results (17). Individual Lys-to-Alamutations at positions
427, 434, 441, 448, and 464 caused decreases in the rate of plas-
min inhibition of 1.5-, 1.6-, 1.7-, 2.8-, and 3.6-fold respectively
(Fig. 4) compared with WT �2-antiplasmin. The K464A muta-
tion produced the greatest reduction in the rate of plasmin inhi-
bition; however, this was modest compared with the effect of
removing the entire �2-antiplasmin C terminus (P414stop),
which resulted in a 40-fold reduction (ka 
 (9.2 	 0.2) �
105 M�1 s�1).
Because the reductions in the inhibition rate observed with

individual Lys-to-Ala mutants were small compared with the
effect of removal of the complete C terminus, we examined the
effect of progressive mutations of the Lys residues in this
domain. Compared with �2-antiplasmin K464A, each addi-
tional mutation (K448A/K464A, K441A/K448A/K464A, and
K434A/K441A/K448A/K464A) resulted in an �2-fold reduc-
tion in the plasmin inhibition rate (Fig. 5). Therefore, the over-
all reduction in the rate of plasmin inhibition observed with the
four-residue substitution (K434A/K441A/K448A/K464A) was
45-fold, which is comparable with the effect of removing the
entire �2-antiplasmin C terminus (P414stop).

FIGURE 1. Schematic representation of the C terminus of �2-antiplasmin and positions at which mutations were introduced. Full-length WT �2-anti-
plasmin and various mutants (Lys-to-Ala mutations or truncation) of the C terminus were generated, expressed, and purified. Dashes represent the wild-type
sequence, and the introduction of a stop codon is indicated (�).
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It is conceivable that substitution of four lysine residues
within the C terminus of�2-antiplasmin could produce a struc-
tural perturbation of the domain. We therefore measured the
kinetic effect of adding the lysine analog 	-aminocaproic acid to
the inhibitory reaction. When 1 mM 	-aminocaproic acid was
added to the inhibitory reaction, a ka of (2.3 	 0.2) � 106 M�1

s�1 was observed, which was comparable with the mutant with
a deletion of the C terminus (P414stop) (ka 
 (9.2 	 0.2) � 105
M�1 s�1) (Fig. 4). This suggests thatmost of the reduction in the
plasmin inhibition rate caused by the removal of theC terminus
can be accounted for by lysine-specific interactions.
The relative importance of the C-terminal Lys-464 com-

paredwith the internal lysine residues was further addressed by
measuring the rate of inhibition of a mutant in which Lys-464
was preserved while the internal lysines were mutated to ala-
nine (K427A/K434A/K441A/K448A/K464WT) (Fig. 5). This
mutant demonstrated a 5.2-fold rate reduction (ka 
 (7.1 	
0.1) � 106 M�1 s�1) compared with WT �2-antiplasmin.
The importance of the C-terminal lysine was further evalu-

ated by producing a mutant in which a stop codon was intro-

duced after Lys-448 (L449stop). Despite thismutant possessing
a C-terminal lysine, it still showed a rate reduction in plasmin
inhibition (ka 
 (1.1 	 0.1) � 105 M�1 s�1) of 3.4-fold com-
pared with WT �2-antiplasmin. Additionally, when the
L449stop mutant was modified by substituting Lys-448 with
Ala (K448A/L449stop), there was a further decrease in the plas-
min inhibition rate (ka 
 (2.8 	 0.1) � 106 M�1 s�1).
Binding Affinity of Recombinant Human �2-Antiplasmin

Variants for Active Site-blocked Plasmin—The association rate
constants described above were derived frommeasurements of
inhibition of plasmin amidolytic activity. To corroborate these
results and to partition the �2-antiplasmin/plasmin interaction
between the serpin core versus the C-terminal extension, we
used surface plasmon resonance to directly measure the bind-
ing affinity of recombinant human �2-antiplasmin for human
plasmin.WT�2-antiplasmin and variousmutants were reacted
with active site-blocked plasmin, and binding was observed in
real time. The association and dissociation constants were cal-
culated to obtain the binding affinity (KD). Examples of sensor-
grams for the interaction between active site-blocked plasmin

FIGURE 2. SI of plasmin by recombinant human �2-antiplasmin. Plasmin (1 nM) was incubated with WT or mutant �2-antiplasmin (0.2–1.5 nM) for 1 h at 37 °C.
Residual protease activity was measured in the presence of H-Ala-Phe-Lys-AMC (0.2 mM). A, WT recombinant �2-antiplasmin; B, P414stop (Cterm�) mutant
�2-antiplasmin; C, K464A mutant �2-antiplasmin; D, K434A/K441A/K448A/K464A mutant �2-antiplasmin; E, mean SI of plasmin by WT and mutant recombinant
�2-antiplasmin.
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and recombinant �2-antiplasmin are shown in Fig. 6. To
achieve similar response units forWT�2-antiplasmin (Fig. 6A),
a higher concentration of active site-blocked plasmin was used
with�2-antiplasminmutants, which accounts for the difference
in the shape of the binding curves observed in the sensorgrams
(Fig. 6).
The KD of WT �2-antiplasmin for active site-blocked plas-

min was determined to be 1.6 nM, indicating a high affinity
interaction. Single Lys-to-Alamutants at positions 448 and 464
showed decreases in KD of 1.3- and 3.3-fold, respectively (Fig.
7), compared withWT �2-antiplasmin. Removing the C termi-
nus (P414stop) resulted in a 31-fold reduction in KD (50 nM).
Overall measurements of binding affinity were consistent with
association rates observed using the progress curve plasmin
inhibition assay.
Sequential mutation of the Lys residues within the C termi-

nus resulted in a progressive decrease in the KD, which corre-
sponds to the observations made previously. K448A/K464A
showed a 2.0-fold reduction in the KD (10 nM) compared with
K464A. K441A/K448A/K464A produced a 2.8-fold decrease
compared with K448A/K464A. An additional 1.5-fold reduc-
tion in KD was observed with K434A/K441A/K448A/K464A
(KD 
 42 nM). The KD for K434A/K441A/K448A/K464A was
similar to that obtained by removing the C terminus of �2-an-
tiplasmin (P414stop). The KD for K427A/K434A/K441A/
K448A/K464WT was 13 nM, corresponding to a 8.4-fold
decrease compared with WT �2-antiplasmin.

The L449stop mutant demonstrated a KD of 6.4 nM, which is
similar to that obtained for K464A (KD 
 5.2 nM). This further
confirms what was seen previously with the rate of plasmin
inhibition. Subsequent mutation of L449stop to K448A/

L449stop resulted in a 17-fold reduction in KD (27 nM) com-
pared with WT �2-antiplasmin.

The rate of plasmin association (ka1) obtained using surface
plasmon resonance was very similar to the rate of plasmin inhi-
bition (ka) obtained using the kinetic assay described previ-
ously. The dissociation rate constant (kd1) and the forward and
reverse rate constants (ka2 and kd2) remained relatively
unchanged for WT �2-antiplasmin and mutants with active
site-blocked plasmin.

DISCUSSION

In this work, we have reported the first comprehensive
description of the kinetics of �2-antiplasmin/plasmin interac-
tions employing two different methods. By incorporating a
fluorogenic substrate with high affinity for plasmin, we have
been able to use the “progress curve” method to accurately
measure the association rates for WT �2-antiplasmin and
mutants. In addition, we have independently observed the
�2-antiplasmin/plasmin interaction via surface plasmon reso-
nance. In both methods, we employed full-length �2-antiplas-
min (WT and mutants) and intact plasmin containing the pro-
tease and all kringle domains. It is important to recognize that
the two methods measure different kinetic rate constants.
Using Fig. 8 as a reference schematic, surface plasmon reso-
nance measures the initial rate of interaction (k1) between
�2-antiplasmin and plasmin. The protease inhibition assay
(progress curve) measures the overall rate at which the
irreversible covalent �2-antiplasmin�plasmin complex is
formed, resulting in complete inhibition; therefore, this
takes into account k1, k2, and k4 (Fig. 8). We were able to
obtain comparable rates of plasmin inhibition (ka) and asso-

FIGURE 3. Plasmin inhibition by recombinant human �2-antiplasmin. A, progress curves of plasmin inhibition using plasmin (0.5 nM) and WT �2-antiplasmin
(1–2.5 nM) in the presence of H-Ala-Phe-Lys-AMC (1 mM). Nonlinear regression analysis using Equation 1 was used to determine the first-order rate constant
(kobs). B, the kobs is plotted against the WT �2-antiplasmin concentration, and linear regression analysis was performed to determine the uncorrected second-
order rate constant (k�). To account for substrate inhibition, Equation 2 was applied to determine the corrected second-order rate constant (ka). C, progress
curves of plasmin inhibition using plasmin (0.5 nM) and P414stop (Cterm�) �2-antiplasmin (80 –140 nM) in the presence of H-Ala-Phe-Lys-AMC (1 mM). the kobs
was obtained as described above. D, the kobs is plotted against the Cterm� �2-antiplasmin concentration to determine the k�. The ka of Cterm� �2-antiplasmin
was calculated using Equation 2.
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ciation (ka1) despite the fact that both methods measure dif-
ferent values. This indicates that the rapid interaction is pre-
dominantly due to the formation of the initial reversible
encounter �2-antiplasmin�plasmin complex, thus suggesting
that the rate-limiting step occurs when the covalent �2-
antiplasmin�plasmin complex is formed.
Using protease inhibition and binding affinity data, we were

able to demonstrate a progressive decrease in the rate of plas-
min association, inhibition, and binding affinity with consecu-
tive Lys-to-Alamutations within the C terminus of�2-antiplas-
min. We showed that all conserved Lys residues (Lys-427,
Lys-434, Lys-441, Lys-448, and Lys-464) play a role in the inter-
action with kringle domains of plasmin, with Lys-464 being the
main initiator, followed by Lys-448, which corresponds with
previously published data (6, 10). Individually, the internal Lys
residues appear to have aminor function in the interactionwith
plasmin. However, as demonstrated by several of our �2-anti-
plasminmutants, primarily K434A/K441A/K448A/K464A and
P414stop, we were able to show that when five of the lysines
were mutated, the rates of plasmin inhibition and binding were
reduced to those of the C-terminally truncated �2-antiplasmin
protein. This indicates that the Lys residues within the C ter-
minus of �2-antiplasmin are the primary mediators in the
binding to the kringle domains and that removal of these

residues will result in the loss of C-terminal binding. Further-
more, K427A/K434A/K441A/K448A/K464WT demonstrated
that even with the presence of the most C-terminal lysine with
all the internal lysines mutated, the plasmin inhibition rate
obtained was not comparable withWT �2-antiplasmin. There-
fore, each conserved Lys in the �2-antiplasmin C terminus par-
ticipates in the binding and inhibition of plasmin.
Previous studies by Frank et al. (6) using individual recom-

binant plasmin kringle domains (K1, K3, K3mut, K4, and K5)
showed that the isolated �2-antiplasmin C terminus had the
highest affinity for K1, followed by K4, K5, and K2. In further
experiments, Gerber et al. (10) examined the affinity of the
recombinant plasmin kringle domains (K1, K1-3, K4, and
K4-5). They demonstrated that progressive mutations of
lysine residues within the �2-antiplasmin C terminus de-
creased the affinity for K1-3, although the greatest contribu-
tion to binding was attributable to Lys-464 and Lys-448. The
apparent lack of effect on the affinity of mutations of Lys-
418, Lys-427, Lys-434, and Lys-441 may be explained by the
fact that only two lysine-binding kringle domains were pres-
ent in the K1-3 protein. The seeming discrepancy between
our results and those of Gerber et al. can therefore be

FIGURE 4. Effect of single Lys-to-Ala mutations in the human �2-antiplas-
min C terminus on plasmin inhibition. A, mean rate of plasmin inhibition
(ka) by WT and mutant recombinant �2-antiplasmin (n 
 3). B, mean ka of
plasmin for WT and mutant recombinant �2-antiplasmin.

FIGURE 5. Effect of sequential Lys-to-Ala mutations and truncations in
the human �2-antiplasmin C terminus on plasmin inhibition. A, mean
rate of plasmin inhibition (ka) by WT and mutant recombinant �2-anti-
plasmin (n 
 3). B, mean ka of plasmin for WT and mutant recombinant
�2-antiplasmin.
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accounted for by differences in experimental approaches.
They measured the association constants of isolated kringle
domains (K1, K4, K1-3, and K4-5) with the C-terminal por-

tion of �2-antiplasmin. By contrast, this study describes the
rate of plasmin inhibition and binding affinity of full-length
�2-antiplasmin with intact plasmin.

FIGURE 6. Sensorgrams of the binding of recombinant human �2-antiplasmin to active site-blocked plasmin measured by surface plasmon reso-
nance. WT or mutant recombinant �2-antiplasmin (20 nM) was immobilized on a NTA chip. The binding of various concentrations of active site-blocked plasmin
to �2-antiplasmin was monitored in real time. A, binding of active site-blocked plasmin (2– 8 nM) to WT �2-antiplasmin (�2 
 0.21). B, binding of active
site-blocked plasmin (20 –120 nM) to P414stop (Cterm�) recombinant �2-antiplasmin (�2 
 0.60). C, binding of active site-blocked plasmin (4 –20 nM) to K464A
mutant �2-antiplasmin (�2 
 0.31). D, binding of active site-blocked plasmin (20 –100 nM) to K434A/K441A/K448A/K464A mutant �2-antiplasmin (�2 
 0.54).
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One striking observation made in this study is that the asso-
ciation rate and binding affinity of plasmin with C-terminally
truncated �2-antiplasmin (P414stop) were relatively high
(ka1 
 5.1 � 105 M�1 s�1; KD 
 49 nM). It is important to note
that surface plasmon resonance studies were performed with
active site-blocked plasmin, suggesting that the rapid associa-
tion and high affinity observed in the absence of the C-terminal
extension were mediated by exosite interactions between
�2-antiplasmin and the plasmin protease domain. These
important interactions between the �2-antiplasmin core
domain, outside the immediate vicinity of P1-P1�, and the

active site cleft of plasmin are also likely to contribute specific-
ity to the serpin/protease interaction. Having additional exosite
interactions is not uncommon in the serpin inhibition mecha-
nism, as it may aid in the recognition of its target protein (18,
19). Together with the specific binding of the �2-antiplasmin C
terminus to plasmin kringle domains, this leads to an exquisite
specificity of the interactionminimizing off-target inhibition of
non-cognate proteases.
In summary, we have performed detailed kinetic and bind-

ing studies of the interaction between �2-antiplasmin and
plasmin. Within the �2-antiplasmin C terminus, we have
measured the contribution of the conserved lysines to the
interaction with the plasmin kringle domains. This study
demonstrates that the C-terminal lysine (Lys-464) is the sin-
gle most important amino acid in this domain. The remain-
ing conserved lysine residues within the C terminus of
�2-antiplasmin individually contribute less, but together sig-
nificantly enhance the rate of association of serpin with plas-
min. These data support the zipper model of interaction
whereby Lys-464 binds initially to plasmin (most likely at
K1), followed by progressive binding of the other conserved
lysines (Lys-448, Lys-441, and Lys-434) to the remaining
lysine-binding kringle domains (K4, K5, and K2) (6). Our
data also highlight the importance of exosite interactions
between the �2-antiplasmin core serpin and the plasmin

FIGURE 7. Effect of mutations in the �2-antiplasmin C terminus on binding to active site-blocked plasmin as studied via surface plasmon resonance.
A, mean binding affinity (KD) of WT and mutant recombinant �2-antiplasmin for active site-blocked plasmin (n 
 3). B, mean KD and association and dissociation
constants of WT and mutant recombinant �2-antiplasmin for active site-blocked plasmin.

FIGURE 8. Mechanism of serpin inhibition. I represents serpin, and E rep-
resents the protease. The forward rate constant of serpin with protease is
represented as k1. The association rate constant (ka1) measured in surface
plasmon resonance studies is equal to k1. k�1 is the reverse rate constant.
The rate at which conformational change (EI*) occurs is denoted as k2. k3
occurs during the substrate reaction, which results in cleaved serpin and
release of active protease (E � I*). Formation of the covalent
protease�serpin complex (E-I*) results in complete inhibition, and the rate
constant is represented as k4.
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protease domain, which provide an additional mechanism of
specificity in the serpin/protease interaction.
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7. Clemmensen, I., Thorsen, S., Müllertz, S., and Petersen, L. C. (1981) Eur.

J. Biochem. 120, 105–112
8. Law, R. H., Sofian, T., Kan, W. T., Horvath, A. J., Hitchen, C. R., Langen-

dorf, C. G., Buckle, A. M., Whisstock, J. C., and Coughlin, P. B. (2008)
Blood 111, 2049–2052

9. Hortin, G. L., Gibson, B. L., and Fok, K. F. (1988) Biochem. Biophys. Res.

Commun. 155, 591–596
10. Gerber, S. S., Lejon, S., Locher,M., and Schaller, J. (2010)Cell.Mol. Life Sci.

67, 1505–1518
11. Wang, H., Yu, A., Wiman, B., and Pap, S. (2003) Eur. J. Biochem. 270,

2023–2029
12. Morris, E. C., Dafforn, T. R., Forsyth, S. L., Missen, M. A., Horvath, A. J.,

Hampson, L., Hampson, I. N., Currie, G., Carrell, R. W., and Coughlin,
P. B. (2003) Biochem. J. 371, 165–173

13. Horvath, A. J., Irving, J. A., Rossjohn, J., Law, R. H., Bottomley, S. P.,
Quinsey, N. S., Pike, R. N., Coughlin, P. B., and Whisstock, J. C. (2005)
J. Biol. Chem. 280, 43168–43178

14. Schechter, N. M., and Plotnick, M. I. (2004)Methods 32, 159–168
15. Morton, T. A., Myszka, D. G., and Chaiken, I. M. (1995) Anal. Biochem.

227, 176–185
16. Shieh, B. H., and Travis, J. (1987) J. Biol. Chem. 262, 6055–6059
17. Christensen, U., Bangert, K., and Thorsen, S. (1996) FEBS Lett. 387,

58–62
18. Whisstock, J. C., Silverman, G. A., Bird, P. I., Bottomley, S. P., Kaiserman,

D., Luke, C. J., Pak, S. C., Reichhart, J. M., and Huntington, J. A. (2010)
J. Biol. Chem. 285, 24307–24312

19. Lin, Z., Jiang, L., Yuan, C., Jensen, J. K., Zhang, X., Luo, Z., Furie, B. C.,
Furie, B., Andreasen, P. A., and Huang, M. (2011) J. Biol. Chem. 286,
7027–7032

�2-Antiplasmin Binding to Plasmin

24552 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 28 • JULY 15, 2011


