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Inhibition of Acrosin by Serpins. A Suicide Substrate Mechanism’
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ABSTRACT: The serpins antithrombin, protease nexin 1, and ¢;-antitrypsin with a reactive-center arginine
(Arg-a-antitrypsin) were found to inhibit the sperm protease acrosin with varying efficiency. The serpins
were titrated against acrosin to determine their specific activity with respect to this enzyme. While
antithrombin was fully active against acrosin, more than one molecule of Arg-o;-antitrypsin and protease
nexin 1 was required to inhibit one molecule of acrosin. In particular, only 2.7% of protease nexin 1
molecules interacting with acrosin formed stable complexes with the enzyme at 37 °C and this value
decreased to 0.03% at 12 °C. N-terminal sequence analysis indicated that acrosin had cleaved protease
nexin 1 at its reactive-center Arg—Ser bond. The results could be interpreted in terms of protease nexin
1 acting as a suicide substrate for acrosin; after the formation of an initial complex, the serpin partitioned
between pathways yielding either inactivated (cleaved) serpin or a stable serpin—enzyme complex. The
association rate constant (k,ss) and inhibition constant (X;) for the stable complexes were determined for
each of the serpins by using slow-binding kinetics. The values of ks were 2 x 105, 4 x 104 and 5 x
10° M~! 57! for Arg-a,-antitrypsin, antithrombin, and protease nexin 1, respectively. The K; values for
the serpins were 1 nM or less. Heparin markedly accelerated the inhibition of acrosin by antithrombin
and protease nexin 1; at the optimal concentration, the degree of heparin acceleration of the inhibition
rate was 250- and 500-fold for antithrombin and protease nexin 1, respectively. In the presence of heparin,
a two-step mechanism could be demonstrated for the acrosin—antithrombin interaction, and the data
indicated that the heparin-induced increase in the rate of the acrosin—antithrombin reaction was

predominantly due to an increase in the tightness of the initial complex.

The acrosomal vesicle of mammalian spermatozoa con-
tains large quantities of proacrosin, the zymogen form of a
trypsin-like serine protease; it has been calculated that the
concentration of proacrosin within the acrosome of boar
spermatozoa is 1.4 mM (Miiller-Esterl & Fritz, 1981).
Acrosin is formed from its zymogen during the acrosome
reaction in which the outer acrosomal membrane fuses with
the overlying plasma membrane to release the contents of
the acrosome (Rubinstein & Brietbart, 1991). The activity
of the acrosin generated during the acrosome reaction is
thought to be essential for penetration by the spermatozoa
of the extracellular matrix (zona pellucida) surrounding the
egg; acrosin is able to cleave a number of the components
of this matrix (Nakano et al., 1989; Planchenault et al., 1991).
Although acrosin’s activity appears to be required for the
penetration of zona pellucida, this activity also needs to be
controlled so that other components of the male and female
genital tract are not degraded by acrosin released from
damaged or dead spermatozoa (Nicholson et al., 1983).
Acrosin inhibitors from the Kazal family have been found
in the seminal plasma of a wide range of mammalian species
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(Fink et al., 1990; Falase et al., 1991; Jondkov4 et al., 1992).
In addition, we have recently shown that protein C inhibitor
(PCI' ), a member of the serpin family, is a rapid inhibitor
of acrosin (Hermans et al,, 1994). PCI is found in high
concentrations (3—4 M) in human seminal fluid (Espafia
et al., 1991; Laurell et al., 1992), and its inhibition of acrosin
is markedly stimulated by the sulfated glycosaminoglycan
heparin (Hermans et al.,, 1994). PCI is synthesized in the
seminal vesicles and secreted into the lumen of the gland
(Laurell et al., 1992).

Recent studies have shown that high levels of another
serpin, protease nexin 1 (PN1), are also synthesized in the
seminal vesicles and secreted into the seminal fluid (Vassalli
et al., 1993). The synthesis of PN1 by the seminal vesicle
was shown to be androgen dependent. PN1 levels were
much lower in immature and castrated mice, and the level
of PN1 mRNA in castrated mice was greatly increased by
treatment of the animals with testosterone (Vassalli et al.,
1993). The expression of PN1 is also regulated during
development in other cell types (Mansuy et al., 1993;
Reinhard et el.,, 1994). PN1 (also known as glia-derived
nexin) was originally isolated from fibroblasts and glia cells
(Baker et al., 1980; Guenther et al., 1985). It was isolated
from glioma cell conditioned medium as a factor that
promoted neurite elongation, and thus, it is thought to play

1 Abbreviations: PN1, recombinant rat protease nexin 1; R-AT,
recombinant human @ -antitrypsin with a P, arginine residue [nomen-
clature of Schechter and Berger (1967)}; PCI, protein C inhibitor; pNA,
p-nitroanilide.
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a role in neuronal development (Monard, 1988). PN1 has
been shown to inhibit trypsin-like serine proteases such as
thrombin, urokinase, trypsin, and plasmin (Scott et al., 1985;
Stone et al,, 1987). Thus, it seems possible that PN1 is
involved in the control of acrosin activity in vivo.

In the present study, we have examined the interaction of
acrosin with PN1 and two related serpins [antithrombin and
oy -antitrypsin with a P; arginine? (R-AT)]. While antithrom-
bin and R-AT were found to be efficient inhibitors of acrosin,
PN1 acted predominantly as substrate for acrosin. In titration
experiments, less than 3% of the PN1 molecules formed a
stable complex with acrosin at 37 °C, and only about 0.03%
of the molecules inhibited acrosin at 12 °C. N-terminal
sequence analysis showed that the low specific activity of
PN1 with acrosin was due to cleavage of the PN1 at its P;—
P’y bond. The results could be interpreted in terms of a
bifurcating mechanism for the interaction of PN1 with
acrosin; after the formation of an initial complex, either a
stable complex formed or PN1 was cleaved. Heparin was
found to stimulate markedly the rate of inhibition of acrosin
by both PN1 and antithrombin as well as to affect the
partitioning of the serpins between the cleavage and inhibi-
tion pathways.

MATERIALS AND METHODS

Materials. D-lle-Pro-Arg-pNA was purchased from Chro-
mogenix (Mdlndal, Sweden), and p-nitrophenyl p’-guanidi-
nobenzoate was from Sigma (Poole, U.K). Porcine mucosal
heparin was from Grampian Enzymes (Aberdeen, U.K.).
Other chemicals were of the highest grade available com-
mercially. Proacrosin was purified from ejaculated boar
spermatozoa and activated to acrosin at pH 8.0 as described
(Polakoski & Parrish, 1977; Lo Leggio et al., 1994). The
reaction resulted in the formation of S-acrosin, which
appeared as a single band of 37 kDa on an SDS—PAGE gel
(Laemmli, 1970). Human o-thrombin was purified as
described by Stone and Hofsteenge (1986). Recombinant
rat PN1 was produced in yeast and purified as described by
Sommer et al. (1989). Antithrombin was purified from
human plasma as described by MacKay (1981) and was a
gift of Dr. David Bruce (Department of Haematology,
University of Cambridge). Recombinant R-AT from yeast
was a gift from Delta Biotechnology (Nottingham, U.K.).

Determination of the Active Concentrations of Proteins.
The concentrations of active acrosin and thrombin were
determined by titration with p-nitrophenyl p’-guanidinoben-
zoate as described by Chase and Shaw (1970). The serpins
antithrombin, PN1, and R-AT were titrated against thrombin
and acrosin in 0.03 M sodium phosphate buffer, pH 7.4,
containing 0.16 M NaCl, 0.1% (w/v) poly(ethylene glycol)
4000, and 0.2 mg/mL bovine serum albumin as described
by Hermans et al. (1994). The total concentration of the
serpin (active plus inactive molecules) was determined from
its extinction coefficient for antithrombin (Nordenman et al.,
1977) or by amino acid analysis for PN1 and R-AT. The
preparations of antithrombin and PN1 were found to be,
within experimental error, fully active against thrombin,

2 The nomenclature for the numbering of the reactive-site loop of
serpins is that of Schechter and Berger (1967). The numbering of
residues is according to the following scheme: P,—...—P:—P,—P;—
P'{—P';~P'3—...—P’, where cleavage would occur at the P;—P’; bond
in substrates.
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while R-AT was about 70% active. For the purpose of
determining their specific activity against acrosin, the specific
activity of the serpins against thrombin was assumed to be
100%.

Slow-Binding Kinetics. Progress-curve kinetics were used
to determine the kinetic constants for the inhibition of acrosin
by the serpins. Assays were performed at 37 °C in 0.03 M
sodium phosphate buffer, pH 7.4, containing 0.16 M NaCl,
0.1% (w/v) poly(ethylene glycol) 4000, 0.2 mg/mL bovine
serum albumin, and 200—750 M D-Ile-Pro-Arg-pNA as
previously described (Hermans et al., 1994). The polystyrene
cuvettes were coated before use with a 0.5% (w/v) poly-
(ethylene glycol) 6000, 2% (w/v) bovine serum albumin, and
0.01% (v/v) Triton X-100 solution to prevent adsorption of
proteins to the cuvettes. The release of p-nitroaniline from
the substrate was followed by measuring the absorbance at
400—410 nm after the addition of acrosin (1—4 nM) to
cuvettes containing the substrate and serpin. The activity
of acrosin was shown to be stable over the time period used
(Hermans et al., 1994). Only data points obtained at levels
of substrate utilization less than 10% were used in the
analyses.

The serpins antithrombin, PN1, and R-AT were found to
be slow-binding inhibitors of acrosin. There is kinetic
evidence that the formation of the stable protease—serpin
complex involves two steps (Olson & Shore, 1982; Stone et
al., 1987; Bruch & Bieth, 1989; Longstaff & Gaffney, 1991;
Faller et al., 1993; Morgenstern et al., 1994), and thus, the
mechanism presented in Scheme 1 is the most general
inhibitory mechanism for serpins. In Scheme 1, E, S, P,
and I represent acrosin, substrate (D-Ile-Pro-Arg-pNA),
product (p-nitroaniline), and serpin, respectively. For this
mechanism, the progress curve of formation of product (P)
will be described by the following equation (Morrison, 1982):

Vi — Vs
kl

P=vs+ (1 — exp(—K'f)) (1)

where P is the concentration of product at time ¢, k¥’ is an
apparent first-order rate constant, and v; and v; are the initial
and steady-state velocities, respectively. The values of v,
vs, and k" will vary with the concentration of serpin according
to the following equations (Cha, 1975; Morrison, 1982;
Morrison & Walsh, 1988).
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The parameter v, is the enzyme’s velocity in the absence
of inhibitor. K; is the overall inhibition constant derived from
the amount of inhibited enzyme at infinite time, and Ky is
the inhibition constant for the initial complex (EI). For all
serpins in the absence of heparin and for PN1 and R-AT in
the presence of heparin, v; did not vary with the concentration
of serpin, and &’ displayed a linear dependence on serpin
concentration. This will occur when significant concentra-
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tions of the initial (EI) complex are not formed at the
concentrations of serpin used (Morrison & Walsh, 1988),
and in this case, v; equals v,, and the dependence of &’ on
the concentration of serpin will be given by the following
equation:

L E— (52)
T K1+ [SVK) 2 2

init

=k, ([ +K") (5b)
where the effective association rate constant k. is defined
as ky/Kinii; K2 and K'; are apparent constants and equal to
kas/(1 + [SV/Km) and Ki(1 + [S)/Kn), respectively. For these
interactions, eqs 4 and 5b were substituted into eq 1, and
the data from a slow-binding inhibition experiment consisting
of five or six progress curves with different concentrations
of serpin were fitted to this overall equation by nonlinear
regression to yield values of k. and K; (Stone & Hofsteenge,
1986). In the presence of heparin, a significant concentration
of initial complex (EI) formed with antithrombin; v; de-
creased with the concentration of antithrombin. For analysis
of these data, eqs 2—4 were substituted into eq 1 and the
progress curve data obtained at five different concentrations
of serpin were fitted to this overall equation to yield estimates
for Kint, Ki, and the rate constants for the isomerization step
(k» and k—;). Previously determined K, values for p-lle-
Pro-Arg-pNA were used in the calculation of the kinetic
parameters (Hermans et al., 1994). Data from slow-binding
inhibition experiments were also fitted to an equation that
assumed that the inhibition was irreversible (v, in eq 1 was
set to zero); in all cases, a better fit was obtained when
reversible inhibition was assumed (see Figure 1).

For cases where v; did not vary with the inhibitor
concentration, it was possible to calculate a lower limit for
Kinii. Assuming that a 20% decrease in velocity would have
been detected, the following relationship for the lower limit
for K, can be derived:

it > o/ (1 + S/K )
where I is the highest concentration of inhibitor used.

Determination of the Site of Cleavage in PN1 by Acrosin.
PN1 (23 uM) was incubated with acrosin (2.5 #M) in volume
of 0.1 mL for 1 min at 37 °C, after which the mixture was
injected onto a 4.6 x 250 mm PLRP-S reverse-phase HLPC
column (Polymer Laboratories, Church Stretton, U.K.). The
flow rate for the HPLC separation of the cleavage products
was 1.0 mL/min. After the column was washed for 10 min
with 5% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetic acid,
the bound peptides were eluted with a linear gradient of
5—80% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetic acid

Hermans et al.

Table 1: Specific Activities of Serpins with Acrosin®

serpin temp ( °C) heparin sp act.
antithrombin 37 - 1.0
37 + 0.67
R-AT 37 - 0.37
37 + 0.56
PN1 37 - 0.027
37 + 0.059
20 - 0.004
12 - 0.0003

@ Titrations of the serpins against acrosin were performed as described
in Materials and Methods. Titrations against thrombin were performed
at the same time, and the serpins were assumed to be fully active against
thrombin. The serpins were also titrated against acrosin in the presence
of a range of heparin concentrations. The titers did not vary
significantly over the heparin concentration range tested (0.1—10 4M
for R-AT, 7 nM—2 uM for PN1, and 2 nM—2 ¢M for antithrombin),
and values given represent the averages of the titers determined at
different heparin concentrations.

over 40 min. The absorbance of the effluent was monitored
at 214 nm. Two absorbance peaks were observed. The
initial peak eluted about 25 min after the start of the gradient,
and this position corresponded to that previously observed
for the C-terminal fragment of reactive-site cleaved serpins
(Aulak et al., 1988). This peak was collected and its
N-terminal sequence determined by Dr. L. Packman (Protein
Sequence Facility, Department of Biochemistry, University
of Cambridge).

RESULTS

Specific Activity of the Serpins Antithrombin, PN1, and
R-AT with Acrosin. The specific activities of the serpins
against acrosin have been defined relative to their activity
with thrombin. Antithrombin was equally active against
thrombin and acrosin. In contrast, the titers of R-AT and
PN1 were lower with acrosin (Table 1). Only 37% of the
R-AT molecules capable of inhibiting thrombin formed stable
complexes with acrosin. The specific activity of PN1 was
surprisingly low; only 2.7% of PN1 molecules inhibited
acrosin. Heparin affected the titers of the serpins against
acrosin (Table 1). The titers did not vary significantly over
the heparin concentration range tested (0.1—10 uM for R-AT,
7 nM—2 uM for PN1, and 2 nM—2 uM for antithrombin).
Heparin increased the titer of PN1 and R-AT by 2.2- and
1.5-fold, respectively. In contrast, the specific activity of
antithrombin was one-third lower in the presence of heparin
(Table 1).

The above titrations were performed at 37 °C. As it has
been reported that the ability of Cl-inhibitor to form
stable complexes with proteases varies with temperature
(Patston et al., 1991), the titration of PN1 against acrosin
was also performed at 20 and 12 °C. The specific activity
of PN1 decreased markedly at lower temperatures; 0.4% of
the PN1 inhibited acrosin at 20 °C, and only about 0.03%
of the PN1 formed a stable complex with this protease at 12
°C. At least two time points were taken for the titrations at
the lower temperatures (170 and 340 min at 20 °C; 280 and
460 min at 12 °C), and the degrees of inhibition at both time
points were identical, indicating that the reaction was
complete.

Acrosin Cleaves PNI at the Reactive Center. The low
specific activity of PN1 with acrosin suggested that most of
the serpin may be acting as a substrate for this enzyme.



Acrosin—Serpin Interactions

Biochemistry, Vol. 34, No. 11, 1995 3681

12 T T — T T T T T T 12
A B

10 | . 410

= -8
3
©

£ -6
'E
S
2

f {4
a

q2

0 | ! 0 i ! L 1 ! o L 0

0 100 200 300 400 500 0 100 200 300 400 500

time (min)

time (min)

FIGURE 1: Inhibition of acrosin by R-AT. Assays were performed as described in Materials and Methods with 90 uM b-Ile-Pro-Arg-pNA,
1.1 nM acrosin, and the following concentrations of R-AT: 0 (@), 76 (O), 101 (A), 128 (A), and 177 nM (4#). Data points at times less
than 15 min are not plotted, and only each second data point thereafter is shown. The data of panel A were analyzed according to the
equation for slow-binding inhibition to yield values for k.5 and X;; the lines shown are the fits of the data to this equation. The data of panel
B were analyzed according to the equation for irreversible inhibition (v in eq 1 was set to zero), and the lines show the significantly worse

fit to this equation.

Analysis of the reaction by SDS—PAGE was consistent with
this interpretation. The mobility of acrosin-treated PN1 was
the same as that observed for PN1 that had been cleaved in
the reactive-site loop by pancreatic elastase (Nick et al.,
1990). Reverse-phase HPLC analysis of the reaction prod-
ucts confirmed that acrosin had cleaved PN1 at its reactive
center, i.e., between the P, and P’; residues. Before treatment
with acrosin, reverse-phase HPLC analysis of PN1 yielded
a single absorbance peak. After incubation with acrosin, two
peaks were observed, and the elution position of the first
peak corresponded to that of the C-terminal peptide from
reactive-site cleaved C1-inhibitor (Aulak et al., 1988). This
peak was collected and subjected to N-terminal sequence
analysis. The sequence obtained (Ser-Ser-Pro-Pro-Trp) was
that of residues P’; to P’s of PN1 (Sommer et al., 1987).
Thus, the results demonstrated that acrosin had cleaved PN1
at the P,—P’, reactive-center bond.

Inhibition of Acrosin by Serpins. The serpins PNI,
antithrombin, and R-AT were slow-binding inhibitors of
acrosin. Analysis of progress-curve data similar to those
shown in Figure 1 for R-AT yielded values of the association
rate constants (Kiss = ko/Kinit) together with inhibition
constants (K;) for the stable (EI*) complexes (Scheme 1).
R-AT yielded the highest k. value (2 x 10° M~! s71) and
the value obtained was equivalent to that previously observed
with PCI (Table 2). R-AT has a P, proline which is the
preferred P, residue for chromogenic substrates of acrosin
(Skoog et al., 1989). The ks value for a}ntithrombin with
acrosin was 4-fold lower (4 x 10* M~! s71), while PN1
exhibited the lowest association rate constant (5 x 10° M1
s™!; Table 2). The inhibition constants of the stable
complexes (K;) were 1 nM or less (Table 2), indicating
extremely stable EI* complexes. The inhibition did, how-
ever, appear reversible. Analysis of the data according to
the equation that assumed irreversible inhibition yielded a
worse fit as shown in Figure 1 for R-AT.

There is kinetic evidence that the formation of the stable
protease—serpin complex involves at least two steps (Olson

Table 2: Kinetic Parameters of Serpins with Acrosin?

Kinie partition

(nM) kass M1 571 K (nM) ratio
R-AT >30 (1.82 £ 0.03) x 10° 0.038 £+ 0.003 1.7
PN1 >220 (4.81 £0.05) x 10° 1.44 £0.11 37.3
antithrombin ~ >50 (4.35 £ 0.06) x 10* 0.27 £ 0.04 <0.1
PCI >20 (2.41 £0.03) x 10° 0.046 + 0.005 <0.1

@ Assays were performed and data were analyzed as described in
Materials and Methods to yield estimates of kass (=k2/Kinit) and K;. The
value given for PCI is taken from Hermans et al. (1994). The maximum
serpin concentrations used were 320 nM R-AT, 2.0 4M PN1, and 600
nM antithrombin. These values were used to calculate minimum values
for Kint as described in Materials and Methods. The partition ratio
was calculated as described in the text from the specific activity
determined in titration experiments (Table 1).

& Shore, 1982; Stone et al., 1987; Bruch & Bieth, 1989;
Longstaff & Gaffney, 1991; Faller et al., 1993; Morgenstern
et al., 1994), and thus, the mechanism of Scheme 1 is the
most general one for serpins. However, with the concentra-
tions of serpins used, the initial EI complex between the
serpins and acrosin did not form to a significant extent.
Kinetic evidence for the initial complex will only be obtained
when the serpin concentrations are in the range of the
apparent dissociation constant for the initial complex (K'init;
Morrison & Walsh, 1988). With such concentrations, the
initial velocity (v;) will decrease with the inhibitor concentra-
tion (Morrison, 1982). At the concentrations of serpins used,
no variation in v; was observed. A minimum value for Ky
can be calculated by assuming that a 20% decrease in v;
would have been discernible (see Materials and Methods),
and this value is given for each serpin in Table 1.

Effects of Heparin on Acrosin—Serpin Interactions. He-
parin altered the kinetic constants for the serpins with acrosin;
the values observed in the presence of optimal concentrations
of heparin are given in Table 3. The values of k. for the
heparin-binding serpins PN1 and antithrombin increased
markedly; the values were highest in the presence of 1077
M heparin for both serpins (Figure 2). At this concentration,
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Table 3: Kinetic Parameters of Acrosin and Serpins at Optimal Heparin Concentrations”

Kinit (nM) ko (s kass M™1s™1) x-fold increase in ks, Ki (pM) partition ratio
R-AT >12 (44+0.1) x 10¢ 041 227 +£20 0.8
PN1 >3 (2.4 £0.2) x 108 500 15+02 16
antithrombin 0.24 £ 0.03 (2.6+0.4) x 107 (1.1 £0.2) x 107 250 9.1+£0.2 0.5
PCI >0.2 (22 £0.1) x 107 90 1.7+£02 1.5

@ Assays were performed and data were analyzed as described in Materials and Methods. The values of the kinetic parameters were calculated
from data obtained at the following concentrations of heparin: R-AT, 0.11 uM; PN1, 0.07 u4M; antithrombin, 0.2 uM; and PCI, 2.0 uM. The
concentrations of serpins in the assays were 320—630 nM R-AT, 50—100 nM PN1, 29—59 nM antithrombin, and 15 nM PCI. The values for PCI
were determined previously (Hermans et al., 1994). An average molecular mass of 18 kDa was used to calculate the molarity of the heparin. The
partition ratio was calculated as described in the text from the specific activity determined in titration experiments (Table 1).
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FIGURE 2: Variation with heparin concentration of the association
rate of serpins with acrosin. Assays were performed and data were
analyzed as described in Materials and Methods with 29—59 nM
antithrombin (A) and 50—100 nM PN1 (O) in the presence of the
indicated concentrations of unfractionated heparin (average M; =
18 000).

k,ss for antithrombin was 250-fold higher than that observed
in the absence of heparin (Table 3). The degree to which
heparin accelerated the PN1—acrosin interaction was even
larger; a 500-fold increase in k., was observed for PN1. In
contrast to PN1 and antithrombin, the k. value for R-AT
was lower in the presence of heparin; the value did not
change significantly over the heparin concentration range
tested (0.1—11 uM) and was 2.5-fold lower than that
observed in the absence of heparin (Table 3).

Although a significant concentration of the initial (EI)
complex did not form with the concentrations of PN1 and
R-AT used, kinetic evidence for the formation of this
complex was obtained for the inhibition by antithrombin in
the presence of heparin (Figure 3); v; decreased with the
concentration of antithrombin. Analysis of the antithrombin
data yielded an estimate for the dissociation constant for the
initial acrosin—antithrombin complex (Kin) and the rate
constant for the conversion of this complex into the tighter
complex (k»); the estimates for Kiy: and k; were 0.24 nM
and 2.6 x 1073 s71 (Table 3). Minimum values for Kj,;, were
calculated for the other serpins and are given in Table 3. In
the presence of heparin, the inhibition of acrosin also
appeared reversible (note the finite steady-state velocities in
Figure 3) and K; values for the stable complexes could be
calculated. Heparin decreased the K; values for the heparin-
binding serpins with acrosin (Table 3). The decrease in the

(uM)

p—nitroaniline

0 1 A | 1 ] 1

0 50 100 150 200 250 300 350

time  (min)

FIGURE 3: Inhibition of acrosin by antithrombin in the presence of
heparin. Assays were performed as described in Materials and
Methods with 752 uM p-lle-Pro-Arg-pNA, 0.2 4M heparin and
the following concentrations of antithrombin: 0 (O), 29 (O), 39
(¥), 49 (4), and 59 nM (<). The concentration of acrosin was 1.6
nM. The data were analyzed according to the equation that describes
the two-step mechanism of Scheme 1, and the lines show the fit of
the data to this equation. Data points at times less than 20 min are
not plotted, and only each second data point thereafter is shown.

K; value for PN1 was more marked (1000-fold) than that
observed for antithrombin (20-fold).

DISCUSSION

Serpins Act as Suicide Substrates. The results of the
present study demonstrate that whether a serpin acts as an
inhibitor or a substrate is dependent on the conditions of the
assay (temperature and the presence of heparin) and the target
protease. The most dramatic illustration of this was PN1;
only 2.7% of PN1 molecules inhibited acrosin at 37 °C, and
the fraction of PN1 that formed a stable complex with acrosin
decreased markedly at lower temperatures. HPLC analysis
and N-terminal sequencing indicated that acrosin cleaved
PN1 at the P;—P’; bond. These results are consistent with
a mechanism in which, after the formation of an initial
complex, two alternative pathways exist for the reaction of
PN1 as shown in Scheme 2, where I’ is the degraded
inhibitor. In this bifurcating reaction pathway, the initial
enzyme—inhibitor complex forms a stable complex with a
rate constant k, or a cleavage reaction occurs with a rate
constant k. Such an inhibitor is termed a “suicide
substrate”. Enzyme inhibition and serpin cleavage are
competing reactions, and the stable EI* complex does not
lie en route to the production of degraded inhibitor. For
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Scheme 2
k, k,
E+1 El EI'
k., k.,
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this mechanism, Waley (1985) has defined k..a/k: as the
partition ratio (). This partition ratio represents the number
of catalytic turnovers per inactivation event. The relative
amounts of cleaved serpin and inhibited complex are
govemned by the partition ratio (r) and the relative concentra-
tions of enzyme and serpin. In the titration experiments to
determine the specific activity of the serpins, the concentra-
tions of serpin used in the analysis were less than that of
acrosin. Under these conditions, a plot of the activity of
acrosin against serpin concentration will yield a straight line
with the intersection on the abscissa being (1 + r) (Waley,
1985); i.e., the observed stoichiometry is (1 + r). Apparent
stoichiometries greater than 1.0 occur because inhibition does
not take place each time the initial EI complex is formed.
Values of r for each serpin in the absence and presence of
heparin are given in Tables 2 and 3. For the slow-binding
inhibition experiments, the initial concentrations of serpin
([1]o) were always much greater than that of acrosin ([E]o),
and Waley (1985) has shown that, provided the relationship
(1 + NI[E]y/[Ilo << 1 applies, the formation of the stable
complex is the major pathway; i.e., cleavage of the serpin
can be ignored if [E]o << [I]¢/(1 + r). For the concentra-
tions of serpins in the slow-binding inhibition experiments,
the relationship [Ely < 0.05[I]o/(1 + r) always applied.
Under these conditions, the data could be analyzed according
to the equations for slow-binding inhibition (eqs 1—5). The
mechanism presented in Scheme 2 differs for those previ-
ously proposed for suicide substrates in that the stable
complex is reversible. In all cases, the equation assuming
reversible inhibition yielded a better fit to the progress-curve
data (see Figure 1). Previous studies have indicated that the
stable protease—serpin complex is reversible (Jesty, 1979;
Griffith & Lundblad, 1981; Stone et al., 1987; Shieh et al.,
1989; Longstaff & Gaffney, 1991; Morgenstern et al., 1994).
The observed reversibility of the complex could be due either
to reversal of the association steps as shown in Scheme 1 or
to the release of cleaved inhibitor; evidence for both
pathways exists (Beatty et al., 1982; Danielsson & Bjork,
1980, 1983; Griffith & Lundblad, 1981; Shieh et al., 1989).
In any case, the complexes are extremely stable with K;
values of 1 oM or less. The dissociation rate constant for
the release of free enzyme (kgss) can be calculated using the
formula k4 = kassKi. In the absence of heparin, the kg
value was less than 1073 s7! for all the serpins, which
corresponds to a half-life for dissociation of the complex of
greater than 16 h.

The mechanism of suicide inhibition was first proposed
for serpins in 1979 because a small amount of cleaved
antithrombin was always produced when it was incubated
with thrombin (Fish & Bjork, 1979). It was later observed
that antithrombin had a slightly lower titer against thrombin
when heparin was present (Bjork & Fish, 1982) as was also
noted for antithrombin with acrosin (Table 1). Low ionic
strength buffers together with heparin resulted in a partition
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ratio of 9 for antithrombin with thrombin (Olson, 1985).
Different partition ratios (0.05—3.6) have also been observed
for Cl-inhibitor against kallikrein, Cls, and plasmin (Patston
et al., 1991) and for recombinant a;-antichymotrypsin with
an arginine P; residue against thrombin and trypsin (Rubin
et al., 1990).

Although the structure of the EI* complex is not known,
there is evidence from studies utilizing antibodies that the
serpin has a different conformation in the stable EI* complex
than when free in solution and that its structure in the stable
complex resembles that of the cleaved inhibitor (Bjork et
al.,, 1993; Zhu & Chan, 1987). In the cleaved serpin, the
P,—Py4 residues are incorporated into the A -sheet as the
fourth strand (Loebermann et al., 1984). It is thought that
the structural transition observed for the serpins in the stable
complex is due to the insertion of several residues at the
N-terminal end of the reactive-site loop into the A S-sheet
(Engh et al., 1990; Carrell & Evans, 1992). When this partial
insertion of the reactive-site loop is prevented due to prior
insertion into the A -sheet of a synthetic peptide with the
sequence of the reactive-site loop, the serpin acts as a
substrate, not as an inhibitor (Schulze et al., 1990; Bjork et
al., 1992). The Pjp and Py, residues seem to be involved in
this insertion. The variant Cl-inhibitor Ma, which has the
P;; residue mutated from an alanine to a glutamate, behaves
as a substrate (Skriver et al.,, 1991). For antithrombin,
replacement of the P, alanine by a threonine or the Py
alanine by a proline converts the serpin into a substrate for
thrombin (Ireland et al., 1991; Caso et al., 1991), and the
Pip proline substitution in @-antitrypsin also leads to
substrate-like behavior (Hopkins et al., 1993).

The above observations have led to the development of
the induced conformational state model for serpin—protease
interactions (Skriver et al., 1991; Potempa et al.,, 1994). In
this model, the binding of the protease to the reactive-site
loop of the serpin induces partial insertion of the region from
Pio to Py, into the A S-sheet. This insertion arrests cleavage
of the loop by the protease. In the absence of partial
insertion, the reactive center of the serpin is cleaved. This
model proposes that inhibition will only occur if the rate of
insertion (k,) is faster than the rate of cleavage (kc.u). The
partition ratio (r) of the PN1—acrosin interaction increased
at lower temperatures (70-fold between 37 and 12 °C);
smaller increases in this ratio with decreasing temperature
have been reported previously for Cl-inhibitor with both
kallikrein and plasmin (Patston et al., 1991). This increase
in the partition ratio (=kcuq /k;) could be due to an increase
in ke or a decrease in k>, An increase in k. at lower
temperatures is unlikely. The rate of catalysis is expected
to decrease with lower temperatures, and indeed the k., for
acrosin with D-Ile-Pro-Arg-pNA was found to decrease 17-
fold between 37 and 17 °C (data not shown). Thus, it seems
probable that the increase in the partition ratio is due to a
large decrease in k;, and in this regard, it is interesting to
note that the rate of insertion of synthetic reactive-site loop
peptides into the A S-sheet decreases dramatically with lower
temperatures (Schulze et al., 1990). The induced confor-
mational state model proposes that interactions with the
protease induce the partial insertion of the reactive-site loop
into the A -sheet; thus, the rate of insertion will not be an
intrinsic property of the serpin, but it will be influenced by
the protease as well. Data obtained with antithrombin
support this proposal providing the magnitude £; is actually
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determnined by the rate of partial insertion. In the presence
of heparin, the value of k, for antithrombin with thrombin
was about 5 s™! (Olson & Shore, 1982), while under similar
conditions the value of k; for this serpin with acrosin was
only 3 x 1073 s7! (Table 3). These results suggest that
interactions between thrombin and the reactive-site loop of
antithrombin induce a conformation that is more favorable
for rapid insertion of residues into the A S-sheet. However,
further experiments are required to determine whether partial
insertion of the reactive-site loop into the A f-sheet is the
rate-limiting step in the formation of the stable complex from
the initial one.

Effect of Heparin on the Acrosin—Serpin Kinetics. He-
parin-like molecules are present at high concentrations in
the female reproductive tract (Bushmeyer et al., 1985), and
previous studies have suggested that they may be involved
in regulating the activity of acrosin during the fertilization
process. Heparin modulates the catalytic activity of acrosin
(Hermans et al., 1994) and its binding to the zona pellucida
(Jones, 1990; Topfer-Petersen, 1990). Heparin also acceler-
ates the inactivation of acrosin by PCI (Hermans et al., 1994).
The data of Figure 2 indicate that heparin markedly increased
the kus values of two other serpins (antithrombin and PN1)
with acrosin. At optimal heparin concentrations, the ks
values for antithrombin and PN1 were respectively 250 and
500 times higher than in the absence of heparin (Table 3).
The heparin effects on the kinetics of PN1 and antithrombin
are probably due to the binding of heparin to both acrosin
and the serpin. Such a mechanism has been shown to
account for the heparin acceleration of the inhibition of
thrombin by antithrombin and PN1 (Olson & Bjork, 1992;
Wallace et al., 1989). For the thrombin—antithrombin
reaction, it has been shown that rate enhancement is due
entirely to a decrease in the dissociation constant of the initial
complex (Kiny); i.e., the affinity of thrombin for the binary
heparin—antithrombin complex is much greater than its
affinity for antithrombin alone (Olson & Shore, 1982).
Thrombin’s increased affinity for the heparin-antithrom-
bin binary complex is presumably due to additional binding
sites for thrombin being created in this complex (Olson &
Bjork, 1992). Interestingly, the same mechanism is respon-
sible for the heparin enhancement of the reaction of anti-
thrombin with acrosin. In the absence of heparin, only a
lower limit (50 nM) for the value of K, could be obtained
(Table 2). At the optimal heparin concentration, the value
of K (0.24 nM) was at least 200-fold lower than that
observed in the absence of heparin. This increase in affinity
would entirely account for the 250-fold increase in the
association rate constant (k»/Kiq;) observed in the presence
of heparin (Table 3).

Physiological Role of PN1 in the Reproductive Tract. PN1
was originally isolated from the culture supernatant of human
foreskin fibroblasts (Baker et al., 1980). At about the same
time, it was shown that a protein produced by glioma cells
was able to stimulate neurite outgrowth from neuroblastoma
cells (Schiirch-Rathgeb & Monard, 1978), and this protein
was later demonstrated to be PN1 (Gloor et al., 1986;
Sommer et al., 1987). The neurite-promoting activity of PN1
has stimulated research into its role in the nervous system
where its level of expression is regulated during development
and increases following lesions (Reinhard et al., 1988, 1994;
Meier et al., 1989; Hoffmann et al., 1992; Scotti et al., 1994).
PN1 also shows a restricted distribution in other embryonic
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and adult tissues, suggesting that it has a role in organogen-
esis and tissue homeostasis (Mansuy et al., 1993). The
highest level of expression of PN1 that has been observed
is in the adult seminal vesicle where PN1 mRNA represents
0.2—0.4% of the total mRNA (Vassalli et al., 1993).
Moreover, its expression in seminal vesicles is regulated by
androgens, and it has been suggested that PN1 plays a role
in the control of protease activity in the male and/or female
reproductive tracts (Vassalli et al.,, 1993). The results
obtained in the present study indicate, however, that the target
enzyme of PN1 is unlikely to be acrosin, since it was
degraded by this enzyme. Although the target enzyme for
PN1 in the male and/or female reproductive tract remains
to be definitively identified, urokinase-type plasminogen
activator represents a possible target for PN1. This enzyme
is synthesized in relatively high levels in the male genital
tract of rodents (Larsson et al., 1984; Huarte et al., 1987)
and is inhibited rapidly by PN1 (Scott et al., 1985; Stone et
al., 1987). An interesting possibility is that PN1 controls
the activity of urokinase, which is bound to the head of the
spermatozoon (Huarte et al., 1987), until the acrosome
reaction takes place. This step releases active acrosin which
can then degrade PN1 with the consequence that urokinase
activity is no longer restricted, and the urokinase can assist
in the degradation of the zona pellucida that is necessary
for fertilization to occur.
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