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ABSTRACT: We have examined in detail the kinetics of binding of the serpin a,-antiplasmin to the serine
proteases a-chymotrypsin and plasmin. These represent model systems for serpin binding. We find, in contrast
to earlier published results with «,-antiplasmin and plasmin, that binding is reversible, and slow binding
kinetics can be observed, under appropriate conditions. Binding follows a two-step process with both enzymes,
with the formation of an initial loose complex which then proceeds to a tightly bound complex. In the absence
of lysine and analogues, equilibrium between «,-antiplasmin and plasmin is achieved rapidly, with an overall
inhibition constant (K;') of 0.3 pM. In the presence of tranexamic acid or 6-aminohexanoic acid, lysine
analogues that mimic the effects of fibrin, plasmm binding kinetics are changed such that equ111br1um is
reached slowly following a lag phase after mixing of enzyme and inhibitor. The K}’ is also affected, rising
to 2 pM in the presence of 6-aminohexanoic acid concentrations above 15 mM. Thus extrapolation to the
in vivo situation indicates that complex formation in the presence of fibrin will be delayed, allowing a burst
of enzyme activity following plasmin generation, but a tight, pseudoirreversible complex will result eventually.
Chymotrypsin is more weakly inhibited by «,-antiplasmin, exhibiting an overall K; of 0.1 nM, after two-stage
complex formation. The inhibition constant for the initial loose complex (K;) is very similar for both enzymes.
The difference in binding strength between the two enzymes is accounted for by the dissociation rate constant
of the second step of complex formation. To our knowledge, this rate constant has previously not been
measured for serpin interactions. The reversibility of binding argues against a complex having a covalent
bond between enzyme and inhibitor. This mechanism of binding has important consequences for the
measurement of serpin activity. Structure/function relationships are discussed to explain inhibitory action.

Control of serine protease activity is central to the bio-
chemistry of blood clotting and of fibrinolysis. Unwanted
proteolytic activity is prevented by the production of zymogens
and, following activation, by inhibition with protein inhibitors.
Serpins are a family of serine protease inhibitors present at
key points in clotting and fibrinolytic pathways. Although
serpins have been the subject of much research in recent years
[e.g., see Huber and Carrell (1989)], there is still no generally
accepted mechanism explaining how these proteins are able
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to act as protease inhibitors. To begin to address this question,
it is necessary to carry out functional studies including kinetic
analysis of binding. More complete understanding will come
with detailed X-ray crystal structures of serpin complexes, but
this is unavailable at present. Serpins are known to form stable
1:1 complexes with serine proteases, but the factors responsible
for ensuring that the bound protein is not hydrolyzed are poorly
understood. We have used the serpin a,-antiplasmin to in-
vestigate the kinetics of inhibitor binding with two enzymes,
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plasmin and chymotrypsin. Plasmin is the enzyme responsible
for digesting fibrin and is the target enzyme for a,-antiplasmin
(Collen et al., 1976; Moroi & Aoki, 1976; Mullertz & Clem-
ensen, 1976); chymotrypsin is used here as a model serine
protease with this inhibitor.

The earliest studies on a,-antiplasmin binding to plasmin
led to a mechanism for binding as shown in scheme I (Wiman
& Collen, 1978; Wiman et al., 1978). This has also been
proposed as a general model for serpin binding to serine
proteases (Travis & Salvesen, 1983). Scheme I shows the
reversible formation of an initial loose complex, EI, followed
by the irreversible formation of complex EV. On the basis of
the observed value of k,, and by analogy with other small
protein protease inhibitors for which crystal structures were
available, for example, bovine pancreatic trypsin inhibitor
(Rithlmann et al., 1973), it was proposed that this second step
represented covalent bond formation (Travis & Salvesen,
1983).

Scheme |
k| k;
enzyme + inhibitor ,—k—l—‘ El — EV

A great deal of kinetic work has been done on serine pro-
tease—protein inhibitor binding (e.g., of the Kunitz, ovomucoid
types, etc.), which shows complex formation follows a series
of reversible steps (Laskowski & Kato, 1980). There are some
reports in the literature that intact serpin can be recovered
from complexes, i.e., that complex formation can be reversed
under some circumstances (Ohlsson & Laurell, 1976; Shieh
et al., 1989). Specifically, the recent work of Shieh et al.
demonstrates that trypsin or chymotrypsin could be displaced
from complexes with a,-antiplasmin by a,-macroglobulin. The
released a,-antiplasmin was not cleaved, indicating a reversible
component to complex formation. In light of these and other
observations it seemed worthwhile to look again at serpin
binding to see if this family does indeed have a different
mechanism of binding than small protease inhibitors. Al-
ternatively, the original proposals for serpin binding may need
modification. We have used a slow binding kinetics approach
to look at this system [for reviews on slow binding kinetics see
Cha (1975) and Morrison and Walsh (1988)]. This has re-
cently been applied successfully to another serine protease—
small protein inhibitor system (Longstaff et al., 1990). The
results from these studies will have implications for serpin—
protease systems in general.

MATERIALS AND METHODS

Purified «,-antiplasmin was a gift from Dr. H. R. Lijnen,
University of Leuven, Belgium. Protein was supplied as a
lyophilized powder which was reconstituted in distilled water
to a stock solution, which was flash frozen in aliquots and
stored at —40 °C before use. The concentration of active
inhibitor was determined by titration against purified plasmin
of known concentration (see below).

Human Lys-plasminogen was a gift provided by Professor
A. Sasahara of Abbott Laboratories, Chicago. This plasmi-
nogen was a mixture of two zymogen forms, types I and II,
known to have different carbohydrate compositions and dif-
ferent affinities for substrates and inhibitors (Lijnen et al.,
1981). Further purification was carried out to separate type
I and type IT plasminogens, essentially following the chro-
matographic procedure of Nieuwenhuizen and Traas (1989),
using a lysine-Sepharose column made by coupling lysine to
cyanogen bromide activated Sepharose (Pharmacia), as pre-
viously described (Deutch & Mertz, 1970). Plasminogen type
II (the second eluting peak) was used in these studies and was
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activated to plasmin by use of immobilized urokinase (a gift
from Serrono Laboratories, Rome). Urokinase was coupled
to cyanogen bromide activated Sepharose to a concentration
of 1 mg/mL in 0.1 M sodium borate buffer, pH 8.6, containing
0.5 M sodium chloride, according to the manufacturer’s in-
structions. Maximum activation of plasminogen occurred after
20-min incubation at 25 °C using S0 uL of gel to 1 mL of
plasminogen solution. Plasmin activity was stable for several
hours under these conditions. Active plasmin was flash frozen
and stored in aliquots at —40 °C for future use. No loss of
activity was noted over a period of 6 months. Purity of
plasmin(ogen) pools was checked by SDS—-PAGE (see below).

Concentration of Active Sites. Plasmin active site titrations
were performed with 4-methylumbelliferyl p-guanidino-
benzoate hydrochloride (MUGB)!' (Sigma Chemical Co.),
essentially as described by Jameson et al. (1973). Stock
MUGB solutions were made up freshly by dissolving ap-
proximately 5 mg in 1 mL of N-methylpyrrolidinone. This
was then diluted with 1 mM HCI to give a working solution
of 1 mM titrant. An aliquot (2 zL) was then added to 2 mL
of PBS, followed by 15-50 uL of enzyme solution. The in-
crease in relative fluorescence with time was monitored (ex-
citation 325 nm; emission 445 nm) until a steady-state turnover
rate was observed. Urokinase, M, 55000 (a gift from Wak-
omoto, Japan), and trypsin (Sigma Chemical Co.) were ti-
trated similarly. a-Chymotrypsin (Sigma Chemical Co.) was
titrated by using 4-methylumbelliferyl p-(V,N,N-trimethyl-
ammonio)cinnamate (MUTMAC) (Sigma Chemical Co.)
(Jameson et al., 1973). Standard curves were made for both
titrants by using 4-methylumbelliferone in PBS.

Catalytic constants for plasmin were determined in 0.1 M
Tris-HCI buffer, pH 7.4, containing 0.01% Tween 80, at 25
°C, with the substrate S-2251 (Val-Leu-Lys-p-nitroanilide,
Kabi Diagnostics, Sweden). Under these conditions K, = 0.2
mM and k,, = 28 s7l. a-Chymotrypsin was assayed in 0.144
M Tris-HCI buffer, pH 7.78, containing 0.01% Tween 80, at
25 °C, with the substrate succinyl-Ala-Ala-Pro-Phe-p-nitro-
anilide (Sigma Chemical Co.). K, and k., were determined
to be 0.045 mM and 43 s71, respectively.

The same buffers were used in the inhibition kinetics ex-
periments described below. Trypsin assays were performed
in 0.1 M Tris-HCI buffer, pH 8.0, containing 0.01% Tween
80, with the chromogenic substrate benzoyl-L-arginine-p-
nitroanilide (Sigma Chemical Co.). Urokinase assays were
performed in 0.1 M Tris-HCI buffer, pH 8.8, containing 0.01%
Tween 80, with the chromogenic substrate S-2244 (pyro-
glutamyl-Gly-Arg-p-nitroanilide, Kabi Diagnostics, Sweden).

Inhibition Progress Binding Curves. To determine asso-
ciation rate constants, dissociation rate constants, and inhib-
ition constants for a,-antiplasmin—serine protease interactions,
the onset of inhibition was monitored by adding enzyme so-
lution to a mixture of chromogenic substrate and inhibitor.
In some cases (see Results), effector was also present, either
tranexamic acid [trans-4-(aminomethyl)cyclohexanecarboxylic
acid] or 6-aminchexanoic acid (both Sigma Chemical Co.).
These molecules are known to slow down the rate of reaction
of plasmin and a,-antiplasmin. For experiments with plasmin,
concentrations were 0.5 nM enzyme, 1 mM substrate (S-

! Abbreviations: SDS-PAGE, sodium dodecy! sulfate—polyacrylamide
electrophoresis; PBS, phosphate-buffered saline; MUGB, 4-methyl-
umbelliferyl p-guanidinobenzoate hydrochloride; MUTMAC, 4-
methylumbelliferyl p-(N,V,N-trimethylammonio)cinnamate; S-2251,
Val-Leu-Lys-p-nitroanilide; S-2444, pyroglutamyl-Gly-Arg-p-nitro-
anilide; SD, standard deviation; BPTI, bovine pancreatic trypsin inhibitor;
t-PA, tissue plasminogen activator; PAI-1, plasminogen activator inhib-
itor 1. P, notation is from Schecter and Berger (1967).
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2251), 2.5-13 nM a,-antiplasmin, and 5-500 uM tranexamic
acid or 15-50 mM 6-aminohexanoic acid (see Results). Data
were collected for 10 h in order to establish good estimates
for final steady-state rates. Corrections were made for non-
enzymatic substrate hydrolysis where necessary.

Chymotrypsin—a,-antiplasmin binding kinetics were studied
similarly by using 0.4 mM substrate (succinyl-Ala-Ala-Pro-
Phe-p-nitroanilide), 0.4 nM enzyme, and 5-40 nM inhibitor.
Reactions were monitored for up to 5 h.

[nhibitor binding was monitored essentially as described by
Longstaff et al. (1990). Briefly, enzyme solution (100 uL)
was added to 0.9 mL of solution in a cuvette at 25 °C con-
taining buffer, chromogenic substrate, inhibitor, and effector
(where present; see Results). The solution was mixed and
placed in a DU-6 spectrophotometer fitted with a six-cell
transport mechanism. In this way data from six progress
curves were collected simultaneously.

Data were fitted to the integrated rate equation for slow
binding inhibition (eq 1) [e.g., see Morrison and Walsh

A=pi+ (o - v)(1 - e*)/k'+ 4 (D

(1988)], by nonlinear regression analysis using Enzfitter
(Leatherbarrow, 1987). Fitting generated values for v, (initial
rate), v, (final steady-state rate), k’ (apparent rate constant
for the transition from v to v,), and A, (the initial absorbance
at 405 nm), for each of the binding curves. These values were
then treated in various ways to generate rate constants and
inhibition constants (see Results). In addition, a value for
(enzyme reaction rate in the absence of inhibitor) was es-
tablished for each experiment. In all determinations, less than
5% of the chromogenic substrate was used before the com-
pletion of the experiment.

Dissociation of Preformed Complexes. Complex of chy-
motrypsin and «,-antiplasmin was made by mixing 5 uM
enzyme (10 L) with 7.2 uM inhibitor (10 zL) and incubating
for 1 h on ice. This was then quickly diluted 10*fold into 0.9
mM substrate (I mL) in buffer and dissociation of free enzyme
observed with time (absorbance at 405 nm) at 25 °C. A
cuvette containing 0.25 nM enzyme alone was monitored si-
multaneously to give the maximum rate for dissociated com-
plex. Depletion of substrate had no significant effect on en-
zyme rate over the time course of these experiments. Data
points collected over 5 h, at 1-min intervals, were fitted to eq
2 by nonlinear regression analysis using Enzfitter (Leather-

_ koot [Eol[S)(kosr + e kort — 1)
kofme[S]

barrow, 1987). k. is the dissociation rate constant for the
dissociation of complex [i.e., kyy Or k_, according to mechanism
A or B, Scheme II (Results), respectively].

Electrophoresis. PAGE of purified proteins and complexes
was carried out by using a Hoeffer minielectrophoresis system
and the method of Schagger and Von Jagow (1987). Protein
bands were stained with Coomassie Blue. Complexes for
electrophoresis were made by adding enzyme and inhibitor
(1:1.5, final concentration 2.5 uM) and incubating on ice for
2 h. Enzyme concentrations were determined from active site
titration data, and «,-antiplasmin concentration was deter-
mined by titration against plasmin. Complexes were disso-
ciated by adding an equal volume of SDS sample buffer and
heating to 100 °C for 15 min before loading 0.5 ug of pro-
tein/lane onto the gel.

+ A4 (2

RESULTS

Lysine analogues are known to slow down complex forma-
tion between plasmin and a,-antiplasmin in vitro [e.g., Wiman
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FIGURE 1: Binding of a,-antiplasmin to plasmin in the presence of
increasing concentrations of tranexamic acid. Plasmin (0.5 nM) was
added to a solution containing chromogenic substrate (1 mM), «,-
antiplasmin (2.5 nM), and tranexamic acid at (1) 0 uM, (2) 10 uM,
(3) 50 uM, (4) 100 uM, and (5) 500 uM. These experiments were
performed in 0.1 M Tris-HCI buffer, pH 7.4, containing 0.01% Tween
80, at 25 °C.

and Collen (1978)]. This is demonstrated in Figure 1, which
shows binding curves for plasmin added to mixtures of a,-
antiplasmin and chromogenic substrate in the presence of a
range of tranexamic acid concentrations. Clearly, for each
curve there is a lag phase followed by a steady-state rate, and
increasing tranexamic acid affects both the lag and the final
rate. The steady-state rates are very low but are measurable
over the long time periods used for these experiments. In
control experiments (not shown) tranexamic acid was found
to have no effect on plasmin hydrolysis of substrate (S-2251)
at concentrations below 1 mM. Thus lysine analogues affect
rate of reaction and the equilibrium position between enzyme
and inhibitor. The same pattern is obtained in the absence
of lysine analogues, but the lag is short and binding very tight,
giving a K; = 0.3 pM, calculated from known concentrations
of proteins added and the amount of free enzyme remaining
at equilibrium. This is a significant observation since previous
mechanisms of serpin—serine protease binding have suggested
the reaction was irreversible (Scheme I). This does not fit the
experimental data as shown in Figure 2. Panel A shows the
fit obtained if an irreversible reaction is assumed as outlined
in the figure legend. Panel B shows the much improved fit
using an equilibrium model. It can also been seen from Figures
1 and 2 that, following binding, there is no evidence of slow
degradation of inhibitor.

Having established that the reaction involves an equilibrium
between enzyme and inhibitor, it is necessary to determine
whether binding is one step or two step as shown in Scheme
I1. Tt should be noted that reaction as far as complex for-
mation is shown; while further processing to the cleaved in-
hibitor is not excluded, it will be very slow for a good inhibitor.

Scheme 11

kon
E+I==EI (A)
kan‘
slow
&, k,
E+I=—EI==EI (B)
ko P
slow
E—F 4= pp C
A o (©

-1 -2



982 Biochemistry, Vol. 30, No. 4, 1991
10-1 T

1.80 /ffw”'ﬁh
-

1.60 i
+
+

1.40

SOVGO

0.00 0.40 0.80  1.20 1.60  2.00 2,40 2.8 3,20 104
Time s

1,40

1,20

ao

1,00

SOV

0.80
0.60
0.40

0,20 Ea

0

00 F— —r ——
0.00 040 0.80 1.20 1.60 2,00 240 2.80 3.2 104
Time s

FIGURE 2: Typical binding of plasmin and a,-antiplasmin with the
data fitted to an irreversible and reversible reaction scheme. Panel
A shows the fit using an irreversible model from the integrated rate
equation P = (1 — eV, / A[1] [adapted from Tsou (1988)], where
P = product concentration, V;; = V.., A = apparent rate constant
for binding, and [I] = inhibitor concentration. This fitting gave values
for k, =73 X 10°M™ s k; =23 % 10*s7!, and k, = 2.5 X 107
s”'. However, the fit is poor because it ignores the final steady-state
rate. Pancl B shows data fitted well to eq 1 (Materials and Methods),
the integrated rate equation for the reversible reaction under pseu-
do-first-order conditions as here.

By investigating inhibitor binding over a range of inhibitor
concentrations, these three models can be distinguished [e.g.,
see Morrison and Walsh (1988)]. These experiments were
performed in high concentrations of 6-aminohexanoic acid
(15-50 mM), a second lysine analogue investigated, which can
be seen to have similar action to tranexamic acid. In this way,
inhibitor binding is slowed down and is easily monitored
without rapid reaction equipment. Furthermore, the addition
of lysine analogues will also mimic the situation in a clot where
lysine groups are provided by fibrin. This is more interesting
from a physiological viewpoint. When these experiments were
performed and values determined for the variables in eq 1, we
found v, to be inversely related to [I]. This disqualifies model
A in Scheme II, according to which v, should be independent
of inhibitor concentration. Model C can also be discounted
because k’ (eq 1) increases with increasing [I], which would
not be the case with model C (Morrison & Walsh, 1988).
Mechanism B is in agreement with the observed data. A plot
of Vpax/Up versus [I] can be used to calculate K, the initial
dissociation constant for the loose complex in Scheme IIB.

Longstaff and Gaffney
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FIGURE 3: Plot for the determination of the K; for the initial loose
complex between plasmin and a,-antiplasmin, in the presence of 50
mM 6-aminohexanoic acid. Values of vy were obtained from data
fitted to eq 1 (Materials and Methods) over a range of inhibitor
concentrations. K; can be determined from the slope according to
the equation V;,,,/ve = K,[11/[S1K; + (1 + K,/[S]) (Morrison &
Walsh, 1988).

From the slope of this line, X is calculated to be 8 nM (Figure
3). Similarly, a plot of Vp,,/v, versus [I] can be used to
calculate Ky, the overall inhibition constant for the binding
of plasmin and a,-antiplasmin. This was calculated to be 2.4
+ 0.3 pM (mean & SD, n = 3). Inhibition constants were
calculated for interactions at 6-aminohexanoic acid concen-
trations above 15 mM. At lower concentrations, the data were
not well fitted to eq 1. This possibly reflects equilibria between
plasmin conformations. Values for K;” were also calculated
from plots of (v — v5) /v, versus [I] (data not shown), giving
similar results. However, these inhibition constants are subject
to some error since v is very low, and much smaller than v,,.

A value of k_, the dissociation rate constant for the tight
complex can be calculated from the relationship (Morrison,
1982):

ky = k'vs/vg 3

This gives a value of k_, = (1.7 £ 0.3) X 106 57! (mean %
SD) by use of the variables fitted to eq 1. This corresponds
to a half-life for the complex of 113 h (4.7 days), longer than
the half-time of clearance from the plasma, which is 0.5 day
(Collen & Wiman, 1979). Thus, even in the presence of fibrin,
it is likely that complex formation is pseudoirreversible.

From these values, k; can be calculated from the relation-
ship:

ky = [(Ki/K) (k)] - k-, 4)

This gives a value of k, = 6 X 1073 57!,

k; can also be estimated from plots of k’versus [I], as shown
in Figure 4. k’is well estimated from the data by using eq
1, not being significantly affected by low values of v,. Esti-
mates for k£’ have been fitted to a hyperbola (see Figure 4
legend), as required for mechanism B, Scheme II. However,
it can be seen from Figure 4 that a straight line would also
fit the data quite well over this range of inhibitor concentra-
tions where mechanisms A and B in Scheme II cannot be
distinguished from k’alone. The best fit of k, to the data
generated from eq 1 gave k, = (6.0 £ 0.5) X 107 s7! (mean
£ SD, n = 3). This agrees with the value calculated above.
It is theoretically possible to derive a value for k_, from the
plots shown in Figure 4, from the intercept on the y axis.
However, this is not valid when k_, << the values of k’, and
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FIGURE 4: Dependence of k’on [I] for the determination of k, for
the reaction of plasmin and a,-antiplasmin in the presence of 50 mM
6-aminohexanoic acid. Values for k’ were generated from data fitted
to eq 1 (Materials and Methods) and the plotted data fitted to a
hyperbolic curve by using the equation k' = k_, + k,[([1]/K;)/(1 +
[S1/Kn + [11/K;)] (Morrison & Walsh, 1988).

Table I: Constants for the Binding of a,-Antiplasmin to Plasmin and
Chymotrypsin®

K; K/ k, ks

cnzyme (k/k)) (nM)  (pM)  (s7) (s)
plasmin 8 24 0.006 1.7x10°
chymotrypsin 6.6 100 0.009 1.1 x 10

7Reactions were performed at 25 °C in 0.1 M Tris-HCI, pH 7.4,
containing 0.01% Tween 80 with plasmin; and in 0.144 M Tris-HC],
pH 7.74, containing 0.01% Tween 80 with chymotrypsin.

the intercept is very close to zero. The individual values for
the various constants determined for plasmin-«,-antiplasmin
interaction at high 6-aminohexanoic acid concentrations (>15
mM) are shown in Table I.

Chymotrypsin is also known to be inhibited by a,-anti-
plasmin, although less effectively than plasmin (Wiman, 1981).
However, the mechanism of inhibition should be the same for
both these serine proteases, so it is of interest to determine
which rate constant(s) is(are) altered for the two interactions.
Slow binding inhibition curves observed for the interaction of
chymotrypsin with a,-antiplasmin, as shown in Figure 5, were
similar to those observed with plasmin, though they required
a higher range of inhibitor concentrations due to the higher
K (up to 40 nM [I] gave suitable rates). Chymotrypsin was
found to follow mechanism B in Scheme II, as demonstrated
by the dependence of v on [I], which was progressively re-
duced by 35% over the range of inhibitor concentrations shown
in Figure 5. (See also Figure 6 for demonstration of mech-
anism B.) Analyzing the data as in Figure 3 above, by using
Vinax/ Vo OF Vinax/ s versus [1], gave values of K; = 6.5 nM and
K = 0.1 nM, respectively. Thus the inhibition constant for
the formation of the initial loose complex is similar for both
plasmin and chymotrypsin, but chymotrypsin goes on to form
a less tightly bound complex. These values are likely to be
more accurately determined for chymotrypsin because v,/ v,
is smaller than in the case of plasmin and a,-antiplasmin.
However, it should be stressed that a,-antiplasmin is still a
very potent inhibitor of chymotrypsin as demonstrated by the
subnanomolar K;'.

Figure 6 is a plot of 1/(k’— k_;) versus 1/[I], from which
an estimate for k, can be derived (Shapiro & Riordan, 1984).
Values for k_, for the plot are determined by using the rela-
tionship shown in eq 3 above. The intercept on the y axis
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FIGURE 5: Slow binding inhibition kinetics for chymotrypsin and
ay-antiplasmin. Chymotrypsin (0.4 nM final concentration) was added
to 0.5 mM chromogenic substrate and a,-antiplasmin at concentrations
of 0, 5, 10, 20, 30, and 40 nM, giving increasing levels of inhibition.
All experiments were performed in 0.144 M Tris-HCI, pH 7.78,
containing 0.01% Tween 80. The inset shows the decrease in initial
rate, vg, over this range of inhibitor concentrations.
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FIGURE 6: Determination of k, and Ky for chymotrypsin and a,-
antiplasmin. To calculate 1/(k’~ k_,), k_; was determined according
to eq 4. From the intercept on the y axis an accurate value of k_,
can be calculated. The intercept on the x axis is =1 /K (app). The
plot does not pass through the origin, which is in accord with
mechanism B, Scheme II [see Shapiro and Riordan (1984)].

provides a value of k, =9 X 107357, and the intercept at 1/[I]
is —=1/K;(app), giving a value of K; = 6.6 nM, in very good
agreement with the value calculated above from V,,,, and v,.
Figure 6 also demonstrates that mechanism B is in operation
because the plot intercepts the y axis above zero, whereas for
mechanism A the intercept would pass through the origin.
From these values a more accurate value of k_, can be cal-
culated from the relationship in eq 4, to give k_, = 1.4 X 107
s7L

In the case of chymotrypsin, k_, is relatively high, and it
should be possible to observe complex dissociation directly by
diluting the complex into substrate (¢,,, = 82.5 min, for a k_,
of 1.4 X 107*s7!). This was done by forming approximately
1 uM complex on ice and diluting this to 0.25 nM in 0.9 mM
substrate, such that [EI] « K (app) [where K;(app) = K(1
+ [S]/K,)]- In this way the equilibrium established between
enzyme and inhibitor, which is apparent from Figure 5, is
displaced by dilution and competing substrate toward free
reactants E + I. When these experiments were performed,
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FIGURE 7: Dissociation of the chymotrypsin—-a,-antiplasmin complex
by dilution into substrate. An aliquot of 1 uM complex was diluted
(4 X 10%-fold into 0.9 mM chromogenic substrate, in 0.144 M
Tris-HCl, pH 7.78, containing 0.01% Tween 80, at 25 °C. Dissociation
was monitored by following free enzyme release and the hydrolysis
of substrate (absorbance at 405 nm). Curve 1 is uninhibited enzyme,
and curve 2 is the expected dissociation pattern from the results
obtained and shown in the inset. A value for k_, could be determined
directly by fitting the data to eq 2 (Longstaff et al., 1990).

complex dissociation could indeed be observed as shown in
Figure 7. When data from these experiments were fitted to
eq 2, a value for this dissociation rate constant could be derived
directly, which gave k_, = 1.1 X 107 s7I. This is in good
agreement with the value calculated above. This would in-
dicate the approaches used above for data analysis are valid.
All the constants determined for the interaction of chymo-
trypsin and «,-antiplasmin are shown in Table I.

Inhibition experiments with trypsin showed a,-antiplasmin
to be a very potent inhibitor of this enzyme in agreement with
previous data (Wiman, 1981), but this interaction was difficult
to study by the methods described above. a,-Antiplasmin
behaved as a simple competitive inhibitor of urokinase, with
a K{ of 42 nM, determined over a range of inhibitor con-
centrations from 0 to 75 nM.

Complexes formed between a,-antiplasmin and the enzymes
plasmin, chymotrypsin, trypsin, and urokinase were also
studied by using SDS-PAGE. We find that dissociation and
electrophoresis of these complexes produce a variable pro-
portion of nondissociated complex, with the remainder disso-
ciated and/or digested (not shown). The amount of dissociated
complex is not related to inhibitory strength, and the pattern
varies between experiments, suggesting dissociation/digestion
is very sensitive to the conditions used.

DISCUSSION

ay-Antiplasmin was recognized some years ago, by several
groups, as an extremely potent inhibitor of plasmin (Collen
et al., 1976; Moroi & Aoki, 1976; Mullertz & Clemensen,
1976). Further work involving kinetic studies and observations
of enzyme-inhibitor complexes in SDS-PAGE led to the
proposal that the inhibitor acts by binding covalently and
irreversibly to the serine protease (Scheme I). However, our
kinetic analysis of binding has shown that this model may be
oversimplified. We find a two-stage binding mechanism, in-
volving two kinetically observable equilibria. Turnover of
inhibitor is obviously very slow, and is not detected by our
methods under these conditions. Having said this, our con-
clusions for the physiological situation would be the same as
in earlier studies, since binding is so tight between plasmin
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and a,-antiplasmin that complex formation can be considered
to be pseudoirreversible. The fact that a,-antiplasmin exists
in equilibrium with plasmin does however have important
implications for other systems, as discussed below.

In addition, some of our findings do not agree with other
proposals for the action of «,-antiplasmin. These are based
on the observations shown in Figure 1 of binding curves with
plasmin in the presence of a range of tranexamic acid con-
centrations. The same pattern is seen with 6-aminohexanoic
acid. These curves show that increasing tranexamic acid slows
down the binding of the inhibitor, as observed previously, but
also affects the position of the final equilibrium. This argues
that lysine analogues such as tranexamic acid do not act by
blocking a second binding site for the inhibitor on the enzyme,
but rather cause a conformational change in the enzyme. This
type of conformational change is well documented for a variety
of lysine analogues binding to plasmin or plasminogen [e.g.,
Brockway and Castellino (1972)]. This altered conformation
is all that is needed to explain our observations on binding.
Other workers have proposed two binding sites for the inter-
action between plasmin and «,-antiplasmin following studies
in which proteolytically modified plasmin was found to react
more slowly (Wiman et al., 1978). It was suggested that the
modified plasmin had lost the second binding site. However,
caution must be exercised in drawing conclusions from mod-
ified proteins which are likely to have altered conformations.
Overall, these results indicate that plasmin generated within
a clot will have a zone of activity and exist for a finite time
before it becomes inhibited. Binding is very tight (pseudoir-
reversible), and dissociation is very unlikely considering the
physiological lifetime of the inhibited complex. The observed
lifetime of the active enzyme will depend on the concentrations
of plasmin, a,-antiplasmin, and plasmin substrates.

The results of ay-antiplasmin inhibition of chymotrypsin
follow the same model proposed for inhibitor binding to
plasmin and validate the approach used. Although chymo-
trypsin is not inhibited by «,-antiplasmin physiologically, this
is another tight binding serpin—serine protease interaction.
Interestingly, a,-antiplasmin is believed to bind to chymo-
trypsin using a different P, residue compared to the reaction
with plasmin, such that the two reactive sites are not the same
but do overlap (Potempa et al., 1988). However, it would be
very surprising if a different mechanism was involved for
binding of the two enzymes. Comparing the kinetics of the
two reactions (Table I), it can be seen that the only significant
difference is in the value of k_,. Although this is the rate
constant that has been ignored in all previous work (see
Scheme 1), it is common for inhibition strength to be deter-
mined by this rate constant [e.g., see Cha (1975)]. Dissoci-
ation rate constants are able to vary over a much wider range
than association rate constants, which have a diffusion-con-
trolled upper limit. This has been discussed elsewhere [e.g.,
see Fersht (1984)]. It should be stressed that the term “slow
binding inhibition” does not require a low association rate but
simply means a slow approach to equilibrium which is de-
pendent on the association and dissociation rate constants [e.g.,
see Morrison and Walsh (1988)]. Thus it is not surprising
to observe inhibitory strength determined by k_,. However,
this does have important consequences for serpin activity
studies, as follows. In many cases where serpins bind very
tightly to the serine protease, binding will appear to be
pseudoirreversible, and dissociation can be ignored from a
physiological standpoint. However, in some situations the
equilibrium between enzyme and inhibitor may well be im-
portant, for example, when both proteins are present at very
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FIGURE 8: Proposed reaction profile for serpin inhibition of serine
proteases following the reaction E + I = El = EI’ — E + I*.
Inhibition is caused in two ways. (i) The large barrier to hydrolysis
resulting from the low energy of EI’ (the enzyme-inhibitor complex,
resembling the Michaelis complex in enzyme substrate reactions; see
dashed line). This is by virtue of a high degree of enzyme—substrate
complementarity. (ii) The high energy of the transition state EI*
resulting from inherent inhibitor strain resisting deformation to the
tetrahedral transition state. The complex is thus in a “thermodynamic
pit” (AG* | yyp is large), making formation of I* highly unfavorable,
as expected for a good inhibitor.

low concentrations ([Eq] = [Ig] < K{'). This may well be the
case for the interaction of t-PA and PAI-1, for example, in
vivo and during in vitro assays. In addition, with systems
involving serpins that inhibit less potently, or with mutant
proteins, a significant portion of enzyme activity may remain
at equilibrium, unless a large excess of inhibitor is present.
In any event, inhibitory strength is best expressed as X7, i.e.,
the overall inhibition constant for the system, rather than as
an association rate constant, as is common practice.
Mechanism of Serpin Action. Early work on the crystal
structure of trypsin and BPTI led to the conclusion that
complexes were covalently bound, with the normal cleavage
reaction arrested close to the tetrahedral transition state
(Rithlmann et al., 1973). By analogy with this, and from the
kinetic data leading to the mechanism shown in Scheme I, it
was proposed that a,-antiplasmin reaction with plasmin led
to the same complex (Wiman & Collen, 1979). This mech-
anism of binding has also been proposed for other serpins
(Travis & Salvesen, 1983). However, later, highly refined
crystal structures of protein inhibitors like BPTI (Kunitz in-
hibitors, ovomucoid inhibitors, etc.) have led to the conclusion
that, when bound to serine proteases, the structures are close
to a Michaelis complex and no covalent bond exists between
the two proteins (Read & James, 1986). This is supported
by NMR data (Richarz et al., 1980; Baillargeon et al., 1980).
However, so far there is no crystal structure of an intact serpin,
or a serpin complex. On the basis of the results presented here
we would suggest that the kinetics of serpin binding are very
similar to those for other protease inhibitors of the type
mentioned above (Laskowski & Kato, 1980) and the mecha-
nism of inhibition may well be the same. This would support
the notion that serpins and serine proteases are not covalently
bound. There is no reason why a covalent bond is necessary
to explain inhibitory strength, and we would suggest that there
is no real evidence for it. One technique often used to support
the notion that the complex is covalently bound is SDS-PAGE.
As we stated under Results, we find the amount of complex
observed on gels is variable and bands corresponding to free
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enzyme and inhibitor, and to various degradation products,
are always significant. This is also seen in many gels published
in the literature. We feel that SDS treatment leads to some
covalent bond formation and other artifacts. Thus we would
propose that serpins can inhibit serine proteases by the same
mechanism that other small proteins do, which may be ex-
plained by Figure 8. This has been discussed elsewhere with
reference to the small protease inhibitor, chymotrypsin in-
hibitor 2 (Longstaff et al., 1990). However, one notable
difference between serpins and other small protein inhibitors
is that cleaved serpins are inactive due to their altered con-
formation [e.g., Carrell and Boswell (1986)], unlike other
families of inhibitors in which cleaved inhibitors remain active
(Laskowski & Kato, 1980). This is not important to the
proposed mechanism outlined in Figure 8. Serpins bind via
an active site loop, to form a 1:1 complex, where the two steps
observed in complex formation represent docking of the two
partners. The loop is complementary to the active site cleft
of the protease, resulting in an enzyme—inhibitor complex with
a very low energy compared to a normal substrate. A further
barrier to hydrolysis is the strain in the serpin molecule, which
may act to raise the energy of the tetrahedral transition state.
Serpins are known to be highly strained from data from a
number of physical techniques [e.g., see Carrell and Boswell
(1986)], and furthermore, molecules such as ovalbumin, which
are members of this superfamily but which do not have the
strained to relaxed conformational change, have no inhibitory
activity. These ideas are proposed as a basis for future work,
but the structure of the inhibited complex and mechanism of
action will only be settled when a high-resolution crystal
structure becomes available.
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Analysis of ¢ and x; Torsion Angles for Hen Lysozyme in Solution from 'H NMR

Spin-Spin Coupling Constants'
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ABSTRACT: Three-bond 3/, coupling constants have been determined for 106 residues and 3J,4 coupling
constants have been measured for 57 residues of the 129-residue protein hen egg white lysozyme. These
NMR data have been compared with torsion angles defined in the tetragonal and the triclinic crystal forms
of the protein. For most residues the measured 3Jyy, values were consistent with the ¢ torsion angles found
in both crystal forms; the RMS difference between the coupling constants calculated by using the tetragonal
crystal structure ¢ angles and the experimental 3Jyy, values is 0.88 Hz. Thus there appears to be no
significant averaging of the ¢ torsion angle either in the interior or at the surface of the protein. For 41
of the residues where 3/,4 coupling constants have been determined, the values are consistent with a single
staggered conformation about the x, torsion angle and there is complete agreement between the NMR data
in solution and the torsion angles defined in the crystalline state. In contrast, for the other 16 residues where
3J,5 coupling constant values have been measured, the data indicate extensive motional averaging about
the x, torsion angle. These residues occur largely on the surface of the protein and examination of the crystal
structures shows that many of these residues adopt a different conformation in the triclinic and tetragonal
crystal forms and have high crystallographic temperature factors. It appears, however, that in solution
conformational flexibility of the side chains of surface residues is significantly more pronounced than in
individual crystal structures.

Developments in NMR! spectroscopy in recent years have
made it possible to begin systematic comparisons between the
structures and dynamic properties of proteins in solution and
crystalline states (Clore & Gronenborn, 1987; Billeter et al.,
1989). The study of the main-chain conformations of proteins
is particularly favorable both by crystallographic techniques
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and by NMR spectroscopy. In the case of X-ray crystallog-
raphy, the continuous density associated with the polypeptide
chain enables it to be traced through the electron density map
provided that the map is of sufficiently high resolution
(Blundell & Johnson, 1976). From NMR spectroscopy, nu-

! Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser enhancement; COSY, two-dimensional J-correlated spec-
troscopy; DQF COSY, two-dimensional double quantum filtered corre-
lation spectroscopy; E. COSY, two-dimensional exclusive correlation
spectroscopy; NOESY, two-dimensional nuclear Overhauser enhance-
ment spectroscopy; RMS, root mean square.
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