1918 Biochemistry1996,35, 1918-1924

Tryptophan 60-D in the B-Insertion Loop of Thrombin Modulates the
Thrombin—Antithrombin Reactioh

Alireza R. Rezaie
Cardiovascular Biology Research Program, Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma 73104
Receied August 30, 1995; Rised Manuscript Receed October 24, 1995

ABSTRACT. In a recent study it was demonstrated that thrombin des-PPW reacts with antithrombin (AT)
very poorly. In this study it is shown that a Trp to Ala (W60A) mutant of thrombin also reacts with AT

at a lower rate than thrombin. The inhibition kinetics were studied by the slow-binding kinetic approach.
In both the presence and absence of heparin, the pseudo-first-order rate constant of thrombin inhibition
(kobg increased linearly with AT concentration, indicating that inhibition, in the concentration range covered,

conforms to a bimolecular reactionE | = E-l. Only the second-order association rate constag)(

for thrombin can be estimated [6282.7) x 10° M~1 s1in the absence of heparin and (411.2) x 10°

M~1 st in the presence of heparin]. With W60A and des-PPW, khg of inhibition increased
hyperbolically as a function of AT concentration, indicating that the inhibition is a two-step process

Kinit k
according to E+ | <= E:l — E-I. The kinetic constants for W60A were estimated tokhg = 13.6 +
3.3uM andk, = 0.007+ 0.001 s in the absence of heparin akg; = 13.6+ 3.1 nM andk, = 0.008
+ 0.002 s in the presence of heparin. AT inhibited des-PPW very sloddysf= (2.9 &+ 0.7) x 10
M~1 s™1], but heparin accelerated the reactr@0 000-fold and made it possible to demonstrate a two-
step reaction mechanism for des-PPW with: = 10.4 + 2.3 nM andk, = 0.006 + 0.001 s. In
contrast to thrombin, an active AT-binding pentasaccharide enhanced the inhibition of desPRW
fold. These results indicate that (1) in contrast to thrombin, the heparin-induced conformational change
in AT is required for optimal inhibition of des-PPW and (1) Trp60 is essential for normal thromtin
reaction. On the basis of these results, a modified model for thronfdininteraction is proposed.

Several serine protease inhibitors (serpins) including effect of heparin increases the affinity of the initial complex
antithrombin (AT)! ay-protease inhibitor o{;-PI), heparin formation at least 1000-fold with approximately a 2-fold
cofactor Il, and protease nexin | regulate the proteolytic decrease in the inhibition rate constant of the final stable
function of thrombin in plasma (Potempa et al., 1994; Pratt complex formation (Olson & Shore, 1982). Because AT
& Church, 1993; Stone & Hermans, 1995). Among these inhibits thrombin with a highKi,; and a highk,, only by
serpins, AT is thought to be the most important physiological rapid kinetic methods in the presence of high concentrations
inhibitor of thrombin. AT by itself, however, inhibits of AT has it been possible to demonstrate the two-step
thrombin at a relatively slow ratéfs,~ 1 x 10* M~1s™1) reaction mechanism for thrombiAT interaction (Olson &
(Damus et al.,, 1973; Olson & Shore, 1982). Heparin Shore, 1982).
accelerates the reaction by forming a trimolecular complex  Recently, the slow-binding kinetic approach (Morrison &
with thrombin and AT which exhibits at least a 1000-fold Walsh, 1988) has been employed by a number of laboratories
increase in inhibition ratekfssh~ (1—2) x 10 M~1 579 to demonstrate that the inhibition of other serine proteases
(Olson & Shore, 1982). by serpins follow a two-step reaction mechanism similar to

The kinetics of AT inhibition of thrombin have been that of thrombir-AT reaction. For instance, a two-step
proposed to involve a two-step reaction mechanism consist-reaction mechanism was demonstrated for interactian-of
ing of an initial loose encounter complex formation with an  antiplasmin ¢-AP) with plasmin and chymotrypsin (Long-
equilibrium dissociation constant &fy; = 1.4 mM, followed staff & Gaffney, 1991), foroy-Pl with heparin-bound
by conversion to a kinetically stable complex with a high neutrophil elastase (Faller et al., 1993), and for cytoplasmic
rate constant ok, ~ 10 s* (Olson & Shore, 1982; Stone &  antiproteinase (CAP) with trypsin (Morgenstern et al., 1994).
Hermans, 1995). In the case of thrombin, the primary effect | contrast to AT inhibition of thrombin, inhibition of the
of heparin is in the first step of the reaction. The template target proteases by the serpins mentioned above is character-
ized by a lowKj.; for the initial encounter complex formation
T The research discussed herein was supported by a grant awardedvith a subsequent slow ratk) for tight and stable complex

by the National Heart, Lung, and Blood Institute of the National formatlon Because Of thls klnetlc beha\nor |t has been
Institutes of Health (Grant PO1 HL 54804-01 to A.R.R.). )

® Abstract published if\dvance ACS Abstract&ebruary 1, 1996. possible to de_te_rm'ne t_hﬁi”it "J_md thek; Values_for these
! Abbreviations: des-PPW, thrombin mutant in which three residues, protease-serpin interactions simply by generating progress
Pro60-B, Pro60-C, and Trp60-D [in the chymotrypsin numbering system curves of inhibition of the protease in the presence of

of Bode et al., (1989)] are deleted; W60A, thrombin mutant in which ; il ;
Trp60-D is substituted with Ala; AT, antithrombing-Pl, ay-protease reasonably low concentrations of inhibitor and competing

inhibitor: o-AP, a-antiplasmin; CAP, cytoplasmic antiprotease: BPTI, chromogenic SUbStra_teS specific for _ea(_:h enzyme. Using this
bovine pancreatic trypsin inhibitor; PEG, poly(ethylene glycol). method and employing the slow-binding kinetic approach
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Role of Trp60-D in the ThrombinAntithrombin Reaction

(Morrison & Walsh, 1988), it has been possible to demon-
strate thab,-AP inhibits plasmin with &i,; of 8 nM and a

k. of 0.006 s? (Longstaff & Gaffney, 1991)q;-Pl inhibits
heparin-bound neutrophil elastase witKig; of 80 nM and

ko of 0.15 s (Faller et al., 1993), and CAP inhibits trypsin
with a Kinie of 2 nM andk, of 0.006 s* (Morgenstern et al.,
1994).

Previous studies with a deletion mutant of thrombin, des-
PPW, indicated that the inhibition of this mutant by bovine
pancreatic trypsin inhibitor (BPTI) was improved by 3 orders
of magnitude (Le Bonniec et al., 1993). But thrombin des-
PPW was inhibited by AT poorly, with a second-order
association rate constant that was at least 100-fold lower (Le
Bonniec et al., 1993). The reason for the poor reactivity of
des-PPW and AT was not studied. In this study, when a
Trp60-D to Ala (W60A) substitution mutant was prepared,
its inhibition by AT was also impaired, suggesting that
Trp60-D contributes positively to thrombiAT reaction.
The slow-binding kinetic approach is employed to determine
the role of Trp in the thrombinrAT reaction. The results
indicate that Trp60-D restricts the access of AT for the initial
high-affinity complex formation, but once the complex is
formed it contributes to the high rate of conversion of the
reversible complex to a stable and irreversible complex. In
a model proposed in this paper it is hypothesized that
Trp60-D plays an important role in the transition-state
stabilization of the thrombin-AT reaction.

MATERIALS AND METHODS

Mutagenesis, Expression, and Purification of Recombinant
Proteins. The expression and purification of thrombin des-
PPW has been previously described (Le Bonniec et al., 1993).
The W60A mutant of thrombin was prepared by polymerase
chain reaction (PCR) mutagenesis methods. The two mu-
tagenesis primers werd-BCCTGTACCCGCCCgcGGA-
CAAGAACTTCA-3' as the sense primer and BGAAGT-
TCTTGTCCgcGGGCGGGTACAGGA-3as the antisense
primer (the mutant bases are shown in lower case). All
manipulations were carried out in a prethrombin-1 derivative
of prothrombin cDNA and then transferred to the mammalian
expression vector pNUT-PL2. This vector is constructed by
the modification of pNUT-hll (Le Bonniec et al., 1991).
pNUT-PL2 contains all the features of the previously
described RSV-PL4 expression vector (Rezaie & Esmon,
1992), which includes the sequence of the transferrin signal

Biochemistry, Vol. 35, No. 6, 19961919

activation by the prothrombinase complex (Le Bonniec et
al., 1992) and purification on an FPLC Mono S column
(Pharmacia) were previously described (Le Bonniec &
Esmon, 1991).

Bovine AT was prepared and its concentration was
determined as described (Owen, 1975; Kurachi et al. 1976).
Recombinant thrombin, W60A, and des-PPW concentrations
were determined by absorbance at 280 nm, assuming a
molecular weight of 36 600 and extinction coefficients
EL% of 17.1 for thrombin and 15.6 for both W60A and des-
PPW. The concentration of active enzymes were also
determined by active-site titration with-nitrophenyl p'-
guanidinobenzoate (Chase & Shaw, 1970) which agreed
within 10% with the values calculated on the basis of
absorbance at 280 nm. All proteins were homogeneous as
determined by polyacrylamide gel electrophoresis in sodium
dodecyl sulfate.

Unfractionated heparin (porcine intestinal mucosa, sodium
salt, grade Il) was purchased from Sigma. Spectrozyme TH
(SPTH) was purchased from American Diagnostica, Green-
wich, CT. The chromogenic substrate S2238 was purchased
from Kabi Pharmacia/Chromogenix, Franklin, OH. The
antithrombin-binding pentasaccharidé-gulfonyl-6-O-sul-
fonyl-p-glucosamine)1—4(p-glucuronic acidy1—4(N-sul-
fonyl-3,6-di-O-sulfonyl-o-glucosamine).1—4(2-O-sulfonyl)-
L-iduronic acidx1—4(N-sulfonyl-3,6-diO-sulfonyl-D-glucos-
amine) was a generous gift from Dr. Jeffrey Weitz.

Kinetic Methods. Inhibition of thrombin, WE60A, and des-
PPW by AT in the presence of heparin was measured under
pseudo-first-order conditions at room temperature with at
least a 10-fold excess of AT over enzymes withVgax
kinetics microplate reader (Molecular Devices, Menlo Park,
CA). A series of inhibition progress curves for each
derivative were generated by adding 0.5 nM enzyme (final
concentration) to wells of a 96-well polystyrene plate
containing various concentrations of AT and 1 unit/mL
heparin and 250uM competing chromogenic substrate
SPTH. In the case of W60A and des-PPW, the final
concentrations of AT ranged from 0 to 200 nM. With
thrombin, the highest concentration of AT used was 50 nM.
In the presence of heparin, AT concentrations above 50 nM
yielded curves with barely detectable amplitude and unreli-
able values for the rate constants. With W60A and des-
PPW, AT concentrations of-0560 nM were also used for

peptide for secretion and the sequence of a 12-residue epitop¢he generation of inhibition progress curves, but in this case
for a C&t-dependent monoclonal antibody, HPC4, for the concentration of the competing chromogenic substrate
purification. These elements are ligated downstream from SPTH was reduced to 50M. In the absence of heparin,
the mouse metallothionein promoter and prethrombin-1 is the inhibition rates were measured under the same conditions
expressed as a fusion protein with the HPC4 epitope. Thisexcept that the concentration of AT wasT8uM and S2238
vector also contains a mutadhltfr gene for selection in high  was used as the competing chromogenic substrate. Similar
concentrations of methotrexate (Le Bonniec et al., 1991). to the case with SPTH, the concentration of S2238 had to
The expression vector containing the prethrombin-1 cDNA be adjusted for each enzyme to obtain exponentials reliable
fragment or its W60A mutant was transferred to baby for the rate measurements. The optimal concentration of
hamster kidney (BHK) cells by Lipofectin (Gibco BRL, S$2238 was 30@M for thrombin and 15Q«M for W60A. In
Gathersburg, MD), and methotrexate-resistant clones wereboth cases, however, only the data with less than 10%
selected and grown in a 96-well plate. Supernatants werechromogenic substrate hydrolysis were analyzed. In the
examined for expression by Western blot using the HPC4 absence of heparin, by this method of analysis no inhibition
antibody. High-expressing clones were identified, and after was observed for des-PPW. For des-PPW in the absence of
expansion the cell culture supernatant were collected, heparin, only the second-order association rate constant was
concentrated, and purified by immunoaffinity chromatogra- estimated by a discontinuous assay (see below). In all
phy using HPC4 antibody linked to Affi-Gel 10 (Bio-Rad) measurements the reaction buffer contained 0.02 M Tris-
as described (Le Bonniec et al., 1992). Prethrombin-1 HCI, pH 7.5, 0.1 M NaCl, 1 mg/mL bovine serum albumin
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(BSA), and 0.1% poly(ethylene glycol) 8000 (PEG 8000). by several serpins (Stone & Hermans, 1995; Longstaff &
Data from each curve at different inhibitor concentrations Gaffney, 1991; Morgenstern et al., 1994; Longstaff et al.,

were fitted to the integrated rate equation for slow-binding 1990). In these studies, the kinetic parameters of inhibition

inhibition (Morrison & Walsh, 1988) by nonlinear regression are determined in the presence of a competing chromogenic

analysis using the Enzfitter computer program (R. J. Leath- substrate using equation 1. This method of analysis can be

erbarrow, Elsevier, Biosoft): described by Scheme 1 or 2 (Tian & Tsou, 1982), where E
is enzyme, S is a chromogenic substrate specific for the

A=uvt+ (vg— vd(1— e_k"bst)/kobs—F A 1) enzyme, | is inhibitor, E-l is the final stable complex, and

E-l is an intermediate reversible complex whose concentra-

whereA is absorbance at 405 nm at tinheyy and vs are tion is described b¥ini.

initial and final steady-state velocitig,sis the apparent first-

order-rate constant, an} is the initial absorbance at 405 Scheme 1

nm. Fitting estimates values fog, vs, kons andA, for each

progress curve. These values are analyzed by different

methods to obtain inhibition and reaction rate constants (see

below). The Ky values for SPTH hydrolysis at room

temperature in TBS containing 1 mg/mL BSA, 0.1% PEG Kassn

8000, and 1 unit/mL heparin were/ M for thrombin, 12

uM for W60A, and 16uM for des-PPW. TheK,, values

for S2238 hydrolysis were g¢M for thrombin, 24uM for Scheme 2

WG60A, and 53uM for des-PPW.

The inhibition of thrombin and the mutants in the absence

or presence of the pentasaccharide were examined by a

discontinuous assay method. In this case thrombin, W60A,

or des-PPW (1 nM) was incubated with at least a 10-fold IKM

excess of AT (16500 nM for thrombin and 150 nM10

uM for W60A and des-PPW) in the absence or presence of

10 uM pentasaccharide at room temperature for 20 min in lkz

TBS buffer containing 1 mg/mL BSA and 0.1% PEG 8000.

The volume of the reaction was @ in 96-well polystyrene

plates. After 20 min of incubation, 50L of SPTH was

added to a final concentration of 200/ and the residual

thrombin activity was determined from the rate of chro- oy the second-order association rate constagg)(for the
mogenic substrate hydrolysis measured withakinetics  jhipition can be estimated from eq 3. Scheme 2, on the

microplate reader. The seconq-order association rate CONther hand, predicts thatys values will increase hyperboli-
stants Kass) were calculated using cally with the inhibitor concentration, and the valueskef

K K,
E+S —2»ES —2 - E+p
+
I

E-1

X, K,
E+S ~—2»ES —2~E+p
+
I

E-l

E-1

Scheme 1 predicts that tte,s values, as determined by eq
1, will increase linearly with the inhibitor concentration and

K,eon= (—In a)[1] ) andK;y; can be estimated using eq 4.

ssn

wherea is residual proteinase activity,is time, and [l] is Kops = Kass{I1/(1 + [SVKy) ©)
the AT concentration. o= KAV + Ky L+ [SVK) (@)
RESULTS

These methods of kinetic analysis were used to study the
Recombinant thrombin, des-PPW, and W60A were pre- inhibition of thrombin, W60A, and des-PPW by AT. Inhibi-
pared as described in Materials and Methods. It was tion was studied in the presence and absence of heparin for
previously demonstrated that deletion of the three residuesthrombin and W60A and only in the presence of heparin for
Pro, Pro, and Trp from the B-insertion loop of thrombin does des-PPW. In the absence of heparin, inhibition of des-PPW
not adversely affect the charge stabilizing system and theby AT is markedly imparied and no inhibition rate measure-
reactivity of the catalytic triad (Le Bonniec et al., 1993). As ment was possible in the presence of a competing chro-
expected, this was also true for the W60A mutant. The mogenic substrate. First, to determine the optimal concen-
SPTH hydrolysis by recombinant thrombin, W60A, and des- tration of heparin for acceleration of inhibition by AT, the
PPW were all similar. W60A and des-PPW demonstrated inhibition of thrombin, W60A, and des-PPW by AT was
higher K, values toward SPTH, but at the saturating performed in the presence of various concentrations of
concentration of chromogenic substrates, the mutants hy-heparin. As shown in Figure 1, the optimal concentration
drolyzed SPTH faster than thrombin. The kinetic constants of heparin was 0.5 unit/mL for thrombin and 1 unit/mL for
of SPTH hydrolysis at room temperature in TBS containing both W60A and des-PPW. Then, a series of progress curves
1 mg/mL BSA, 0.1% PEG 8000, and 1 unit/mL heparin were, were generated for each enzyme with a range of AT and

for thrombin, Ky, = 6 uM and kese = 18 s°%; for W60A, K, chromogenic substrate concentrations under optimized condi-
= 12uM andk.= 33 s%; and for des-PPWK,, = 16 uM tions described in Materials and Methods. An example of
andke; = 36 s such progress curves for W60A in the presence of 1 unit/

Slow-Binding Kinetic Analysis.Recently a number of mL heparin is shown in Figure 2. Data from—31
laboratories used the slow-binding kinetic approach (Mor- independent experiments for each enzyme were fitted to eq
rison & Walsh, 1988) to analyze the inhibition of proteases 1 to obtain values fok,,s TO determine between Schemes
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Ficure 1: Heparin concentration dependence of thrombin, W60A, (103
and des-PPW inhibition by AT. Thrombialf, W60A (@), or des- B
PPW (©) (0.5 nM) was added to reactions containing SPTH (250 3.0 1
uM), AT (50 nM for thrombin and 200 nM for both WE60A and
des-PPW inhibition), and indicated concentrations of heparin in TBS -
buffer containing 1 mg/mL BSA and 0.1% PEG 8000. The 2.0
inhibition reactions were carried out for 30 min at room temperature. )
The pseudo-first-order association rate constapg) for inhibition 2
was determined by fitting the data to eq 1 as described in Materials K 10
and Methods. Thk,psvalues from an average of three independent ]
measurements are plotted as a function of heparin concentration.
0.0 r . T r
3007 (1] 20 40 60 80
5 2507 [AT] uM
< 2001 Ficure 3: Dependence df,pson AT concentration with thrombin
8 in the presence and absence of heparin. (A) Khevalues for
S 1507 thrombin inhibition at different concentration of AT in the presence
2 of heparin were calculated from a series of progress curves similar
Q 1007 to those in Fig. 2. The slope of the straight line represents the
g 50 second-order association rate consténtj of thrombin inhibition
according to eq 3. (B) Same as panel A except thakihevalues
o ——— . , for inhibition is determined in the absence of heparin.
0.0 0.5 1.0 1.5 2.0
Time (sec x 103) Table 1: Kinetic Constants for Inhibition of Thrombin, W60A, and
FiGURe 2: Typical progress curves for inhibition of W60A by AT ~ des-PPW by AT
in the presence of 1 unit/mL heparin. W60A (0.5 nM) was added enzyme heparin Kinit ke (571 Kassn(M 1 571

to reactions containing 250M SPTH and varying concentrations
of AT in complex with 1 unit/mL heparin in TBS buffer containing
1 mg/mL BSA and 0.1% PEG 8000. The concentration of AT in b
reactions were XY), 31 nM @), 50 nM (»), 62 nM @), 100 nM W60A
(@), 150 nM (@), and 200 nM ©). The pseudo-first-order

association rate constarit,g) for inhibition was determined by des-PPW 1+ 104+23nM 1 2.9+ 2'7)X i?);
fitting the data to eq 1 as described in Materials and Methods. Only 0.4+2.3nM 0.006+0.001 (5.8+1.8)x

values for every 100 s are plotted. a By the slow-binding kinetic approach using SPTH as the competing

. chromogenic substrate, no estimateskgf; or k, were obtained for
1 and 2, thekops values were plotted as a function of AT i ompin and only thekss, values were calculated using eq 3 as

concentrations. With thrombin, in both the presence (Figure described in Resulté.By the slow-binding kinetic approach a two-
3A) and absence (Fig. 3B) of heparin thgsvalues increased  step inhibition mechanism was observed for W60A in both the presence
linearly with the AT concentration. In this case only the a'}dt,absﬁﬂcki O‘lhl‘fs’;fiv”-cg“i@ssn V{arlues are Ca'“;'ite‘j from the
values forksssnwere obtained for thrombin from equation 3 53_'822; iﬁn&i?o_n rﬁeéggnism” zggerv‘; dp]fgrsggg_epgw'el%?gcamaes a
and they are shown in Table 1. In contrast to thrombin, the i, the absence of heparin was estimated by a discontinuous assay
kobs Values of W60A both in the presence (Fig. 4A) and in  method using eq 2 as described in Materials and Methods. All values
the absence of heparin (Fig. 4B) and those of des-PPW (Fig.are the average of-311 independent measuremeesSD.

4A), measured only in the presence of heparin, increased

hyperbolically with AT concentration, suggesting that the the relationshipkassh = ko/Kinit (Stone & Hermans, 1995).
inhibition is a two-step process as described by Scheme 2These values are all presented in Table 1.

and eq 4. Nonlinear regression analysis of data fitted to eq To ensure that the inhibition kinetic behavior observed
4 estimateKinit = 13.6+ 3.3uM, k, = 0.0007+ 0.001 s? with W60A and des-PPW is not due to higher concentrations
(n= 3, + SD) in the absence of heparin alg; = 13.6+ of AT in the reactions (200 nM), the inhibition in the
3.1 nM andk, = 0.0084+ 0.002 s! (n = 6, & SD) in the presence of 1 unit/mL heparin was also studied with AT
presence of heparin for W60A. These values for des-PPW concentrations of 950 nM, the same concentration used
in the presence of heparin wekg,; = 10.4+ 2.3 nM and for thrombin inhibition. In this case, however, the concen-
ko = 0.006+ 0.001 s*(n= 11,+ SD). The values for the tration of SPTH was reduced to & and the concentration
second-order association rate constant were calculated fronof enzymes was reduced 0.2 nM to assure that the

thrombir? (6.8+£2.7)x 10°
(41+£1.2)x 10°
13.6+ 3.3uM 0.007+0.001 (5.2+ 1.0)x 1(?

13.6+ 3.1 nM 0.008+ 0.002 (5.9t 1.3)x 10P

I+ 1+ 1
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(103) scribed in Materials and Methods. As shown in Table 1,
2.0 A AT inhibited des-PPW~234-fold more slowly Kassn= (2.9
b + 0.7) x 10 than thrombin Kassh= (6.8 & 2.7) x 107].

15, But AT inhibited des-PPW in the presence of heparin with

a second-order association constant that was ®1§-fold
lower than that for thrombinkfssn= (4.14+ 1.2) x 1P M2
s! for thrombin and (5.8 1.8) x 10® M~* s* for des-
PPW]. Heparin enhanced AT inhibition of W60A1100-
051 fold [Kassn= (5.2 + 1.0) x 10? M~* 5% in the absence and
(5.9+ 1.3) x 10° M~ st in the presence of heparin] and
that of des-PPW 20 000-fold (Table 1).

To understand the reason for the lower reactivity of des-
PPW with AT in the absence of heparin, the inhibition was
also studied by the discontinuous assay method in the
| B presence of an active AT-binding pentasaccharide (Olson &
3.0 o Shore, 1986; Ye et al., 1994). The active pentasaccharide
is known to enhance the inhibition rate of thrombin less than
2-fold (Craig et al. 1989). In this study, the pentasaccharide
enhanced inhibition rate of thrombas2-fold, W60A ~3-
fold, and des-PPW15-fold (data not shown). These results
1.01 suggest that the heparin conformer of AT fits better to the
active site of des-PPW.

To ensure that des-PPW and W60A form kinetically
0.0 y y y - pseudoirreversible complexes with AT, dilution experiments
0 20 40 60 80
[AT] M were performed where the mutant enzymes were totally
H S inhibited by AT + heparin and then diluted into buffer
Ficure 4: Dependence ofos on AT concentration with W60A  containing no heparin, and the dissociation of the complex

and des-PPW in the presence of heparin and with W60A in the ; ; o
absence of heparin. (A) THep, values for WG0A ©) and des- was measured by the reappearance of the amidolytic activity

PPW @) are calculated from progress curves similar to those shown Monitored by the hydrolysis of Spectrozyme TH. Similar
in Fig. 2 using eq 1 as described in Materials and Methods. The to thrombin less than 1% of the amidolytic activity was
data were fitted to eq 4, a hyperbolic relationship that describes recovered for both mutants during 8 h of measurements,
e dependence i 2 o of Phbfor concenaon o uggesting hat he bHoprotease complex s essentaly
(B) Same as panel A except that tkgs values for inhition for lrreverslble (data not shown). _Furthermore, S'EP‘;\GE_
only W60A is determined in the absence of heparin. analysis of the enzymeAT reactions indicated that AT is

not proteolytically cleaved by any of the mutant enzymes

chromogenic substrate hydrolysis was linear for the duration (data not shown).
of the experiment. Under this condition a two-step reaction

mechanism for both W60A and des-PPW was again observed?!SCUSSION
(data not shown). The inhibition reactions were also carried

out with S2238 as the chromogenic substrate and .Sim”arWalsh, 1988) has been used to study the inhibition mecha-
resl,ultshwzre obsgrr]V(Iad (dar:a notosohowhn). In all _expertl)mentsnisms of several serine proteases by their serpin inhibitors
only the data with less than 10% chromogenic su Strate(Longstaff & Gaffney, 1991; Longstaff et al., 1990; Faller

hydrolysis have been analyzed. et al., 1993; Morgenstern et al., 1994; Stone & Hermans,

‘As noted, by this kinetic method only a single-step 1995). These kinetic studies suggest that most serpin
bimolecular association mechanism is demonstrated for theprotease interactions take place by a two_step reaction

thrombin-AT interaction according to Scheme 1. This mechanism: an initial loose Michaelis complex similar to
observation is not at odds with previous studies where a two-that of natural substrateprotease interaction followed by
step reaction mechanism for the thrombAT interaction  jsomerization to a tight complex. In this kinetic process the
has been demonstrated (Olson & Shore, 1982). But itimplies first step is described by an equilibrium dissociation constant
that due to a highKi,: value, under the experimental k.. and the second step is a rate constentfor the
conditions, it is not possible to saturate thrombin with AT conversion of a reversible complex to a kinetically stable
to observe a ||m|t|ng rate for thkz estimation and the Comp|ex_ With Serpiﬁ-protease reactions in which tmit
resolution of these reaction steps. A simple calculation of jnitial complex formation is in the nanomolar range and
indicates that with 50 nM AT and 250M SPTH Kn = 6 the rate constank; is also low (i.e.,o>-AP inhibition of
#M) the highestKiy; value which can be determined for plasmin; Longstaff & Gaffney, 1991), it has been possible
thrombin under this experimental conditions from the equa- tg resolve these two kinetic steps in the presence of

tion [1//(1 + [S)/Km), is only ~ 1 nM, which is much lower  competing chromogenic substrates and low concentrations

than theKi,; value of 120 nM determined before (Olson &  of inhibitors using conventional kinetic instruments. In the

Shore, 1982). case of the thrombinAT reaction, however, where the two-
The second-order association rate constant of des-PPWstep kinetic mechanism is characterized by a Kigh and

with AT in the absence of heparin was obtained by a high k;, only by rapid kinetic measurements has it been

discontinuous assay method and using equation 2 as depossible to resolve these two steps (Olson & Shore, 1982).

1.0 1

kobs (s71)

0.0 T T T T
0 50 100 150 200
[AT*H] nM

(103

Kobs (s°1)

Recently, the slow-binding kinetic approach (Morrison &
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In this study, in the presence of competing chromogenic A 3-sheet of the inhibitor, which results in trapping of
substrate it was possible to demonstrate that deletion of threeenzyme at the intermediate stage.
residues, Pro, Pro, and Trp, from the B-insertion loop or  The results of this study support the model proposed by
substitution of only Trp with Ala result in thrombin mutants, Olson et al., (1995), where the attack by the catalytic serine
which, in contrast to AT inhibition of thrombin but similar  on the P1 residue induces a conformational change in the
to o-AP inhibition of plasmin (Longstaff & Gaffney, 1991), inhibitor which is complementary to the active-site pocket
are inhibited by AT with a kinetic mechanism characterized of thrombin. The crystal structure of thrombin suggests that
by a lowKjn; and lowk,. These results suggest that Trp in  Trp60-D is part of the S2 specificity pocket (Bode et al.,
this insertion loop may restrict the access of AT to the active- 1989); Stubbs et al., 1992). In the model proposed here,
site pocket of thrombin for the initial weak complex the altered conformation of the inhibitor is stabilized by
formation. This is consistent with the observation that the Trp60-D and in the absence of this residue the final stable
indole moiety of Trp60-D is fully exposed to solvent in the complex forms at a very slow rate. It is therefore hypoth-
crystal structure of thrombin, which is hypothesized to esized that Trp60-D plays a key role in transition-state
contribute to the narrow specificity of thrombin by restricting stabilization of the thrombir AT complex. In this model,
the access of the macromolecular substrates and inhibitorssimilar to that of Olson et al., the insertion of the reactive-
to the active-site pocket of thrombin (Bode et al., 1989). This site loop into the A3-sheet of the inhibitor for the final stable
hypothesis is also supported by the previous observation thatcomplex formation occurs after the tetrahedral intermediate
BPTI inhibits des-PPW with an equilibrium constant that is stage of the thrombinAT reaction.
over 3 orders of magnitude tighter than thrombin (Le Bonniec  The result of a previous study indicated that protein C
et al., 1993). In the case of AT inhibition, however, the activation and fibrinopeptide A release were both impaired
improvement in the initial complex formation is more than with des-PPW (Le Bonniec et al., 1993). The kinetic analysis
compensated by a dramatic decrease in the rate of stablendicated that in both cases tkg, values for the reactions
complex formation. Therefore, Trp60-D appears to play a were impaired with minimal change in th¢, values for
dual role in thrombir-AT interaction: it slows the reaction the substrates. Trp60-D in thrombin probably plays a similar
by blocking the active-site pocket which increasesKhg role in interaction with both macromolecular substrates and
for the initial complex formation, it enhances the reaction inhibitors, the stabilization of the transition state in both
by trapping the inhibitorenzyme in a stable complex, reactions. It should, however, be noted that with the
probably through the transition-state stabilization. synthetic chromogenic substrates SPTH and S2238(the

The results of this study suggest that Trp60-D destabilizes and thek., values for both mutants are increased. The reason
the initial thrombin-AT complex formation, a role that is  for the opposite kinetic mechanism with the chromogenic
also plays in thrombirBPTI complex formation. In the  substrates is not known. But, in addition to lacking 'a P
thrombin—AT reaction, however, once the initial thrombin residue, the chromogenic substrates have also an unusual P3
AT complex is formed, Trp60-D clamps on the inhibitor, residue that is in th@-configuration which is linked with
increasing the rate constant of conversion of the initial other bulky chemical groups. It is possible that these
complex to a more stable and irreversible complex. It differences in the structure orient the synthetic substrates to
appears, therefore, that the stability of the final thrombin  a different location in the specificity pocket of thrombin.
AT complex, in contrast to the case with BPTI, is determined It has been demonstrated in the past that the heparin
by the kinetic rather thermodynamic stabilization, and overall, acceleration mode of AT inhibition of factor Xa is not the
Trp60-D makes a positive contribution to the thrombin ~ same as that of thrombin (Craig et al., 1989). With thrombin
AT reaction. inhibition, the primary function of heparin is to increase the

It has been suggested that serpins by insertion of theaffinity of the initial complex by a template mechanism
reactive site loops into the Ag-sheet, trap their target through trimolecular complex formation (Olson & Shore,
proteases in a stable complex either in a tetrahedral inter-1982). In the case of factor Xa, it is thought that the
mediate or at an acyl-intermediate stage of the reactive bondaccelerating effect of heparin is not by a template mechanism
cleavage (Potempa et al., 1994). Whatever the intermediatesince, in contrast to thrombin, an active AT-binding pen-
stage, one hypothesis is that insertion of the reactive-site looptasaccharide, not long enough for trimolecular complex
into the A 3-sheet creates a canonical-type conformation formation, enhances factor Xa inhibition (Craig et al., 1989).
similar to that of low molecular weight protease inhibitors In acceleration of factor Xa inhibition, the primary effect of
such as BPTI (Carrell et al., 1991; Bode & Huber, 1992). herapin is the activation of AT by a conformational change
Recently, the result of a study by Olson et al., (1995) with in the reactive-site loop. In contrast to thrombin, factor Xa
Ser-294— Leu mutant of AT at the Plposition of the preferentially recognizes the heparin-stabilized conformer of
reactive site loop (AT-Denver) argues against this canonical AT (Craig et al., 1989). The pentasaccharide acceleration
hypothesis of the serpirprotease interaction. Instead, Olson of AT inhibition of des-PPW suggests that the PPW loop
et al., favor a model in which the stable complex is the result may also restrict the docking of the active conformer of AT
of a kinetic rather than thermodynamic trapping mechanism into the active site of thrombin for optimal inhibition.
of thrombin—AT interaction (Olson et al., 1995). Olson et In conclusion, the result of this study indicates that the
al., propose that, following initial complex formation, the kinetic mechanism of AT inhibition of des-PPW and W60A
active-site serine of thrombin attacks the P1 residue of AT resembles that ofi,-antiplasmin inhibition of plasmin, a
on the reactive-site loop, which induces a conformational reaction characterized by a low initikl,;; but also a lowk;
change in the inhibitor promoting the transition-state stabi- for conversion to a stable complex. Trp in the B-insertion
lization leading to formation of a tetrahedral intermediate. loop appears to prevent rapid, high-affinity association
In this model, it is the formation of a tetrahedral intermediate between thrombin and AT. Thus it is intriguing to hypoth-
which leads to the insertion of the reactive-site loop into the esize that the B-insertion loop is an evolutionary adaptation
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that may slow thrombin inhibition in solution to allow the
enzyme to perform its function.
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