Biochemistry1998,37, 1505715065 15057
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ABSTRACT:. We previously isolated a monoclonal antithrombin IgG from a patient with multiple myeloma
[Colwell et al. (1997Br. J. Haematol 97, 219-226]. Using a panel of 55 surface mutants of recombinant
thrombin, we now show that the epitope for the IgG most likely includes Arg-101, Arg-233, and Lys-236
in exosite Il. The IgG affects the rate at which thrombin cleaves various pgptiiteoanilide substrates

with arginine in the P1 position, increasing tkg: for substrates with a P2 glycine residue but generally
decreasing th&:, for substrates with a P2 proline. The allosteric effect of the I1gG is altered by deletion
of Pro-60b, Pro-60c, and Trp-60d from the 60-loop of thrombin, which lies between exosite Il and the
catalytic triad. The effect of the IgG, however, does not depend on the presence or absence of sodium
ions, a known allosteric regulator of thrombin. The IgG does not affect the conformation of thrombin
exosite | as determined by binding of a fluorescent derivative of hibéidfih These results provide
evidence for a direct allosteric linkage between exosite Il and the catalytic site of thrombin.

Thrombin is the final proteolytic enzyme generated in the that can be detected with active site-directed fluorescence
blood coagulation cascade. Its procoagulant functions probes 16, 17) or functional assaysl—21). Furthermore,
include activation of plateletsl), conversion of fibrinogen  binding of a sodium ion to a single site converts thrombin
to fibrin, and activation of factors V, VIII, XI, and XI1Z— from a form that preferentially cleaves protein C to a form
5). Thrombin also inhibits fibrinolysis by activation of a that preferentially cleaves fibrinoge®2 23). Thus, throm-
plasma carboxypeptidas®)(and exerts an anticoagulant bin is an allosteric enzyme.
effect by activation of protein C7j. The substrate specificity Recently, we identified a monoclonal antithrombin IgG
of thrombin is more limited, however, than that of many in the plasma of a patient with multiple myeloma and a
other serine proteases such as trypsin. A distinctive featuresevere bleeding disorde24). The IgG bound to humaam-,
of thrombin is the presence of unique insertion loops at -, andy-thrombin but not to prothrombin, other vitamin
positions 60 and 148 (chymotrypsinogen numbering), which K-dependent coagulation factors, or fibrinogen. At concen-
border the active site cleft and restrict access of macromo-trations =25 nM, the purified 1IgG caused a 50% decrease
lecular substrates and inhibitors to the catalytic serine residuein the rate of hydrolysis of tosyl-Gly-Pro-Arg-pNAby
(8—10). Thrombin also possesses two patches of positively thrombin. Even after prolonged incubation witlé «M 1gG,
charged amino acid residues, called anion-binding exositesthrombin retained-50% of its amidolytic activity, indicating
| and Il, which reside at some distance from the active site that the partial inhibition observed was not due to slow
and facilitate interaction with other macromolecules. For binding of the monoclonal IgG to thrombin. In the present
example, exosite | binds fibrin(ogen), the thrombin receptor, study, we demonstrate that the monoclonal IgG, which most
thrombomodulin, hirudin, and heparin cofactor Il, whereas likely binds to Arg-233 in exosite Il of thrombin, alters the
exosite Il binds glycosaminoglycans and prothrombin frag- kinetics of hydrolysis of a variety of synthetic peptide
ment 2 (1, 12). Alterations in the catalytic activity of  substrates. Furthermore, we show that the allosteric effect
thrombin can be detected after binding of thrombomodulin of the IgG depends on the presence of the 60-loop, which
or other ligands to exosite 18—15). Binding of ligands to resides on the surface of thrombin between the active site
exosite Il of thrombin also produces a conformational change and exosite Il, but does not depend on the presence or
absence of sodium ions. In addition, the 1IgG does not affect
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EXPERIMENTAL PROCEDURES at 405 nm was determined using a Vmax kinetic microplate
reader with Softmax software (Molecular Devices, Sunny-
vale, CA). The supernatant activity after immunoprecipi-
tation with the monoclonal IgG is expressed as a percentage

Oklahoma Medical Research Foundation, Oklahoma City. of the acFivity of a duplicate sample incubated with beads
The molar concentration of thrombin(desPPW) was deter- coated with normal human IgG.

mined by titration of its amidolytic activity with hirudin Activity of Recombinant Thrombin Variants in the Pres-
(Sigma, St. Louis, MO) using humaa-thrombin as the ence of IgG and HeparinRecombinant thrombin and serial
standard. Chromogenic substrates were purchased from thélilutions of the monoclonal IgG (619 000 nM) were mixed
following sources: S-2765, S-2222, S-2366, S-2238, and in 100uL of TSP buffer at room temperature in a disposable
S-2288 from DiaPharma Group (Franklin, OH); spectrozyme polystyrene cuvette. Tosyl-Gly-Pro-Arg-pNA (520) (100
FXa, spectrozyme FlXa, spectrozyme PCa, spectrozyme TH,uM) in TSP buffer was then added, and the rate of change
and spectrozyme Pro from American Diagnostica (Green- of absorbance at 405 nm was determined. In some experi-
wich, CT); and chromozym TH from Boehringer Mannheim ments, wild-type recombinant thrombin was mixed with the
(Indianapolis, IN). Substrate concentrations were determined|gG (80 nM) and serial dilutions of heparin{@0 mg/mL)

by absorbance at 342 nnE(= 8270 Mt-cm™) (25). before addition of the chromogenic substrate.

Porcine intestinal heparin (grade I-A, 183 USP units/mg) Was  gect of the Fab on Hydrolysis of Chromogenic Substrates

obtained from Sigma. by Thrombin Human a-thrombin (10 nM) or thrombin-

Expression and Aatation of Recombinant Prothrombin - esppy) (55 nM) and serial dilutions of Fab fragments (0
Variants Cos-7 cells were transiently transfected with wild- 35 nM) were preincubated in 10 of TSP buffer for 1

type and mutant prothrombin cDNAs in the pRC/CMV vector min at room temperature in a disposable polystyrene cuvette.

(Invitrogen, San Diego, CA.) as previously reportetb)( A chromogenic substrate in TSP buffer (500) was then
Serum-free conditioned mediumy2 mL) was harvested after
added, and the rate of change of absorbance at 405 nm was

36 h and concentrated to 00 uL in a Centricon-30 determined. The substrates used and their final concentra
Itrafiltration device (Amicon, Beverly, MA). The concen- . . ) . - ) . :
ditratitrat vice (Ami very ) tions in the 60QuL reaction are listed in Table 1 or in the

trated medium was incubated for 30 min at°&7with 5uL . . . .
figure legends. In experiments to investigate the effect of

of 0.35 ug/uL Echis carinatussnake venom (Sigma) to . ; i
convert the prothrombin to thrombin. The venom was SCdium ions, the TSP buffer was replaced by 5 mM Tris-

pretreated with 20 mM 4-amidinophenylmethanesulfonyl HC! and 1 mg/mL poly(ethylene glycol) 8000, pH 8.0,
fluoride (Sigma) to inactivate contaminating serine proteasescontaining either 200 mM NaCl or choline chlorid22y.
(27) and was dialyzed into 150 mM NaCl, 50 mM Tris- SteadyState Kinetic AnalysesThrombin (5 or 8 nM) was
HCI, and 1 mg/mL poly(ethylene glycol) 8000, pH7.4 (TSP preincubated with or without the monoclonal IgG (530 nM)
buffer). for 1 min at 37°C in 200uL of TSP buffer. Prewarmed
Preparation of IgG and Fab Fragmentdurification and tosyl-Gly-Pro-Arg-pNA or MeO-CO-Chg-Gly-Arg-pNA in
characterization of the monoclonal 1IgG was performed as TSP buffer (800uL) was then added to yield the final
described previously2d). Normal human IgG was pur-  substrate concentrations indicated, and the initial velocity
chased from Sigma. Fab fragments were produced by of substrate hydrolysis was determined by measurement of
digestion of the IgG (£10 mg/mL) with activated papain  the absorbance at 405 nm. The extinction coefficient of the
(1 mg of enzyme/100 mg of substratey fbh at 37°C in productp-nitroaniline was assumed to be 9920 Mm™!
100 mM Tris-HCI, pH 8.0, containing 2 mM EDTA and 1 (29). The final thrombin concentrations ([E]) were 1.0 and
mM dithiothreitol 28). The digestion was stopped by 1.6 nM in the experiments with tosyl-Gly-Pro-Arg-pNA and
incubation with 20 mM iodoacetamiderfa h at 4°C in the MeO-COb-Chg-Gly-Arg-pNA, respectively. The data were
dark. The products were dialyzed against phosphate-bufferedt 1o the Michaelis-Menten equation to determine thg,
saline, intact 1IgG and the Fc fragments were removed by 54 Vinax values, using Scientist software (MicroMath
absorption to protein A-Sepharose, and the Fab fragmentsgiantific Software, Salt Lake City, UT). Thiex values

were further purified by chromatography on Sephacryl S-200. lculated f th tidr, = Vo /[E
The purity of the final preparation was assessed by SDS were calculated from the equatiti mas/[E]

PAGE. The concentrations of the IgG and Fab preparations Binding of [SF]Hir*"* to Thrombin The fluorescent
were determined by absorbance at 280 rEn= 1.35 derivative of Tyr-63-sulfated hirudin dodecapeptide
mg-L-mL-cm%), assuming molecular weights of 150 000 and ([5F]Hir**"%) was prepared as described previousig)(
50 000, respectively. [5F]Hir54-%5 (12.6 nM) was titrated witho-thrombin (0-
Immunoprecipitation of Recombinant ThrombiRrotein 600 NM) in the absence or presence of the monoclonal 19G
A—Sepharose CL-4B beads (Sigma) were coated with (2 Or 4uM) at 25°C in 50 mM Hepes, 125 mM NaCl, 1
purified monoclonal or normal human IgG as previously MM EDTA, and 1 mg/mL poly(ethylene glycol) 8000, pH
described 24). A 100 uL sample of Cos-7 conditioned 7.4. Fluorescence measurements were made at excitation
medium treated witlE. carinatusvenom was incubated with ~ and emission wavelengths of 491 and 515 nm, respectively.
20uL of beads fo 1 h atroom temperature with continuous ~ The results are expressed as the fractional change in the initial
mixing. The beads were then removed by centrifugation. fluorescenceAF/Fo) and were fit by the quadratic binding
To determine the unbound thrombin activity, the supernatantequation to determine the maximum fluorescence change
solution was mixed with 15@L of 100 uM tosyl-Gly-Pro- (AFmadFo) and dissociation constark4) with one binding
Arg-pNA in TSP buffer, and the rate of change of absorbance site on thrombin assumed for the pepti®®)(

Materials Humana-thrombin was purchased from Hae-
matologic Technologies (Essex Junction, VT). Thrombin-
(desPPW) 10) was kindly supplied by Dr. Charles T. Esmon,
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Table 1: Effect of Monoclonal Fab Fragments on Substrate Hydrélysis

final rate of hydrolysis
Km [substrate] control +Fab
substrate formula (uM) (uM) (AA405/min) (%)

S-2765 Cba-Arg-Gly-Arg-pNA 89 0.144 295
S-2222 Bz-lle-Glu-Gly-Arg-pNA 56 131 0.00079 275
spectrozyme FXa MeO-CO-Chg-Gly-Arg-pNA 52 119 0.020 205
S-2366 pyroGlu-Pro-Arg-pNA 38 62 0.078 166
spectrozyme FIXa Hb-Leu-PHGly-Arg-pNA 86 0.020 142
chromozym TH tosyl-Gly-Pro-Arg-pNA 0 98 0.145 50
S-2238 Hp-Phe-Pip-Arg-pNA 3 105 0.092 30
S-2288 Hp-lle-Pro-Arg-pNA z 89 0.069 27
spectrozyme PCa I#-(y-Cbo)Lys-Pro-Arg-pNA 5 108 0.061 26
spectrozyme TH H-Hht-Ala-Arg-pNA ¥ 112 0.041 24
spectrozyme Pro l-Chg-Pro-Arg-pNA 2 101 0.024 21

aThrombin (1.7 nM) and synthetic peptide substrates at the final concentrations indicated were incubateelim 860buffer in the absence
(control) or presencet{Fab) of monoclonal Fab fragments. The initial rate of hydrolysis of the substrate in the absence of the Fab is indicated
(AA405/min). The maximum effect of the Fab is expressed as a percentage of the corresponding control value and is taken from the data in Figure
3. K values are from the literature. Abbreviations: Bz, benzoyl; Cbo, carbobenzoxy; Chg, cyclohexylglycyl; CO, carbonyl; Hht, hexahydrotyrosyl;
MeO, methoxy; PtGly, phenylglycyl; Pip,L-pipecolyl; pNA, p-nitroanilide.” Data are taken from reg9. ¢ Data are taken from ref0.

RESULTS Arg-101 and Lys-236, which are in close approximation to
Arg-233 in exosite |, may also be part of the epitope for
the IgG.

Arg-101, Arg-233, and Lys-236 have been implicated in
binding of heparin to thrombin3(—35). Figure 2B dem-
onstrates that heparin almost completely reversed the effect
of 80 nM monoclonal IgG on hydrolysis of tosyl-Gly-Pro-
Arg-pNA. Control experiments indicated that heparin at the
highest concentration tested had no effect on the rate of
hydrolysis of this substrate in the absence of the IgG (data
¢ not shown). These results suggest that heparin competes with
the monoclonal IgG for binding to thrombin, consistent with

Identification of the Epitope on Thrombin for the Mono-
clonal Human IgG We expressed a panel of 55 prothrombin
variants in Cos-7 cells and activated the recombinant
prothrombins to thrombin withE. carinatusvenom. The
reaction mixtures were incubated with proteir-8epharose
beads coated with the monoclonal antithrombin 1gG. The
beads were then removed by centrifugation, and the super
natant solutions were assayed for thrombin activity (Figure
1). Only two of the thrombin variants were not immuno-
precipitated by the monoclonal 1gG (solid bars). One o
these variants contained a single amino acid substitution ! . .
(R233A, chymotrypsinogen numbering system), while the the hypothesis that the epitope for the 1gG includes Arg-
other contained three mutations (R233A, K236A, and 101 Arg-233, and Lys-236.

Q239A)2 Variants containing either of the two single amino ~_ Allosteric Effect of the Monoclonal Fab Fragments
acid substitutions K236A or Q239A, however, were at least Figure 3 shows the effect of Fab fragments prepared from
partially immunoprecipitated by the monoclonal IgG. These the monoclonal IgG on hydrolysis of a variety of peptide
data suggest that the IgG most likely binds to Arg-233 in p-nitroanilide substrates. Since the control rates of hydrolysis
exosite 1l of thrombin. of these substrates by thrombin varied (Table 1), the

Several mutations, including R101A and K236A, appeared amidolytic activi_ties s_hown in Figure 3 were normalized to
to decrease the affinity of thrombin for the IgG without the values obtained in the absence of the Fab. For some
completely eliminating its binding (Figure 1). To estimate Substrates the rate of hydrolysis was increased by the Fab
the relative affinities of these mutants for the 1gG, we took (Figure 3A), while for others it was diminished (Figure 3B).
advantage of the observation that binding of the IgG to !N €ach case, the rate of hydrolysis approached a plateau at
thrombin decreases the rate of hydrolysis of tosyl-Gly-Pro- Fab concentrations 100 nM, and the half-maximal effect
Arg-pNA (24). Figure 2A compares the rates of hydrolysis occurred at~20-40 nM Fab. We did not identify any
of tosyl-Gly-Pro-Arg-pNA by wild-type thrombin and several substrate for which the amidolytic activity of thrombin was
thrombin variants in the presence of increasing concentrationsunaltered in the presence of the monoclonal Fab. In control
of the monoclonal IgG. The concentration of IgG that €Xperiments, the monoclonal Faby«(B/) did not affect the
produced half-maximal inhibition (I&) of wild-type recom- rate of hydrolysis of any of the substrates by trypsin, nor
binant thrombin was 7 nM. In decreasing order, thgg$C did Fab fragments derived from normal human IgG«(8)
for the thrombin variants tested were as follows: R233A, affect the rate of hydrolysis of any of the substrates by
>18 000 nM: R101A, 4500 nM: K236A, 2000 nM: R93A/  thrombin (data not shown). These results rule out nonspe-
R97A/E9Q7aA, 19 nM: E164A/K169A/D170A, 12 nM: and cific interactions of the Fab with the enzyme or substrate.
D125A/R126A/E127A, 10 nM. These results suggest that The experiments shown in Figure 3 were performed at

substrate concentrations that, in most cases, were well above
2When this panel of mutants was originally screened for activity '€POrtedKm values for thrombin (Table 1). Therefore,
(26), the triple mutant R233A/K236A/Q239A was reported to be changes in the rate of hydrolysis in the presence of the Fab
inactive, contrary to the results presented here. Reexamination of thereflect differences in the turnover numbég.f) of thrombin.

sequences of the thrombin mutants revealed that, by mistake, the activity, ; inat ;
reported for mutant 38 (K240A/D243A/Q244A) was actually that of We performed a more detailed kinetic analysis of the effect

mutant 37 (R233A/K236A/Q239A). Thus, the triple mutant R233A/ Of @ saturating concentration of the monoclonal 19G on
K236A/Q239A retains activity toward chromogenic substrates. hydrolysis of tosyl-Gly-Pro-Arg-pNA and MeO-C6-Chg-
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Numbering System

Chymotrypsinogen Thrombin L
Wild Tvpe Wild Tvpe [
Ste,E1c,Dla S4aE6aD8a [
K9,K10,S11  K17a,K18a,S19a [
K14a K23a [
R14d R26a [ ]
El4e E27a []
E14h,D14l E30a,D34a [
E18,D21 E3D6 [ ]

R35 R20 []

K36 Ko1 [

S37 S22 1]

Q38 Q4 [ ]

E39 E25 1

D49 D35

R50 R36 [

weod W50 ]
Dé60e |21y —

K60f K52 ]

N60g, T60i N53,755 1

N62 N57 ]

D63 [0 I —
€ R67 Re2[ ]
o K70 Kes [ 1
= H71 He6 [

E R73 A0 3 —
= T74 T69 1

R75 R70
c Y76 y71 1
‘3 R77a R73 1

N78 N74 1
1S K81 K77 1
(@) E86,K87 E82,K83 [

:E R93,R97,E97a R89,R93,E94 1
R101 5L ) —
(= K109 K106 1
K110 K107
D116 D113 1
Y117 ALY —
D125,R126,E127 D122,R123,E124 ]
S129b,Q131 $128,Q131 [
K145,T147,W148 K145,T147,W148
T149,N149b T149,N151 1
K149e K154
- —
E164,K169,D170 E169,K174,D175 1
R173,R175,D178 R178,R180,0183 ]
D186a,K186d D193,K196 1
E192 E202 1
N204b,N205 N216N217 1]
E217 |2 —
R221a R233 1
D222 D234

| E—
R245 I
Koag [ 1]

Q239 Q251 1
R233,K236,Q239 R245,K248,Q251 I
0 20 40 60 80 100

Supernatant Thrombin Activity
(% of control)

Ficure 1: Immunoprecipitation of thrombin variants. Mutant
prothrombins containing alanine substitutions at the positions
indicated were expressed in Cos-7 cells and activated fith
carinatusvenom. Samples of the activation mixtures were immu-
noprecipitated with the monoclonal IgG bound to protein@epha-
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FiIGure 2: Activity of recombinant thrombin variants in the
presence of monoclonal IgG or heparin. Panel A: Recombinant
thrombin was mixed with monoclonal IgG {9 000 nM) in 100

uL of TSP buffer at room temperature. 50Q of tosyl-Gly-Pro-
Arg-pNA (100 uM) in TSP buffer was then added, and the
absorbance at 405 nm was recorded continuously. The amidolytic
activity is expressed as a percentage of the com05/min
observed in the absence of the IgG, which ranged from 0.072 to
0.141 with various thrombin preparations. Curvas; wild type;

O, D125A/R126A/E127AM, E164A/K169A/D170A;0, R93A/
RO7A/E97aA;a, K236A; A, R101A; ¢, R233A. Panel B: Wild-
type recombinant thrombin was mixed with the monoclonal IgG
(80 nM) and heparin (620 mg/mL) in 100uL of TSP buffer at
room temperature. Amidolytic activity was then determined as
described above. Activity is expressed as a percentage of the control
AA405/min observed in the absence of IgG and heparin (control
AA405/min= 0.073).

60-loop mediates the effects of the monoclonal IgG on

rose, and the supernatant thrombin activity was determined by thrombin activity, we used thrombin(desPPW), in which

hydrolysis of tosyl-Gly-Pro-Arg-pNA. The data are expressed as
percentages of the supernatant thrombin activity after control
immunoprecipitations with normal human 1gG. The solid bars
indicate variants that did not bind appreciably to the monoclonal

residues Pro-60b, Pro-60c, and Trp-60d were deletéf (
In a preliminary experiment, we found that thrombin-
(desPPW) bound to the immobilized monoclonal 1gG,

IgG. Thrombin residues are numbered here and in the text according@lthough it eluted at a lower salt concentration (0.8 M NaCl)
to their topologic equivalence with chymotrypsinogen, as suggestedin comparison with native thrombin (1.0 M NaCl) (data not

by Bode et al. §). The corresponding positions numbered from
the N-terminal ends of the thrombin A-chain (indicated by a in the
thrombin column) and B-chain are also shown.

Gly-Arg-pNA. The initial velocity of hydrolysis was

shown). Figure 5 shows the effects of the monoclonal Fab
on hydrolysis of two substrates by thrombin(desPPW). The
rate of hydrolysis of MeO-C@-Chg-Gly-Arg-pNA by

thrombin(desPPW) increased to 220% of the control value

determined at various concentrations of each substrate in then the presence of the Fab, a result similar to that obtained
presence or absence of the IgG (Figure 4), and the data weravith native thrombin (Figure 3A and Table 1). Unexpect-

fit to the Michaelis-Menten equation to estimate tkg and
keat Values (Table 2). The IgG decreased both iheand
the ket for tosyl-Gly-Pro-Arg-pNA, resulting in a 2-fold
increase in the selectivityk{a/Ky) of the enzyme for this
substrate. By contrast, the 1gG increasedkhefor MeO-
CO-D-Chg-Gly-Arg-pNA. Although theK, for the latter

edly, the Fab produced an effect on the rate of hydrolysis of
tosyl-Gly-Pro-Arg-pNA by thrombin(desPPW) opposite to
that of native thrombin. The rate of hydrolysis of this
substrate by native thrombin decreased to 50% of the control
value in the presence of the Fab (Figure 3B and Table 1),
while the rate of hydrolysis by thrombin(desPPW) increased

substrate appeared to be decreased slightly, the differenceéo 194%. The rate of hydrolysis of each of these substrates

from the control value was within the range of experimental
error. Similar results were obtained with the monoclonal
Fab (data not shown).

Allosteric Effect of the Monoclonal Fab on the Adty of
Thrombir{desPPW. To investigate the possibility that the

by thrombin(desPPW) approached a plateau at Fab concen-
trations>=400 nM, and the half-maximal effect occurred at
~200 nM Fab. Therefore, the Fab appears to have H5

fold lower affinity for thrombin(desPPW) in comparison with
native thrombin.
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Ficure 3: Effects of the monoclonal Fab on chromogenic substrate
hydrolysis. Thrombin (10 nM) was preincubated for 1 min at room
temperature in 10@L of TSP buffer containing 63000 nM Fab
fragments prepared from the monoclonal 19G. Substrate (800

in TSP) was then added to yield the final concentration indicated

1000

in Table 1, and the absorbance at 405 nm was recorded continu-

ously. The amidolytic activity is expressed as a percentage of the
rate of hydrolysis of the substratAA405/min) observed in the
absence of the Fab (control values in Table 1). Pane®ACho-
D-Arg-Gly-Arg-pNA; O, Bz-lle-Glu-Gly-Arg-pNA; B, MeO-CO-
D-Chg-Gly-Arg-pNA; O, pyroGlu-Pro-Arg-pNA; A, H-p-Leu-
PHGIy-Arg-pNA. Panel B: @, tosyl-Gly-Pro-Arg-pNA;O, H-p-
Phe-Pip-Arg-pNAM, H-p-lle-Pro-Arg-pNA; O, H-b-(y-Cbo)Lys-
Pro-Arg-pNA; A, H-b-Hht-Ala-Arg-pNA; A, H-b-Chg-Pro-Arg-
pNA.

A
0.16 7

tosyl-Gly-Pro-Arg-pNA

012t

20 40 60 80

MeO-CO-b-Chg-Gly-Arg-pNA

Vo (HM/S)

200 300 400
(S] (M)

FiGuRE 4: Steady-state kinetics. Thrombin (5 nM in panel A, 8
nM in panel B) was preincubated in the absen©g ¢r presence
(®) of the monoclonal IgG (530 nM) for 1 min at 3T in 200uL

of TSP buffer. Tosyl-Gly-Pro-Arg-pNA or MeO-C®-Chg-Gly-
Arg-pNA was then added in 8Q@L of TSP buffer to achieve the
final concentrations indicated §), and the initial velocity of
substrate hydrolysisvf) was determined by measurement of the
absorbance at 405 nm.

" 100

Role of Sodium lons in the Allosteric Effect of the
Monoclonal Fab To determine if the allosteric effect of

Biochemistry, Vol. 37, No. 43, 19985061

the effects of the Fab on hydrolysis of substrates in the
presence of 200 mM sodium chloride or 200 mM choline
chloride (Figure 6). In control incubations without Fab, the
rate of hydrolysis of tosyl-Gly-Pro-Arg-pNA in choline
chloride was~40% of the rate in sodium chloride, while
the rate of hydrolysis of MeO-C®-Chg-Gly-Arg-pNA was
approximately the same in both solvents. In the presence
of increasing concentrations of the monoclonal Fab, the rate
of hydrolysis of tosyl-Gly-Pro-Arg-pNA decreased+®5—

50% of the control value in both sodium chloride and choline
chloride. Furthermore, the Fab increased the rate of hy-
drolysis of MeO-COp-Chg-Gly-Arg-pNA to~220—260%

of the control value in both solvents.

Effect of the Monoclonal IgG on Binding of Hirudfn®®
to Exosite | We used a fluorescent analogue of the
C-terminal hirudin dodecapeptide ([5F]Ffir®®) to determine
if the monoclonal IgG affects the conformation of exosite |
in addition to that of the active site. As shown in Figure 7
(open circles), titration of a fixed concentration of [SFf4if°
with 0—600 nM thrombin caused a progressive decrease in
fluorescence. The data were well described by binding of
the peptide to one site on thrombin withKg of 23 + 2
nM, which is in good agreement with previous estimaB&h. (
The presence of the monoclonal IgG at saturating concentra-
tions (2 or 4uM, closed symbols) did not have a significant
effect on either the affinity of peptide binding or the
magnitude of the fluorescence change (Figure 7 and Table
3).

DISCUSSION

Our results indicate that binding of a monoclonal IgG to
thrombin induces an allosteric effect that alters the rate of
hydrolysis of synthetic peptide substrates. The epitope for
the 1gG most likely includes Arg-233, since replacement of
this residue by alanine abolishes binding to the IgG (Figure
1). Arg-233 is located near the center of a patch of basic
amino acid residues termed anion-binding exosit&,IL({)
and is~20 A away from Ser-195 in the catalytic triad (Figure
8). The data in Figure 2A suggest that binding of the 1gG
also involves the nearby residues Arg-101 and Lys-236 but
not Arg-93, Arg-97, Arg-126, or Lys-169. Other residues
that were not examined in the present study (e.g., Arg-165
and Lys-240) may also be involved in binding to the IgG.
We have not definitively eliminated the possibility that the
R101A, R233A, and K236A mutations cause a conforma-
tional change at some distant site to which the IgG binds;
nevertheless, we believe that this possibility is unlikely, since
these mutations do not affect chromogenic substrate hy-
drolysis, fibrinogen clotting, protein C activation, thrombo-
modulin binding, inhibition by an oligonucleotide aptamer,
or inhibition by antithrombin in the absence of hepa2®,

34). The only activity, besides binding of the monoclonal
IgG, affected by these mutations is heparin-dependent
inhibition by antithrombin, consistent with the location of
Arg-101, Arg-233, and Lys-236 in the heparin-binding site
of thrombin @4). Furthermore, the observation that heparin
reverses the allosteric effect of the IgG (Figure 2B) is
consistent with the hypothesis that heparin and the 1gG share
a binding site in exosite I.

Our previous finding that the monoclonal IgG binds to

the monoclonal Fab depends on sodium ions, we comparedboth bovine and human thrombiB4) is consistent with the
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Table 2: Kinetics of Substrate Hydrolysis in the Absence and Presence of Monocloral IgG

Kim (uM) keat (1)
substrate —lgG +1gG —1gG +1gG
tosyl-Gly-Pro-Arg-pNA 9.5+2.1 2.4+ 0.5 165+ 13 89+ 4
MeO-COb-Chg-Gly-Arg-pNA 43+ 22 30+ 6 36+ 6 66+ 4

aThe data in Figure 4 were fit to the Michaeli¥enten equation to obtain th&, andk..: values as described in Experimental Procedures. Error

estimates represest2 SD.
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Ficure 5: Effect of the monoclonal Fab on thrombin(desPPW).
Thrombin(desPPW) (55 nM) was preincubated for 1 min at room

temperature in 10QL of TSP buffer containing various concentra-
tions of Fab fragments. Substrate (10001 in 500 uL of TSP
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Ficure 7: Binding of [SF]HiP4-%5 to thrombin. [5F]HiP4-55 was
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buffer) was then added, and the absorbance at 405 nm was recordeltrated with thrombin as described in Experimental Procedures in

continuously. The initial rate of hydrolysis of the substraté405/
min) is shown. Curves®, tosyl-Gly-Pro-Arg-pNA;O, MeO-CO-
D-Chg-Gly-Arg-pNA.
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Ficure 6: Effect of sodium on substrate hydrolysis in the presence
of the monoclonal Fab. Thrombin (10 nM) was preincubated with
various concentrations of the monoclonal Fab in 400f 5 mM
Tris-HCI and 1 mg/mL poly(ethylene glycol) 8000, pH 8.0,
containing either 200 mM NaCl (closed symbols) or 200 mM
choline chloride (open symbols). Substrate (1000 in 500 xL
of the same buffer) was then added, and the absorbance at 405 n
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the presence of @M (O), 2 uM (@), or 4 uM (a) monoclonal
IgG. The fluorescence change divided by the initial fluorescence
(AF/Fo) is plotted along with the fitted curve for the data in the
absence of IgG with the parameters given in Table 3.

Table 3: Binding of [SF]Hip* 55 to Thrombirt

IgG Ko AFma/Fo
(uM) (nM) (%)
0 23+ 2 —26+1
2 27+ 4 —26+1
4 29+ 5 —26+1

2The data in Figure 7 were analyzed as described previoG6)y (
Error estimates represeii?2 SE.Kp, dissociation constantyFma/Fo,
maximal fluorescence change.

strates with arginine in the P1 position, increasing khe
for substrates with a P2 glycine residue but generally
decreasing th&., for substrates with a P2 proline (Figure 3
and Table 1). Therefore, binding of the Fab may affect the

nf;onformation of the S2 subsite of thrombin. Tk for at

was recorded continuously. The initial rate of hydrolysis of the €ast one substrate with proline in the P2 position (i.e.,

substrate A4A405/min) is shown. CurvesO© and®, tosyl-Gly-Pro-
Arg-pNA; O and @, MeO-COb-Chg-Gly-Arg-pNA.

fact that Arg-101, Arg-233, and Lys-236 are conserved in
both species36). The IgG also recognizes humgn and
y-thrombin @4), proteolytic derivatives ofi-thrombin with
impaired binding of macromolecules to exosite37), By
contrast, the 1IgG does not recognize human prothron2din (
in which the fragment 2 kringle domain occupies exosite I
by forming ion pairs and hydrogen bonds with Arg-93, Arg-
97, Arg-101, and Arg-17538). Similarly, the 1IgG does not
bind to recombinant human meizothrombin or affect its
catalytic activity®

Fab fragments of the monoclonal IgG affect the rate at
which thrombin cleaves various peptigenitroanilide sub-

3N. S. Colwell and D. M. Tollefsen, unpublished observation.

pyroGlu-Pro-Arg-pNA) increases in the presence of the Fab,
however, suggesting that the allosteric effect is more complex
and may also involve the S3 subsite and/or the aryl-binding
site.

The 60-loop forms a hydrophobic lid that partially covers
the S2 subsite and the aryl-binding site of thrombind)(
Deletion of part of the 60-loop increases the affinity of
thrombin(des PPW) for bovine pancreatic trypsin inhibitor
~3000-fold (L0), indicating that the loop restricts access of
certain macromolecules to the active site. By contrast, the
affinity (Km) of thrombin(desPPW) for the fibrinogenoA
chain is unaffected, whereas thgy for cleavage of this
substrate is decreased0-fold (10). Therefore, the 60-loop
appears to be important for the proper orientation of the
scissile bond relative to the catalytic triad. Although the
60-loop has been considered to be a relatively rigid structure,
recent crystallographic studies indicate that it can move a
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FiGure 8: Tertiary structure of thrombin. The-carbon backbone of thrombin is derived from the crystal structure of Bode &)aln(

the left panel, the protein is rotated90° to the right about thg-axis with respect to the standard view. Arg-233 and other residues in
exosite Il implicated in binding of glycosaminoglycans or fragment 2 are shown in magenta. Residues in exosite Il not implicated in ligand
binding (see Discussion) are shown in cyan. Ser-195 in the catalytic site is shown in dark blue and Trp-60d in yellow. The carbonyl oxygen
atoms (red) of Tyr-184a, Arg-221a, and Lys-224 (white) comprise the sodium-binding site.

considerable distance~@—8 A) when the active site is Although prothrombin fragment 2 and glycosaminoglycans
occupied by a substrate or by an inhibitd88(40). Because are physiologic ligands that bind to exosite Il, relatively little
of its mobility, as well as its proximity to exosite I, the is known about the effects of these ligands on the catalytic
60-loop could potentially mediate the allosteric effect of the activity of thrombin. Arg-233 and several other residues
monoclonal Fab. In experiments with thrombin(desPPW) (Arg-93, Arg-97, Arg-101, Lys-236, and Lys-240) have been
(Figure 5), we observed that the Fab alters the active siteimplicated in heparin binding by site-directed mutagenesis
conformation of thrombin independent of Pro-60b, Pro-60c, or chemical modification of thrombin3(—35). Some of
and Trp-60d, although the magnitude and direction (i.e., these residues have also been shown to be involved in
positive or negative) of the allosteric effect depend on the binding to dermatan sulfatd?) and to the chondroitin sulfate
presence of one or more of these residues in the 60-loop.moiety of thrombomodulin43). Other basic residues, which
For example, the rate of hydrolysis of tosyl-Gly-Pro-Arg- reside mainly at the periphery of exosite Il (Arg-126, Lys-
pNA by native thrombin decreases by half in the presence 165, Lys-169, Arg-173, and Lys-235) (Figure 8), have not
of the Fab, while the rate of hydrolysis of the same substrate been implicated in binding to these ligands. While both
by thrombin(desPPW) increases approximately 2-fold. Fur- heparin 44) and chondroitin sulfatel{) induce a confor-
ther experiments will be necessary to determine if the Fab mational change in thrombin that can be detected with a
induces movement of the 60-loop or of underlying residues fluorescence probe linked to the catalytic site through a
in the active site cleft, either of which might explain the tripeptide chloromethyl ketone, attempts to demonstrate an
observed allosteric effect. effect of heparin on catalytic activity have been complicated
Di Cera and co-workers have reported that thrombin exists by direct interaction of heparin with the-nitroanilide
in two distinct conformations in equilibrium, termed the substrates used%—47). Two reports suggested that heparin
“slow” and “fast” forms @3). Binding of a sodium ion to  has no effect on hydrolysis of B-Phe-Pip-Arg-pNA 45)
the carbonyl oxygen atoms of Tyr-184a, Arg-221a, and Lys- or H-p-lle-Pro-Arg-pNA (@8), in contrast to the results we
224 (Figure 8) drives the equilibrium in the direction of the obtained with the monoclonal Fab using these substrates
fast form. Although originally distinguished by their activity (Table 1). Prothrombin fragment 2 produces fluorescence
with p-nitroanilide substrate®p), the fast form has a higher  changes in probes linked to the catalytic sité)( decreases
keafKm value for fibrinogen, whereas the slow form has a the rate of inhibition of thrombin by antithrombia ), alters
higherk:a/Kn, value for protein C41). To determine ifthe  the calcium dependence of protein C activati@i){ and
effects of the monoclonal Fab on thrombin activity are increases thi&.,for hydrolysis of tosyl-ArgO-methyl ester
mediated by changes in this equilibrium, we compared the (18) and tosyl-Gly-Pro-Arg-pNAZ0) ~2-fold. By contrast,
rate of substrate hydrolysis at various Fab concentrations inthe monoclonal IgG decreases tQgfor hydrolysis of tosyl-
the presence of sodium or choline ions (Figure 6). In the Gly-Pro-Arg-pNA (Table 1). Thus, it appears that various
absence of the Fab, as expected, hydrolysis of tosyl-Gly- ligands which bind to exosite Il can have different effects
Pro-Arg-pNA is slower in buffer containing choline. The on the conformation of the catalytic site.
Fab decreases the rate of hydrolysis of this substrate to a Ligands that bind to exosite |, including the C-terminal
similar degree in both buffers. Likewise, the Fab increases portion of hirudin 49), growth factor-like domains 5 and 6
the rate of hydrolysis of MeO-C®-Chg-Gly-Arg-pNA in of thrombomodulin 49), the acidic region of the thrombin
the presence of either sodium or choline ions. The resultsreceptor $0), and fibrin @4), produce fluorescence changes
of this experiment suggest that sodium has little or no in probes linked to the catalytic site of thrombin. Some of
influence on the allosteric effect of the monoclonal Fab with these ligands also have been shown to alter the kinetics of
respect to the two substrates tested. hydrolysis of peptidep-nitroanilide substrates4@—53).
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Interestingly, the C-terminal hirudin peptide increases the ACKNOWLEDGMENT
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