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Abstract

Kinetic evidence is presented for the interaction of prothrombin with several distinctive topological regions of the
thrombin molecule. Modulations of thrombin catalytic activity on the protein substrates prothrombin and prethrom-
bin 1 are demonstrated that involve the fragment 1 and fragment 2 portions. The inhibitory effects are demonstrably
non-competitive. In addition to exhibiting non-competitive inhibition, fragment 2 is capable of enhancing proteolysis
by thrombin; and therefore to react with a second region of the enzyme. On the basis of the crystallographic studies

Ž Ž . .of the complex between fragment 2 and thrombin Arni et al., Biochemistry 32 1992 4727 , this activating site is
proposed to be associated with exosite II. The allosteric switch between procoagulant and anticoagulant activities

Ž Ž . .identified from studies by Di Cera Dang et al., Proc. Natl. Acad. Sci USA 92 1995 5977 could be ‘thrown’ by a
macromolecular effector that is generated during thrombin formation } a plausible mechanism for switching that
deserves further investigation. Q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Interactions of thrombin with macromolecular
effectors regulate the relative extents of proteoly-
sis undergone by its numerous potential subs-
trates in order to achieve the appropriate cat-
alytic function. Molecular interpretation of these
interactions that modulate the specificity of this
key enzyme in blood coagulation has been facili-
tated greatly by the elucidation of the three-di-
mensional structure of a-thrombin and its com-

w xplex with hirudin 1 . As well as defining the
topography of the active site of a-thrombin, those
crystallographic studies have identified several
distinctive surface regions, or exosites, that are
believed to play pivotal roles in the facilitation
and control of proteolysis by thrombin. For exam-

Žple, there is the fibrinogen-binding region exosite
.I , which also contributes to the interactions re-

sponsible for the inhibition of thrombin by
hirudin. Another distinctive surface feature of
a-thrombin is exosite II, the putative heparin-bi-

w xnding site for interaction with polyanions 2,3
w xand the F2-A fragment of prothrombin 4 .Ž1 ] 13.

The X-ray crystallographic demonstration that
the interaction of thrombin with several macro-
molecular effectors or peptides derived from them
entails occupancy of the fibrinogen-binding ex-

w xosite 1,5 raises the possibility of there being
more than one distinctive topological region in-
volved in the modulation of thrombin by other
macromolecular effectors. The multiplicity of
thrombin function in hemostasis begs mecha-

Žnisms by which temporal e.g. fibrinogen clotting
. Žand Protein C activation and spatial e.g. binding

.to cellular receptors specificity can be achieved
w x6 . The separate observations that thrombomod-
ulin accelerates both thrombin activation of Pro-
tein C and thrombin inactivation by antithrombin

w xIII 7]9 , whilst being competitive with hirudin
w xbinding 10]12 , would certainly be consistent with

that suggestion; and so would the observation
that the binding of a heparin cofactor II-derived
peptide accelerates thrombin inactivation by hep-

w xarin cofactor II 13 . In that regard the demon-
strated binding of bothrajaracin to exosites I and

w xII 14 provides tangible experimental evidence of
the need to probe further this concept that the

modulation of thrombin activity by a single
macromolecular effector may require molecular
interpretation in terms of interaction with more
than one distinctive topological region of the en-
zyme.

Our selection of prothrombin for further study
stems from observations that prothrombin frag-
ment 2 enhances the thrombin-catalyzed hydroly-

w xsis of TAME 15 , whereas it inhibits the inactiva-
w xtion of thrombin by antithrombin III 16 and

competes with thrombomodulin in Protein C acti-
w xvation 17 . These findings for a prothrombin-de-

rived polypeptide point to the possibility that pro-
thrombin, a substrate for thrombin, might also act
as a regulator of thrombin function. As a subs-
trate prothrombin seemingly exhibits classical

w xMichaelis]Menten behavior 18 ; and inhibits the
thrombin-catalyzed hydrolysis of a chromogenic

w xsubstrate 19 . However, inability to provide a
rational explanation of several anomalies in our
unpublished findings has prompted this more de-
tailed investigation into the interactions of throm-
bin with prothrombin and the two resulting prote-
olysis products, fragment 1 and fragment 2.

2. Methods

2.1. Materials

The prothrombin, antithrombin III and a-
thrombin were from batches used previously
w x20]22 . Enzyme concentrations were determined

w xby active-site titration 23 , whereas prothrombin
concentrations were estimated spectrophotomet-

w x w xrically at 280 nm 24 . Previous procedures 25,26
were used to prepare prethrombin 1 and pro-
thrombin fragments F1 and F2-A , the glaŽ1 ] 13.
and kringle regions of the latter being also isolated
w x26 . Hirudin was from Sigma.Ž54 ] 65.

2.2. Kinetic studies of prothrombin and prethrombin
1 hydrolysis

The kinetics of thrombin-catalyzed proteolysis
of prothrombin and prethrombin 1 were followed
by means of fixed-time incubations at 258C of
enzyme-substrate-modifier mixtures in Hepes]

Žchloride buffer 0.05 M HepesrHCl]0.125 M



.NaCl , pH 7.4, I 0.15, supplemented with
Ž .PEG6000 1 mgrml to minimize protein losses

by absorption. The reaction was terminated by
addition of D-Phe]Pro]Arg]chloromethylketone.

Ž .In experiments where CaCl 10 mM was in-2
cluded in reaction mixtures the NaCl concentra-
tion was decreased to 0.095 M to maintain con-
stant ionic strength. Proteolytic reaction products

w xwere separated 15,16 by HPLC on a MonoQ
Ž . Ž .HR 5r5 column Pharmacia at a flow rate of
1.0 mlrmin at pH 7.5 with 0.05 M Tris]HCl, 1

Ž .mgrml PEG 6000 buffer plus 0.1 M NaCl A ;
Ž .plus 2.0 M NaCl B ; plus 0.1 M NaCl, 0.2 M

Ž . ŽCaCl C . Elution employed intervals 0]2.02
. Ž .min , 100% A; 2.1]6.0 min , 92% A, 8% B;

Ž .6.1]13.0 min , 100% A to 90% A, 9% B, 1% C;
Ž .13.1]21.0 min , 90% A, 9% B, 1% C to 80% A,

Ž .10% B, 10% C; 21.1]25 min , 100% B. The
Ž .sample 0.5 ml, 0.05]10 mM product or reactant

was applied to the column equilibrated with A.
Quantification of all reactants and products was
by integration of peak areas in the spectrophoto-

Ž .metric record 280 nm of the elution profile.
Initial velocities were calculated from best-fit de-
scriptions of the progress curves in terms of the
integrated rate equation for a first-order reaction
w x27,28 .

2.3. Alternatï e substrate assays with a chromogenic
substrate

In studies based on chromogenic substrate as-
says the initial velocity of release of p-nitroalanine
from CH SO -D-Leu]Gly]Arg]p-nitroanilide3 2
ŽCBS 31.39, American Bioproducts and Diagnos-

.tica Stago was measured by following the in-
crease in absorbance at 405 nm with a Cary 219
recording spectrophotometer. Concentrations of
chromogenic substrate were determined spec-
trophotometrically at 342 nm on the basis of an

y1 y1 w xabsorption coefficient of 8210 M cm 29 . For
Ž .experiments with prothrombin 0]57 mM and

Ž .fibrinogen 0]4.5 mM the concentrations of
thrombin and CBS 31.39 were 5 nM and 180 mM,
respectively. Polymerization of the fibrin pro-
duced in the reactions with fibrinogen was pre-

Žvented by including 6 mM Gly]Pro]Arg]Pro Di-
.osynth, BV and Sigma , which has no detectable

effect on the thrombin-catalyzed release of fibri-
w xnopeptide A 30 or on thrombin-catalyzed hydro-

lysis of CBS 31.39. The kinetic parameters for
hydrolysis of CBS 31.39 were obtained by least-
squares analysis of full progress curves with al-

w xlowance for competitive product inhibition 31 :
values of 226"5 mM for K , 253"7 mM for Km I
and 45.7"0.5 sy1 for k were obtained.c

Alternative substrate kinetic data were fit by
least-squares regression to the standard expres-
sion for competitive inhibition, namely

w x w x � w x Ž w x .4 Ž .¨ s k E S r S qK 1q I rK 1t o o oi c m I

where ¨ is the initial velocity in an experimenti
w xwith total thrombin concentration E and initialt

w xCBS 31.39 concentration S : K is the Michaeliso m
constant for chromogenic substrate and K thatI

Ž .for the competing inhibitory substrate, present
w xat initial concentration I . Results were fit too

Ž .Eq. 1 with K as the parameter to be de-I
termined.

2.4. Thrombin inactï ation by antithrombin III

Apparent second-order rate constants for the
inactivation of thrombin by antithrombin III were
determined by monitoring proteinase inactivation

w xthrough chromogenic substrate hydrolysis 32 .
The concentration of antithrombin III was more
than 500-fold greater than that of thrombin in
these experiments.

3. Results

3.1. Kinetics of prothrombin clea¨age by thrombin

Evidence that prothrombin can act as an effec-
tor of its own catalytic cleavage by thrombin is
presented in Fig. 1, which summarizes the depen-
dence of the initial velocity of Arg ]Ser scis-155 156
sion upon human prothrombin concentration in
the absence of Ca2q. For low prothrombin con-
centrations the reaction seemingly conforms with
Michaelis]Menten behavior in the sense that the

Ž w x .normalized initial velocity ¨ r E increases withi t
Žsubstrate concentration the interpretation

w xadopted by Silverberg 18 for analysis of data for



bovine prothrombin over a restricted concentra-
.tion range . However, extension of the range of

prothrombin concentration reveals insufficiency
of that interpretation, which presumes the exis-

w xtence of a monotonic increase in ¨ r E to ani t
asymptotic value reflecting the kinetic behavior of
substrate-saturated enzyme. The simplest kinetic
scheme which would account for the existence of
the observed maximum in the experimental de-

Ž .pendence Fig. 1 is a hyperbolic mixed inhibition,
a mechanism generally conceived as involving a
second site in addition to the active site on the

w xenzyme 33 . In the sense that prothrombin seems
to be acting as both substrate and inhibitor, a
second interaction with an inhibitory site on
thrombin is implicated.

Additional evidence for prothrombin as a po-
tential modulator of thrombin activity comes from
studies of its effect on the thrombin-catalyzed
hydrolysis of the chromogenic substrate CBS
31.39. Consideration of the interaction between
thrombin and prothrombin to be restricted to
proteolytic function of the enzyme leads to the
conclusion that the alternative substrate should
act as a classical competitive inhibitor of chromo-
genic substrate hydrolysis. This effect is certainly
observed with fibrinogen as the alternative subs-

ŽFig. 1. Dependence of the normalized initial velocity ¨ di-
.vided by total enzyme concentration of Arg ]Ser scission155 156

upon substrate concentration in the thrombin-catalyzed cleav-
age of prothrombin at 258C in Hepes]chloride buffer, pH 7.4,
I 0.15. The solid line is calculated from the ‘classical’ subs-

w xtrate inhibition model 33 , with values for: K s100 mM,S
Ž . y1as10 K saK , k s3.15 s and bs0.3.I S c

trate under conditions where proteolysis of the
peptide bond at Arg16 of the a-chain is the sole
reaction in competition with hydrolysis of CBS

Ž .31.39 hydrolysis Fig. 2A . Interpretation of these
Ž .results in terms of Eq. 1 leads to a K ofI

8.1"0.5 mM for the inhibition by the competing
Žsubstrate a value consistent with published esti-

Ž .mates of K 3"18 mM for the release ofm
w x.fibrinopeptide A from fibrinogen 32,34,35 . Such

behavior contrasts markedly with results from ex-
periments with prothrombin as the alternative

Ž .substrate Fig. 2B . Whereas pronounced inhibi-
tion is predicted on the basis of a K of 6 mM,m
the value inferred from the low-concentration
portion of Fig. 1, the experimental results signify
very little, if any, effect of prothrombin concen-

Ž . Ž .Fig. 2. Studies of the interactions of A fibrinogen and B
prothrombin with thrombin by means of chromogenic assays

Ž .with 180 mM CBS 31.39. The solid line in A is the best-fit
Ž .relationship in terms of Eq. 1 , i.e. for a K of 8.1 mM. Them

Ž . Ž .solid line in B is that predicted by Eq. 1 and a K of 6 mMI
Ž .the value inferred from the initial portion of Fig. 1 .



tration on CBS 31.39 hydrolysis. Clearly, these
results are also incompatible with interpretation
solely from a prothrombin]thrombin interaction
that is restricted to the active-site region of the
enzyme.

From the viewpoint of establishing more de-
finitively the possible existence of multiple sites
on thrombin for interaction with a given macro-
molecular effector, the prothrombin]thrombin
system is complicated by the fact that catalytic
cleavage occurs at Arg ]Ser and Arg ]155 156 284
Thr to form the respective F1 and F2-A285 Ž1 ] 13.
prothrombin fragments, which also have the po-
tential to act as macromolecular effectors. To
simplify the model system we have therefore
eliminated the problem of double proteolytic scis-

Žsion by using prethrombin 1 prothrombin with
.the F1 fragment removed as substrate. F1 and

F2-A , the two activation fragments derivedŽ1 ] 13.
from prothrombin, have been selected as models
for the regions of the prothrombin from which
they are derived.

3.2. Kinetics of prethrombin 1 clea¨age

Kinetic parameters for the thrombin-catalyzed
hydrolysis of the single Arg]Thr peptide bond in
prethrombin 1 have been determined by analyz-

Ž .ing progress curves Fig. 3 . For this substrate the
Ž .concentration employed usually 3 mM was suf-

ficiently low in relation to the Michaelis constant
Ž .K for the progress curves to be described bym
first-order rather than Michaelis]Menten kinet-
ics. In Michaelis]Menten terms the pseudo-

Ž .first-order rate constant k so obtained definesobs
Ž .w xk rK E , the product of total enzyme concen-c m t

Žw x .tration E and a second-order rate constantt
defined by the ratio of the catalytic rate constant
Ž . w xk to the Michaelis constant 27 . Progressc
curves for the thrombin-catalyzed disappearance
of prethrombin 1 and appearance of F2-A Ž1 ] 13.
are described adequately by a single kinetic rate
constant. Furthermore, the inset to Fig. 3 es-
tablishes the linearity of the dependence of the
pseudo-first-order kinetic constant upon substrate
concentration, thereby verifying the approxima-

w xtion that S <K and hence identification ofm
Ž .w xk as k rK E .obs c m t

Fig. 3. Progress curves for the thrombin-catalyzed cleavage of
prethrombin 1 at 258C in Hepes]chloride buffer, pH 7.4, I

Ž .0.15. Time courses of prethrombin 1 disappearance I and
Ž .product formation ^,' for the hydrolysis of 10 mM

prethrombin 1 by 0.2 mM thrombin: the solid lines are calcu-
lated from global curve-fitting of the results in terms of a
single pseudo-first-order rate constant, viz. 19.7=106 sy1 .

Ž .Inset: dependence of the initial velocity ¨ upon prethrombin
1 concentration.

3.3. Effect of F2-A on proteolytic clea¨age of(1] 13)
prethrombin 1

The effect of F2-A on k for proteolyticŽ1 ] 13. obs
cleavage of the single peptide bond in human
prethrombin 1 that is susceptible to thrombin is
summarized in Fig. 4, which refers to experiments
with 0.2 mM thrombin, 3 mM prethrombin 1, and
a range of F2-A concentrations, expressedŽ1 ] 13.
on a logarithmic scale in the inset to Fig. 4. The
first point to note in relation to Fig. 4 is the
essential identity of results obtained for reaction
mixtures supplemented with 1 mM EDTA and 10
mM Ca2q, which is not surprising in the sense

Žthat the Gla domain the source of dominant
.metal-ion effects in prothrombin is not present

in the F2-A fragment. Secondly, the form ofŽ1 ] 13.
the curve in Fig. 4 signifies that the F2-A Ž1 ] 13.
segment of prothrombin acts both as an activator
and as an inhibitor of prethrombin 1 proteolysis
by thrombin. Furthermore, use of this fragment

Ž .as macromolecular effector modifier rather than
the whole prothrombin molecule unambiguously



shows the inhibition to be non-competitive, be-
cause modifier-saturated thrombin is still able to
catalyze proteolytic cleavage of prethrombin 1,
albeit at a decreased rate; i.e. the limiting value
of k at high concentrations of F2-A isobs Ž1 ] 13.
non-zero. The first important conclusion to
emerge from the non-competitive nature of the
behavior shown in Fig. 4 is that neither the acti-
vatory nor inhibitory effects of F2-A resultŽ1 ] 13.
from interactions with the active-site region of
thrombin. Qualitative reasoning based on the in-
set of Fig. 4 signifies that the effector interaction
giving rise to activation must be governed by a
dissociation constant which may be as large as 10
mM, whereas that associated with inhibition is
less than 100 mM. Because a peak rather than a
plateau is observed in Fig. 4, the thrombin ex-
osites that are responsible for the two pheno-
mena must exhibit affinities for F2-A thatŽ1 ] 13.
are of the same order of magnitude. Secondly, we
note that the consequences of the inhibitory in-
teraction appear to outweigh those of the activa-
tory phenomenon, because the fully saturated
thrombin-modifier complex exhibits only 40% of
the catalytic capability of unmodified enzyme. De-

Fig. 4. Modulation of thrombin-catalyzed hydrolysis of 3 mM
Ž .prethrombin 1 pH 7.4, I 0.15, 258C by F2-A in theŽ1 ] 13.

Ž . Ž . 2qabsence ` and presence v of Ca , the enzyme concentra-
tion being fixed at 0.2 mM. Inset: the same dependence with
effector concentration expressed on a logarithmic scale. The
solid lines are calculated from the best fit parameters to Eq.
Ž .3b .

spite significant differences, the general similarity
between the F2 kringle from prothrombin and the

w xlysine-binding kringles of plasminogen 4
prompted an investigation of the effect of lysine
on the activation by F2 of the cleavage of
Arg ]Thr in prethrombin 1. The extent of284 285
activation was increased slightly in the absence of
Ca2q at 10 mM lysine; no effect was seen in the

2q Ž .presence of 10 mM Ca data not shown .

3.4. Effect of F2-A on thrombin inactï ation by(1] 13)
antithrombin III

Use of the hydrolysis of the chromogenic subs-
trate CBS 31.39 to monitor the effect of F2-A Ž1 ] 13.
on thrombin inactivation by antithrombin is sum-
marized in Fig. 5. Despite the relative sparsity of
data, they suffice to establish that the effect of
fragment 2 on the inhibition of thrombin inactiva-
tion by antithrombin III mimics the correspond-
ing effect on prethrombin 1 proteolysis by throm-
bin: the modulation is again both activatory and
non-competitively inhibitory. In that regard simi-
lar findings were reported several years ago for
the corresponding bovine system. Summarized in
the inset to Fig. 5 are results from Table 1 of

w xWalker and Esmon 16 for the same reaction
studied by means of the fibrinogen clotting assay.
Although no comment was made at the time,
these results also signify a role for F2 as both an
activatory and an inhibitory modulator of bovine
thrombin inactivation by antithrombin III.

3.5. Effect of F1 on proteolytic clea¨age of
prethrombin 1

From the kinetic results presented in Fig. 6A
for F1 in the presence of EDTA it is evident that
this human prothrombin fragment is also a
macromolecular effector of prethrombin 1 cleav-
age by thrombin. In this instance, however, the
modulation is confined to non-competitive inhibi-
tion, there being no activation observed with this
kringle. Upon introduction of more rigid and
compact structure into the F1 by the inclusion of

2q w xCa 36,37 , F1 ceases to be a macromolecular
inhibitor of prethrombin 1 cleavage by thrombin.

Non-competitive inhibition similar to that seen



Fig. 5. Effect of F2-A on the inactivation of human thrombin by antithrombin III. Inset: results reported in Table 1 of Ref.Ž1 ] 13.
w x Ž .16 . The solid lines are calculated from the best fit parameters to Eq. 3b .

with F2-A is observed for the kringle of F1Ž1 ] 13.
Ž .Fig. 6B . The finding that the form of the con-
centration-dependence of k for the Gla-less F1obs

kringle is essentially unchanged by the presence
of Ca2q could reasonably have been predicted.
Ca2q binds most extensively to the Gla domain

Ž .Fig. 6. Modifier effects of F1 and derivatives thereof on the cleavage of prethrombin 1 by thrombin in the absence open symbols
Ž . 2q Ž . Ž . Ž . Ž .and presence closed symbols of Ca . A Inhibitory effect of F1. B Modulation by the F1 kringle Gla-domainless F1 . C

Ž .Inhibition by the Gla domain of F1. D Corresponding effects of hirudin . The solid lines are calculated from the best fitŽ54 ] 65.
Ž . Ž . 2qparameters to Eq. 2 , except for A in the presence of Ca which is a linear regression fit to a straight line.



w x38 and at most to one site on the kringle of F1
w x 2q39 . In the absence of Ca the Gla domain of
F1 inhibits the action of thrombin on prethrom-

Žbin 1 in a seemingly competitive manner Fig.
.6C . However, in view of the non-competitive

nature of the inhibition exhibited by all other
F1-related systems, it seems likely that the Gla
domain in the absence of Ca2q might also be
binding to the same exosite as F1 in the absence

2q Žof Ca but in a manner that obstructs the
approach of the macromolecular prethrombin 1

.substrate to the active-site cleft . It must be noted
that, although the kringle of F1 inhibits thrombin
non-competitively in both the presence and

2q Ž .absence of Ca Fig. 6B , the fact that the whole
F1 fragment is inhibitory only in the absence of

Ž .metal ion Fig. 6A renders this observation of in
vitro mechanistic significance only. The experi-
ments in the absence of Ca2q thus merely provide
a reference point for interpretation of the effects
of Ca2q, rather than support for the existence of
the modulatory sites that give rise to the activa-
tion and inhibition that occupancy of these sites
produces.

A quantitative comparison of the inhibitory ef-
fects of F1 and fragments derived therefrom is
presented in Table 1. The calculated equilibrium
constants summarize the analyses of the results
Ž .Fig. 6A]C in terms of the simplest mechanistic
scheme for such inhibition, namely,

Ž . Ž .K km E c E
EqS ¡ ES ª Eqproducts
q
M

K ­xEM

Ž . Ž .K km EM c EM
EMqS ¡ EMS ª EMqproducts

Ž . Ž .where K and k are the two Michaelis]m E c E
Menten parameters for catalytic cleavage of

Ž . Ž .prethrombin 1 S by thrombin E . K is theEM
dissociation constant describing the interaction

Ž .between macromolecular modifier M and an
exosite on thrombin to form a complex EM for
which the Michaelis]Menten parameters are
Ž . Ž .K and k . Because of the low substratem EM c EM
concentration relative to K in all these experi-m

Table 1
Inhibitory characteristics of various modifiers on the throm-

Žbin-catalyzed proteolysis of human prethrombin 1 pH 7.4, I
.0.15, 258C

a aŽ . Ž . Ž .Effector K mM k rK r k rKEM c m EM c m E

b Ž . Ž .Fragment 1 5.3 "0.5 0.18 "0.02
b,c Ž . Ž .F1 kringle 75 "20 0.14 "0.07

b dŽ .F1 Gla domain 21 "2 0
b Ž . Ž .Hirudin peptide 1.1 "0.1 0.16 "0.01
c Ž . Ž .Hirudin peptide 3.1 "0.5 0.19 "0.03

a Ž .Calculated by curve-fitting in terms of Eq. 2 .
b 2q Ž .In the absence of Ca presence of 1 mM EDTA .
c In the presence of 10 mM Ca2q.
d Ž .Kinetics symptomatic of competitive inhibition see text .

ments, the reaction ESqM¡ESM is omitted to
simplify further the analysis. After allowance for
the fact that the combined concentrations of en-
zyme]substrate complexes are contributing negli-

Žgibly to the total concentration of enzyme the
.condition for pseudo-first-order kinetics to apply ,

classical consideration of this reaction scheme
leads to the conclusion that the rate constants

Ž .measured in the presence of modifier, k ,obs M
are given by the expression

Ž .k sobs M

� Ž . Ž . w x 4 w xk rK q k rK M rK E tc m c m EME EM
w x1q M rKEM

Ž .2

Non-linear regression analysis of the results in
Ž .terms of Eq. 2 thus leads to the values of

the dissociation constant for the interaction of
Ž .modifier with enzyme K , and also theEM

ratio of M ichaelis ] M enten parameters,
Ž . Ž .k rK r k rK , for effector-saturated andc m EM c m E
effector-free enzyme given in Table 1.

3.6. Inhibition of proteolysis by hirudin(54 ] 65)
fragment

A logical next step of this investigation is to
compare the finding that the inhibitory actions of
F2-A , F1, and the various F1 segments areŽ1 ] 13.
non-competitive with the corresponding effects of
C-terminal hirudin peptides, which are known to



interact with the fibrinogen-binding exosite
w x5,10]12,40,41 . The effects of hirudin frag-Ž54 ] 65.
ment on the thrombin-catalyzed proteolysis of
prethrombin 1 in the presence and absence of
Ca2q are summarized in Fig. 6D. It is evident that
the inhibition is again non-competitive with the

2q Ž .effect of Ca slight, but significant Table 1 .
Because of the similarity between these effects
and those observed for prethrombin 1 with F1

Ž .and F1 kringle Table 1 , and also those for the
Ž .inhibitory effect of F2-A , Table 1 , we sug-Ž1 ] 13.

gest that the inhibitory actions of these macro-
molecular effectors results from interaction with
the fibrinogen-binding exosite of thrombin on the
grounds that it is the site to which the C-terminal

w xhirudin peptides bind 5,10]12,40,41 . Indeed,
competition between F2-A and hirudin frag-Ž1 ] 13.

w xments has been reported recently 42 .

3.7. Effects of fragments 1 and 2 on hydrolysis of
(CH SO -D-Leu]Gly]Arg]p-nitroanilide CBS3 2

)31.39

The effects of fragments 1 and 2 on the hydrol-
ysis of CH SO -D-Leu]Gly]Arg]p-nitroanilide3 2
Ž .CBS 31.39 were measured from the initial veloc-
ity of p-nitroaniline formation. Effects of F2-
A and F1 on the hydrolysis of the chromo-Ž1 ] 13.
genic substrate, CBS 31.39 are on both K andm
k , Fig. 7. The initial activating effect of F2-Ac Ž1 ] 13.
is primarily due to a greater relative decrease in
K , than that in k , which thus leads to a netm c
increase k rK . This is followed at higher F2-c m
A concentration by inhibition, an effect simi-Ž1 ] 13.
lar to that seen with prethrombin 1 as the subs-
trate. Also in keeping with the findings for
prethrombin 1 is the observation that F1 is only
inhibitory, the decrease in k rK arising from ac m
large increase in K and a small decrease in k .m c

4. Discussion

The most significant finding in these studies is
that there can be activation as well as non-com-
petitive inhibition of thrombin when F2-A isŽ1 ] 13.

Ž .the macromolecular effector Fig. 4 . The obser-
vation of both activation and inhibition by F2
implies that this fragment must interact with at

Ž . Ž .Fig. 7. Effect of F2-A v and F1 l on the thrombin-Ž1 ] 13.
Žcatalyzed hydrolysis of chromogenic substrate CBS 31.39 pH

. Ž .7.4, I 0.15, 258C . Dependence of A the Michaelis constant
Ž . Ž .K , B the catalytic rate constant k and C the second-orderm c

rate constant k rK upon effector concentration. The solidc m
lines are smoothed lines produced by Microsoft Excel owing
to the limited number of points relative to the number of

Ž .parameters in Eq. 3b .

least two regions on the thrombin surface. This
point has been noted in relation to a demonstra-
tion that adenine nucleotides are both activators

w xand inhibitors of thrombin 43 . Failure to detect
competition between F2 and fluorescently labeled
hirugen, an exosite I-binding effector, has led to
the conclusion that hirugen and F2 bind to dif-

w xferent sites on thrombin 44 . X-ray crystallo-
graphic studies have demonstrated F2-A in-Ž1 ] 13.
teraction with the putative heparin-binding ex-

Ž . w xosite exosite II of thrombin 4 . Measurements
of direct binding of F2 to thrombin labeled with
different, active site-directed fluorescence probes
lead to equilibrium constants of the same magni-

w xtude, 3]22 mM 45 , as those inferred from the
kinetic studies reported here. The peptide, TR



52]69 from the thrombin receptor protein also
binds to thrombin with a similar affinity, ;37

w xmM, at exosite I 46 . Interestingly, in the fluo-
w xrescence probe binding studies 45 , F2-A Ž1 ] 13.

can produce both enhancement and quenching of
the fluorescence which depends on the structure
of the probe and the peptide link to the active
site His of thrombin. These observations are sug-
gestive of subtle, but potentially important dis-
crimination among the consequences of effector
binding for the specificity of thrombin.

The fact that the F2-A portion of pro-Ž1 ] 13.
thrombin is an activator of thrombin activity raises
the possibility that the initial phase of the velocity

Ž .versus substrate behavior Fig. 1 with prothrom-
bin as both substrate and macromolecular effec-
tor may reflect activation at the lower prothrom-
bin concentrations as well as an increase in veloc-
ity as the result of an increased extent of active-
site saturation with substrate. The subsequent
decrease in reaction velocity with substrate con-
centration may be related to the inhibition that is
attributed to interaction with the second exosite.
It now seems likely that interaction of prothrom-
bin with thrombin involves three distinct regions

Ž .of the thrombin molecule: 1 interaction with the
active site in the role of prothrombin as a subs-

Ž .trate, 2 interaction with one exosite in its role as
Ž .an activator, and 3 interaction with the other

exosite as a non-competitive inhibitor.
The effects of F2-A and F1 on the hydrol-Ž1 ] 13.

ysis of the chromogenic substrate, CBS 31.39 de-
Ž .monstrated here are on both K and k Fig. 7 .m c

Activation by F2-A is primarily due to aŽ1 ] 13.
decrease in K and thus an increase in k rKm c m
which is followed at higher F2-A concentra-Ž1 ] 13.
tion by inhibition. As noted above, the inhibitory

Žeffect of F1 also seen with prethrombin 1 as
.substrate arises predominantly from an increase

in K for CBS 31.39. The pattern of activationm
and inhibition by F2-A and inhibition by F1Ž1 ] 13.
is thus the same as that exhibited by these frag-
ments on the cleavage of prethrombin 1. In con-
trast to the observations made here with CBS
31.39, the earliest report of an effect of F2 on a

w xsynthetic substrate, Tos]Arg-OMe 15 , showed
only activation. This observation, which was made
under conditions of low ionic strength and in the

absence of Naq, is consistent with the dominantly
electrostatic interaction between F2-A andŽ1 ] 13.

w x qexosite II 4 . The absence of Na might indicate
that activation as seen with this particular subs-
trate is in some way reflective of the conforma-
tion of thrombin described as the ‘anticoagulant

w xform’ 47 . Thrombin exhibits preferential action
on Protein C, rather than fibrinogen under condi-

w xtions similar to those in Ref. 15 . When pro-
thrombin, rather than the individual fragments is
investigated for its effect on the hydrolysis of CBS
31.39, the effect observed is small, Fig. 2B. It is
tempting to rationalize this observation on the
basis of the opposing effects of F1 and F2-A ,Ž1 ] 13.
inhibitory effects only by F1 and activation and
inhibition by F2-A . Only additional investi-Ž1 ] 13.
gation will clarify the complex nature of the mod-
ulation by the fragments of prothrombin and the
other proteins and peptides that alter thrombin
catalytic properties.

The simplest, two-site mechanistic scheme that
can account for both the activation and non-com-
petitive inhibition observed with F2-A as theŽ1 ] 13.
macromolecular effector of prethrombin 1 cleav-
age by thrombin is the following.

Ž . Ž .K km EM c EM
EMqS ¡ EMS ª EMqproducts

K ­xEM

M
q

Ž . Ž .K km E c E
EqS ¡ ES ª Eqproducts

q
M

K ­xM

Ž . Ž .K km ME c ME
MEqS ¡ MES ª MEqproducts

q
M

K ­xMEM

Ž . Ž .K km MEM c MEM
MEMqS ¡ MEMS ª MEM

qproducts

Ž . Ž .K and k continue to be the Michaelism E c M
constant and catalytic rate constant governing



product formation as the result of enzyme]sub-
Ž .strate complex between thrombin E and

Ž .prethrombin 1 S . However, interaction of the
Ž .prothrombin F2-A modifier, M with theŽ1 ] 13.

two exosites gives rise to the equilibrium coexis-
tence of three enzyme]modifier complexes, EM,
ME and MEM, each of which can react with
substrate and hence catalyze the cleavage of
prethrombin 1 by its own catalytic rate constant.
After allowance is made for the fact that the
combined concentration of all enzyme]substrate
complexes contributes negligibly to the total en-

Ž w x .zyme concentration because S <K , it fol-t m
lows that the observed first-order rate constants

Ž .in the presence of modifier, k , are given byobs M

Ž . Ž . w x � Ž .k s k rK q M k rK rKobs c m c m EMM E EM

Ž . 4q k rK rKc m MEME
2w x � Ž .q M k rKc m MEM

Ž .4 w xr K K E tME MEM

w xŽ .1q M 1rK q1rKEM ME

2w x Ž . Ž .q M r K K 3aME MEM

2Ž . w x Ž . w x w xk rK qA M q BrC M E� 4 tc m Es 2w x w x1qD M qC M
Ž .3b

Consequently, although the apparent first-order
rate constant in the presence of modifier requires
description in terms of the measured rate con-

Ž .stant in the absence of modifier, k rK , andc m E
six other parameters, K , K , K ,EM ME MEM
Ž . Ž . Ž .k rK , k rK , and k rK , onlyc m EM c m ME c m MEM

Žfour independent parameters polynomial coef-
.ficients A, B, C and D emerge from non-linear

Ž . Ž .regression analysis in terms of Eqs. 3a , 3b . No
unequivocal appraisal of the results in terms of
even the simplest mechanistic scheme is therefore
possible. However, qualitative reasoning based on
the inset in Fig. 4 shows that the effector interac-

Ž .tion responsible for activation say, K must beEM
governed by a dissociation constant that may be
as large as 10 mM, whereas that responsible for

Ž .non-competitive inhibition K clearly is lessME

than 100 mM; and therefore that the thrombin
exosites responsible for the two phenomena ex-
hibit affinities for F2-A which appear to beŽ1 ] 13.
of the same order of magnitude. We note that the
value of k measured in the absence of modifierobs
may also reflect partial activation because of the
F2 region in the substrate, prethrombin 1. Extrap-
olation of values of k for a range of prethrom-obs
bin 1 concentrations to zero concentration would
be required to pinpoint the precise extents of
activation and ultimate inhibition. Under the con-

Žditions of these studies, the consequences effect
.on k rK of the inhibitory interaction outweighc m

those of the activation phenomenon, because the
fully saturated thrombin]modifier complex
Ž .MEM exhibits only 40% of the catalytic capabil-

Ž .ity of unmodified enzyme Fig. 4 .
Incorporation of the equilibrium coexistence of

w xtwo isomeric forms of thrombin 47]49 leads to
even greater complexity of the model, which then
needs to be described in terms of two forms of E,
EM, ME and MEM. The quantitative expression
for the observed rate constant then assumes the
form

� Ž . Ž . Uk rK qY k rKc m c mE E
2w x w x w x4qH M qJ M E tŽ . Ž .k s 4obs M 2w x w x1qYqL M qN M

Ž . Ž . Uwhere k rK and k rK are the first-c m E c m E
order rate constants for isomers E and EU re-
spectively; and where Y is the isomerization con-
stant describing the equilibrium between antico-

Ž . Ž U .agulant E and procoagulant E states. The
Ž .remaining four coefficients H, J, L and N

contain Y and terms in 12 additional parameters:
Ž . Ž .K , K , K , k rK , k rK ,EM ME MEM c m EM c m ME

Ž . Uk rK , and the corresponding E series.c m MEM
Because unequivocal appraisal in terms of this
more realistic model is clearly out of the ques-
tion, we again resort to qualitative reasoning. The
present detection of two effector binding sites

Ž .with affinity for F2-A exosites I and II? ,Ž1 ] 13.
and presumably other macromolecular effectors,
has increased the complexity of the quantitative
analysis of kinetics in terms of the isomerizing

w xthrombin model 47]50 . However, it has elimi-



nated one restriction. Previously it might have
been assumed that the effector interaction re-
sponsible for curtailing the procoagulant activity
also enhanced the anticoagulant activity. There is
now no necessity to consider the two controls in
terms of the one interaction between effector and
thrombin. The possibility that the allosteric switch
might be ‘thrown’ by a macromolecular effector
that is generated during thrombin formation pro-
vides a biologically plausible mechanism for
switching. This possibility deserves further investi-
gation, particularly under conditions in which the
procoagulant and anticoagulant forms of throm-
bin can be made to predominate.

In view of the X-ray crystallographic evidence
for F2-A interaction with the putative hep-Ž1 ] 13.

Ž . w xarin-binding exosite exosite II of thrombin 4 ,
and the demonstration that F2-A must bindŽ1 ] 13.
to a site different from the hirugen binding site
Ž . w xexosite I 44 , exosite II is proposed as the most

Ž .likely structural source of the interaction Fig. 4
that makes F2-A an activator of prethrombinŽ1 ] 13.
1 cleavage by thrombin. The source of the non-

Žcompetitive inhibition exhibited by F2-A andŽ1 ] 13.
.by the F1 kringle of prothrombin is suggested to

be the consequence of interaction with the fibri-
nogen-binding exosite of thrombin on the basis of
two lines of evidence. First, it was noted in the

w xcrystallographic study 4 also, that an interaction
between F2-A and thrombin could be identi-Ž1 ] 13.
fied with Arg as well as the residues associated77A
with the putative heparin-binding site. Secondly,
there is competition between the interactions of
F2-A and hirudin peptides with an active-siteŽ1 ] 13.

w xblocked fluorescent thrombin derivative 42 . This
adds supporting structural evidence for F2-A Ž1 ] 13.
binding to a region adjacent to the fibrinogen-bi-
nding site.

Thrombin is important physiologically in the
proteolysis of several critical plasma proteins such
as fibrinogen, Factor V, Factor VIII, Factor XIII,
Protein C, prothrombin, and Factor XI. Regula-
tion of thrombin, i.e. modulation of thrombin’s
ability to achieve the required temporal and spa-
tial specificity, clearly involves the formation of
complexes with other macromolecular effectors.
The fibrinogen-binding site has been implicated
in the interaction of thrombin not only with fib-

w xrinogen but also with thrombomodulin 7]11,51 ,
w xthe platelet thrombin receptor peptide 6,48,49 ,

w xFactor V and Factor VIII 52 , and F2-A Ž1 ] 13.
Ž .Fig. 4 of present study . It is interesting to con-

Žjecture that the binding of F2-A or anyŽ1 ] 13.
.species containing the F2-A fragment to theŽ1 ] 13.

putative heparin-binding site of thrombin might
modulate the competition between various other
macromolecular effectors for the fibrinogen-bi-
nding site. When the other receptor binding ac-

w xtions of thrombin 6 , and the effects of the
w xplatelet thrombin receptor 46 and thrombomod-

ulin growth factor domains on thrombin specific-
w xity 51 are taken into consideration, it seems

likely that macromolecular effector modulation of
thrombin specificity may be more important than
the extent of complementarity between substrate
and the enzyme active site in determining the
substrates on which thrombin preferentially acts.

The most important contribution of the present
investigation is probably not so much the demon-
stration of thrombin activation and inhibition by
fragment 2 specifically, but rather the consequent
inference that the specificity of thrombin toward
its many substrates may be altered through multi-
ple exosite interactions by the same effector. For
example, selective modulation of thrombin that
would initially increase, then decrease thrombin
efficiency in activating Factor V, and coincident
with the latter process enhance its efficiency in
the activation of Protein C, is but one example of
an avenue worthy of further investigation.
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