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Abstract

Measurement of the temperature-dependence of thrombin-catalyzed cleavage of the Arg155–Ser156 and Arg284–Thr285
peptide bonds in prothrombin and prothrombin-derived substrates has yielded Arrhenius parameters that are far too large for

classical mechanistic interpretation in terms of a simple hydrolytic reaction. Such a difference from the kinetic behavior

exhibited in trypsin- and chymotrypsin-catalyzed proteolysis of peptide bonds is attributed to contributions by enzyme exosite

interactions as well as enzyme conformational equilibria to the magnitudes of the experimentally determined Arrhenius

parameters. Although the pre-exponential factor and the energy of activation deduced from the temperature-dependence of rate

constants for proteolysis by thrombin cannot be accorded the usual mechanistic significance, their evaluation serves a valuable

role by highlighting the existence of contributions other than those emanating from simple peptide hydrolysis to the kinetics of

proteolysis by thrombin and presumably other enzymes of the blood coagulation system.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Under in vitro conditions thrombin catalyzes the

cleavage of the Arg155–Ser156 peptide bond of pro-

thrombin, but the extent of such scission in vivo is
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minimal [1]. Thrombin also catalyzes the in vitro

proteolysis of Arg284–Thr285 peptide bond of pro-

thrombin in prethrombin 1 [2,3], but accessibility of

the same bond in prothrombin [4] to thrombin is not

clearly established, although it is accessible to other

proteinases. One purpose of the present investigation

is to ascertain the susceptibility of the prothrombin

peptide bond at Arg284 to thrombin-catalyzed cleav-

age in vitro by determining whether the cleavage of

Arg284–Thr285 in prothrombin occurs by a sequential

mechanism requiring prior proteolysis at Arg155 to

generate prethrombin 1, or by a parallel mechanism
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involving its scission in both prothrombin and pre-

thrombin 1.

Another aim is to investigate the temperature de-

pendence of thrombin-catalyzed cleavage of the

Arg155–Ser156 and Arg284–Thr285 peptide bonds of

human prothrombin. Variation of temperature clearly

has the potential to alter bond accessibility. This is

likely because temperature dependence of thrombin

activity modulation results from prothrombin’s activa-

tory and inhibitory interactions with its exosites [5–

10]. It is therefore, of interest to ascertain the manner in

which the existence of these additional interactions

impinge upon Arrhenius analysis of thrombin’s kinetic

behavior. This study of the proteolysis of three related

protein substrates, prethrombin 1, prothrombin and

meizothrombin, follows the example of the classical

studies of the chymotrypsin-catalyzed hydrolysis of

small peptides [11–13].
2. Experimental

2.1. Materials

Human prothrombin and a-thrombin were from

batches used previously [9,14]. Enzyme concentrations

were determined by active-site titration [15], whereas

prothrombin concentrations were estimated spectro-

photometrically at 280 nm [3]. Previous procedures

[16,17] were used to prepare prethrombin 1, the con-

centration of which was based on the absorption
Fig. 1. Schematic representation of the possible mechanisms for cleavage

sequential mechanism (upper pathway) presumes initial cleavage at Arg155
of initial cleavage at Arg284–Thr285. The designation of prothrombin frag
coefficient reported therein. Ecarin-catalyzed cleavage

of Arg320–Ile321 in prothrombin [18] was again used to

generate meizothrombin, to which the molar absorp-

tivity of prothrombin was considered to apply.

2.2. Kinetic studies of prothrombin and prethrombin 1

hydrolysis

The kinetics of thrombin-catalyzed proteolysis of

prothrombin and prethrombin 1 were followed by

sampling reaction mixtures at appropriate times during

incubations at 15–37 jC of enzyme–substrate mix-

tures in Hepes–chloride buffer (0.05 M Hepes/HCl—

0.125 M NaCl). pH 7.4, I 0.15, supplemented with

PEG6000 (1 mg/ml) to minimize protein losses by

adsorption. The reaction was terminated by the addi-

tion of D-Phe–Pro–Arg–chloromethylketone. Proteo-

lytic products were separated by HPLC on a MonoQ

(HR 5/5) column (Pharmacia) at a flow rate of 1.0 ml/

min [9]. Experimental data were fit by non-linear

regression analysis to the appropriate equation by

means of the program Scientist (Micromath Corp., Salt

Lake City, UT).

2.3. Distinction between sequential and random

pathways of thrombin-catalyzed cleavage of

prothrombin

Proteolysis of prothrombin is usually considered to

reflect the sequential mechanism in which Arg155–

Ser156 is cleaved to yield F1 and prethrombin 1 (i.e.
of the two thrombin-susceptible peptide binds in prothrombin. The

–Ser156, whereas the random pathway also allows for the possibility

ments is also indicated.
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F2A1–13P2), after which Arg284–Thr285 in the latter

product is hydrolysed to produce F2A1–13 and P2

(upper pathway in Fig. 1). However, in view of the

observation that F1F2A1–13 is a product of prothrom-

bin activation in plasma [4], the possibility of con-

current operation of the alternative pathway involving

initial scission of Arg284–Thr285 (lower pathway in

Fig. 1) must be considered. By analogy with the

expressions used previously for the Factor Xa-cata-

lyzed cleavage of prothrombin [18], the integrated rate

equations for hydrolysis of prothrombin (initial con-

centration [P]o) via the sequential pathway are

½P� ¼ ½Po�expð�kAtÞ ð1aÞ

½F1� ¼ ½Po�f1�expð�kAtÞg ð1bÞ

½P1� ¼ f½Po�kA=ðkB�kAÞgfexpð�kAtÞ �� expð�kBtÞg
ð1cÞ

½P2desA1�13� ¼ ½F2A1�13�
¼ ½Po�fð1þ kA � kBÞ=ðkA � kBÞg

 fkBexpð�kAtÞ�kAexpð�kBtÞg ð1dÞ

For random scission four rate constants are required

to describe the proteolysis (Fig. 1). However, inability

to detect F1F2A1–13 experimentally signifies that the

rate of hydrolysis of this putative product greatly

exceeds its rate of formation (kAVkBV), whereupon the

alternative pathway can only be described in terms of

the reaction-limiting rate constant kBV. The integrated

rate equations describing the random mechanism then

become

½P� ¼ ½Po�expf�ðkA þ kB
0Þtg ð2aÞ

½F1� ¼ ½Po�expf1�exp½�ðkA þ kB
0Þt�g ð2bÞ

½P1� ¼ f½Po�kA=ðkB�kA�kB
0Þgfexp½�ðkA þ kB

0Þt�
�expð�kBtÞg ð2cÞ
½P2desA1�13� ¼ ½F2A1�13�
¼ ½Po�f½ð1þ kA�kBÞ=ðkA�kBÞ�

 ½kBexpð�kAtÞ�kAexpð�kBtÞ�
þ ½kBV=ðkA þ kBVÞ�

0

3. Results

3.1. Accessibility of the Arg284–Thr285 bond of

prothrombin

Progress curves for the proteolysis of prothrom-

bin (3 AM) by a-thrombin (0.2 AM) at 15 jC (pH

7.4, I 0.15) in the presence of 10 mM Ca2+ are

presented in the two panels in the upper section of

Fig. 2. The left-hand panel shows best-fit descrip-

tions of time-courses for substrate depletion and

product formation for the random model involving

scission of Arg284–Thr285 in prothrombin as well

as in prethrombin 1 [Eqs. (2a), (2b), (2c) and

(2d)]. The right-hand panel illustrates the

corresponding best-fit description in terms of the

sequential mechanism, [Eqs. (1a), (1b), (1c) and

(1d)], in which cleavage of Arg284–Thr285 is re-

stricted to thrombin-catalyzed proteolysis of pre-

thrombin 1. Several points are noted. (i) The

decline in prothrombin concentration (.) as the

result of Arg155–Ser156 scission is accompanied

by increases in the concentrations of the products,

F1 (o) and prethrombin 1 (5). The concentration

of prothrombin 1 then declines due to cleavage of

the Arg284–Thr285 bond to form equal amounts of

two additional fragments (F2A1–13 and P2desA1–

13). (ii) Discrimination between the random and

sequential models needs to be based on the relative

merits of the two predicted time-courses for the

generation of these two products (E, D)—a

decision that can only be made during the early

stage when prothrombin is still present. (iii) Com-

parison of the theoretical plots reveals that the

random model provides the better description of

the results for F2A1–13 and P2desA1–13 formation.

(iv) This conclusion also applies to results for

hydrolysis of prothrombin by thrombin at 37 jC
(lower panels of Fig. 2). We therefore conclude

that the Arg284–Thr285 peptide bond is susceptible



Fig. 2. Progress curves for reactant and product concentrations in the thrombin-catalyzed hydrolysis of prothrombin (3 AM) in Hepes–chloride

buffer (pH 7.4, I 0.15) at 15 and 37 jC (upper and lower panels respectively): , prothrombin (P); o, Fragment 1 (F1); 5, prethrombin 1; E,

F2A1– 13;D, P2desA1 – 13. Left-hand panels contain the best-fit descriptions in terms of random hydrolysis of the two susceptible peptide bonds

[Eq. (2a) Eqs. (2b), (2c) and (2d)], whereas the right-hand panels refer to the corresponding descriptions in terms of sequential cleavage [Eqs.

(1a), (1b), (1c) and (1d)].
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to thrombin proteolysis in prothrombin as well as

in prethrombin 1. Although an addition bond can

be cleaved in F1, no consistent evidence was

observed to indicate that this was occurring during

these experiments.

The results shown in Fig. 2 have substantiated

interpretation of the hydrolysis of prothrombin by

thrombin according to the random model, and hence

analysis in terms of three rate constants, kA, kB, and

kBV. However, the amount of information available

for evaluating the magnitude of the rate constant for

cleavage of Arg284–Thr285 in prothrombin (kBV) is

very limited because the proportion of F2A1–13 and

P2desA1–13 produced from prothrombin (rather than

prethrombin 1) clearly diminishes with the rapidly

decreasing concentration of the substrate (prothrom-

bin). Because global fitting in terms of Eqs. (2a),

(2b), (2c) and (2d) may therefore fail to provide a

sufficiently accurate value of kBV, and consequently

of kB, the values reported in Table 1 have been

obtained by constraining kB to the value obtained

for prethrombin at the corresponding temperature.

(See Section 3.3 for the data that validate this

constraint).
3.2. Temperature-dependence of Arg284–Th285 hydro-

lysis in prethrombin 1

The temperature-dependence of kB=kc/Km for the

thrombin-catalyzed hydrolysis of the Arg284–Thr285
bond in prethrombin 1 is summarized in Table 1. It is

evident that the increase in this pseudo-first-order rate

constant over a 10j temperature range exceeds the

two-fold increase expected with reactions for simple

kinetic systems. The results (Fig. 3) are, however,

consistent with a simple kinetic reaction in that they

may be described by the Arrhenius relationship,

k ¼ Aexpð�Ea=RTÞ ð3Þ

in the presence (n) or absence (5) of Ca2+. Magni-

tudes of the two Arrhenius parameters obtained by

non-linear curve-fitting of the untransformed data to

Eq. (3) are summarized in the top line of Table 2.

It should be noted that the estimates of A are

several orders of magnitude greater than the maximal

value of 4.5
1012 M�1 s�1 (kT/h, where k and h are

the Boltzmann and Planck constants, respectively)

predicted at 25 jC on the basis of reaction rate theory



Table 1

Temperature dependence of pseudo-first-order rate constants (kc/Km) for thrombin-catalyzed peptide bond hydrolysis in prothrombin-derived protein substrates (pH 7.4, I 0.15)

Substrate kc/Km (M�1 s�1) 10 mM Ca2+ kc/Km (M�1s�1) 1 mM EDTA

15 jC 25 jC 37 jC 15 jC 25 jC

Cleavage of Arg284–Thr285

Prethrombin 28 (F1)a,b 88 (F3) 320 (F 93) 20 (F1) 81 (F3) 385 (F17)

Prothrombin (kB) 46 (F11) 120 (F10) 352 (F 20) 11 (F8) 52 (F5) 285 (F9)

Prothrombin (kB)
c 24 73 355

Prothrombin (kVB) 9.1 (F3.6) 28 (F11) 98 (F16) – – –

Meizothrombin (kB) 75 (F2) 214 (F8) 686 (F 34) 35 (F1) 132 (F5) 579 (F40)

Meizothrombin (kB)
c 81 186 721

Cleavage of Arg155–Ser156
Prothrombin 286 550 (F15) 1140 (F23) 11 600 (F500) 34 900 (F1 300) 119 000 (F4 000)

Prothrombinc 24 700 49 400 148 000

Meizothrombin 10 500 (F500) 16 100 (F40) 25 800 (F900) 33 500 (F28 000) 164 000 (F37 000) 964 000 (F186 000)

Meizothrombinc 70 900 232 000 1 200 000

a Values obtained on the basis of the best-fit relationship obtained by non-linear regression analysis of results in terms of Eq. 3.
b Numbers in parentheses denote the standard deviation of the estimate.
c Values corrected for non-competitive inhibition by the Fragment 1 domain.
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Fig. 3. Arrhenius plots of the temperature-dependence of the

pseudo-first-order rate constant (kcat/Km) for scission of the Arg284–

Thr285 bond in prethrombin 1 by thrombin in the presence (n) and

absence (5) of Ca2+ ion. Solid lines correspond to the best-fit

descriptions obtained by non-linear regression analysis of the

individual data sets in terms of Eq. (3), whereas the broken line

reflects the corresponding analysis of the combined data set.
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for the kinetics of a simple first-order reaction. Al-

though values of A greater than kT/h can, in principle,

be rationalized on the basis of the contribution from a

positive entropy of activation [19], a more realistic

estimate of the pre-exponential parameter is in the

range 7
109 M�1 s�1 for uncharged molecules to

1011 M�1 s�1 in the event of favorable electrostatic

interaction [20]. Potential sources of the large devia-

tion from reaction rate predictions clearly need to be

examined.
Table 2

Apparent Arrhenius parameters for thrombin-catalyzed peptide bond hydr

Substrate Parameters in 10 mM CaCl2

A (M�1 s�1)a Ea (

Cleavage of Arg284–Thr285
Prethrombin 1 2
1016 20

Prothrombin (kB) 1
1014 16

Prothrombin (kB)
c

Prothrombin (kVB) 3
1015 19

Meizothrombin (kB) 2
1015 18

Meizothrombin (kB)
c

Cleavage of Arg155–Ser156
Prothrombin 8
1010 11 (

Prothrombinc

Meizothrombin 3
109 7

Meizothrombinc

a Only the order of magnitude is given.
b Numbers in parentheses denote the standard deviation.
c Values corrected for non-competitive inhibition by the Fragment 1 d
Although the present reactions are pseudo-first

order in that kc/Km varies linearly with substrate

concentration, this ratio of kinetic parameters is de-

scribed by the expression

kc=Km ¼ k1½ðk2=k�1Þ=f1þ ðk2=k�1Þg� ð4Þ

where the subscripts 1 and 2 designate respective rate

constants for reversible formation of the enzyme–

substrate complex and the subsequent acyl–enzyme

intermediate [21–23]. The physically unrealistic mag-

nitudes of the pre-exponential terms in Arrhenius

descriptions of the present data may thus reflect, at

least in part, the necessity to regard kc/Km as a

composite of rate constants (each with its unique

temperature-dependence) rather than as the single rate

constant to which the Arrhenius equation applies.

An additional source of deviation from classical

Arrhenius behavior stems for the temperature-depen-

dence of kc/Km from the protein nature of the two

reactants. Any temperature-dependence of pre-exist-

ing [24–27] or substrate-induced [5–10]] equilibria

affecting the enzyme and/or substrate must also be

manifested in the magnitudes of parameters derived

from the Arrhenius relationship. In this case, sub-

strate-induced changes occur via thrombin exosite

interactions. Fig. 4 illustrates the effect of temperature

on the non-competitive inhibition by F1 of the throm-

bin-catalyzed hydrolysis of the Arg284–Thr285 bond

of prethrombin 1 in Hepes-chloride buffer (pH 7.4, I
olysis in prothrombin-derived protein substrates (pH 7.4. I 0.15)

Parameters in 1 mM EDTA

kcal/mol)b A (M�1 s�1)a Ea (kcal/mol)b

(F1) 3
1019 24 (F1)

(F1) 7
1020 26 (F1)

2
1019 24 (F1)

(F4) – –

(F1) 5
1018 23 (F2)

6
1016 20 (F2)

F1) 2
1018 19 (F1)

2
1016 16 (F1)

(F1) 1
1025 27 (F1)

3
1023 25 (F1)

omain.



Fig. 4. Effect of temperature on the non-competitive inhibition by

F1 of the thrombin-catalyzed hydrolysis of prethrombin 1 (Arg284–

Thr285) in Hepes–chloride buffer (pH 7.4, I 0.15) supplemented

with 1 mM EDTA: ., 37 jC; o, 25 jC; n, 15 jC. The lines, which
correspond to best-fit descriptions of the individual data sets in

terms of Eq. (2) of [9], signify inhibition constants (KI) of 9.2, 5.4

and 1.8 AM in order of decreasing temperature.

Fig. 5. Arrhenius plot of results for thrombin-catalyzed cleavage of

the Arg284–Thr285 bond of prothrombin in Hepes–chloride buffer

(pH 7.8, I 0.15) supplemented with 10 mM CaCl2: x, values of kB
for hydrolysis of prethrombin 1 generated by the serial pathway; 5,

values of kBV, the rate constant for hydrolysis of this bond in intact

prothrombin. _____, Temperature-dependence of kB deduced for

prethrombin 1 from Fig. 3: . . ..., best-fit description of the present

data for kB: – – – , best-fit description of the temperature-

dependence of kBV in terms of Eq. (3).
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0.5) supplemented with 1 mM EDTA. These results,

analyzed in terms of Eq. (2) of [9], produce inhibition

constants (KI) of 9.2, 5.4 and 1.8 AM at 37, 25 and 15

jC. Inasmuch as F1 is part of the substrate (prothrom-

bin), this temperature dependence of KI would be

incorporated into that of kc/Km if it were not for the

absence of inhibition in the presence of Ca2+ [9].

Nevertheless, Fig. 4 serves to illustrate the potential

for additional contributions to the temperature-depen-

dence of kc/Km from exosite interactions.

The consequences of temperature-dependent tran-

sitions within the enzyme [22–29] should be common

to Arrhenius plots for the protein substrates investi-

gated here, because they compare the same peptide

sequences (those surrounding either Arg 284 or

Arg155) in all substrates. Differences between the

apparent A and Ea values for different substrates under

the same conditions should stem from temperature

effects on enzyme–substrate interactions additional to

those involving the active site. Such substrate–exosite

equilibria include interactions of the F2A1–13 region

of substrates with (i) the putative heparin-binding site

and (ii) the fibrinopeptide-binding site of thrombin

[9].

Substrate exosite equilibria must also be consid-

ered, although an intramolecular interaction between

the F2A1–13 domains present in prethrombin 1 and

thrombin is seems unlikely for two reasons. First,

interaction between F2A1–13 and thrombin appears to
involve the same residues as those involved in the

interaction between F2A1–13 and prethrombin 2 [30].

Secondly, the effect of isolated F2A1–13 on the

thrombin-catalyzed hydrolysis of prethrombin 1 is

independent of Ca2+ ion (Fig. 4 of [9]). Fig. 3

indicates a real, but relative small effect of Ca2+ on

the temperature dependence of rate constants for

proteolysis of Arg 284–Thr285 in prethrombin 1 (Table

1). Such a small difference is not surprising in view of

the weakness of interaction between Ca2+ and either

thrombin or prethrombin 1 [31].

3.3. Temperature dependence of prothrombin prote-

olysis by thrombin

A switch to prothrombin as a substrate introduces

the need to consider temperature effects on the prote-

olysis of Arg 155–Ser 156 as well as on Arg284–Thr285.
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The previously demonstrated effects of the F1 and

F2A(1–13) domains must also be taken into account.

In the presence of Ca2+ the rate constants for the

scission of Arg284–Thr285 in the generated prethrom-

bin (x) are indistinguishable from those observed in

prethrombin 1 alone (Fig. 5) inasmuch as the exper-

imental values of kB are well described by the dotted

line, which is taken from Fig. 3 for the temperature

dependence of scission of this bond in isolated pre-

thrombin 1: indeed, this dependence is indistinguish-

able from the best-fit description of the present data

(_____). Understandably, the results obtained for kBV,
the rate constant for scission of Arg284–Thr285 in

prothrombin, by global fitting of all three rate con-

stants exhibit greater scatter than their kB counterparts.

The precision of their estimation was therefore im-

proved by refitting all data with kB fixed at the

corresponding value for prethrombin 1 (5). From

Table 1 the rate of Arg284–Thr285 cleavage in pro-

thrombin (kBV) seems to be approximately three-fold
Fig. 6. Effects of Ca2+ on the temperature dependence of pseudo-first-

Arrhenius plots of rate constants (kB) for the scission of Arg284–Thr285 in

being taken from Fig. 5 (b) Corresponding comparison of the effect of C

symbols refer to values of kB and kA that have been corrected for effects of

the corresponding results for prethrombin 1 (taken from Fig. 3).
less than in prethrombin 1 (kB), but the activation

energy deduced from the temperature dependence of

kBV is essentially identical (Table 2).

Substitution of EDTA for Ca2+ in reaction mixtures

had a dramatic effect on the temperature-dependence

of kB (Fig. 6a). No information on the magnitude of

kBV could be deduced from experiments in the ab-

sence of Ca2+ because the rapidity with which the

prothrombin concentration decreased to zero meant

that the reaction essentially followed the serial path-

way. Although a significant effect of Ca2+ was cer-

tainly observed for thrombin-catalyzed scission of

Arg284–Thr285 in prethrombin 1 (Fig. 3), the conse-

quences of Ca2+-binding are much greater for pro-

thrombin. This difference presumably reflects to some

extent the elimination of non-competitive inhibition at

the fibrinopeptide exosite by the F1 present either as a

domain of prothrombin or as the released product

(Fig. 4). Only in the absence of Ca2+ is F1 an inhibitor

of the thrombin-catalyzed cleavage of Arg284–Thr285
order rate constants for prothrombin proteolysis by thrombin. (a)

the presence (n) and absence (.) of the metal ion, the former data

a2+ on the rate constant for scission of Arg155–Ser156 (kA). Open

F1 inhibition by means of Eq. (5). Broken lines and crosses in (a) are
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in prethrombin 1 [9]. However, an effect of the F1

domain cannot be completely excluded. For the

substrates used in the present investigation, this con-

sideration only applies to prothrombin and meizo-

thrombin proteolysis by thrombin.

In order to gain some insight into the extent to

which allowance for the effects of such inhibition

might affect the form of the Arrhenius plot, the

value of (kc/Km) obtained in the absence of Ca2+

(plus EDTA) at each temperature has been cor-

rected for effects of non-competitive inhibition via

the expression [9]

kc=Km ¼ ½fðkc=KmÞE þ ðkc=KmÞEI ½I �=KIg½Et��
=ð1þ ½I �=KI Þ ð5Þ

where (kc/Km)E and (kc/Km)EI are the respective rate

constants for native and inhibited enzyme, and

where [I] and [Et] denote the concentrations of

inhibitor and total enzyme, respectively. Values of

KI at the various temperatures were presented in

the caption to Fig. 4. Although the inherent as-

sumption that Fragment 1 is a quantitative mimic

of this portion of prothrombin from the viewpoint

of thrombin inhibition in the absence of Ca2+is

open to question, it is noted (open symbols in Fig.

6a) that this allowance for effects of F1 inhibition

nearly eliminates the difference observed in the rate

constants for the Ca2+ effect on hydrolysis of

prothrombin at Arg284. Indeed, there is now corre-

spondence between the temperature dependences of

Arg284–Thr285 scission in prothrombin and pre-

thrombin 1 in the presence and absence of

Ca2+—a point illustrated by inclusion of the data

(
) and best-fit descriptions (� � �; �.�.�) for

prethrombin 1 cleavage presented in Fig. 3.

Attention is now directed to proteolysis of the

other thrombin-susceptible peptide bond, Arg155–

Ser156, in prothrombin. Fig. 6b presents the Arrhe-

nius plots for the thrombin-catalyzed scission of

Arg155–Ser156, in the presence (n) and absence (.)
of Ca2+ ion: open symbols denote the latter results

after allowance for non-competitive inhibition by the

F1 domain of prothrombin (as in Fig. 6a). For this

cleavage the inclusion of the metal ion also gives

rise to a decreased value for the apparent energy of
activation (Table 2). Of particular interest, however,

is that the results obtained in the presence of Ca2+

provide the first unequivocal evidence of a system-

atic departure from description in terms of a single

exponential in reciprocal time. The pronounced cur-

vilinearity of this Arrhenius plot for scission of the

Arg155–Ser156 bond in the presence of metal ion (n)

strengthens the earlier inference that the physically

unrealistic magnitudes returned for Ea and A may

signify the concomitant operation of separate tem-

perature-dependences for the different steps that

occur during enzyme–substrate interactions, e.g.

binding, acylation and deacylation [Eq. (4)]. Indeed,

such curvilinearity has been interpreted quantitatively

in terms of the energy-of-activation equivalent of a

thermodynamic heat capacity effect (the analog of

DCp) for the thrombin-catalyzed hydrolysis of fibrin-

ogen—a phenomenon attributed to temperature-de-

pendence of thrombin interconversion between slow

and fast isomeric forms [27]. Comparable studies of

the energetics of the thrombin–hirudin [26] and

thrombin– thrombomodulin [29] interactions have

also been reported. An additional observation of

relevance is the recent demonstration of a sub-

strate-induced isomerization of thrombin to an ex-

panded [or more asymmetric] transition state prior to

the irreversible steps that lead to substrate hydrolysis

[32].

In the above experiments the deviation from clas-

sical Arrhenius behavior can reflect the consequences

of conformational changes within the substrate as well

as within the enzyme. We therefore attempt to identify

the extent of contributions from the latter source by re-

examining published data for the thrombin-catalyzed

hydrolysis of chromogenic substrates [22,23,33].

3.4. Temperature-dependence of the thrombin-cata-

lyzed hydrolysis of chromogenic substrates

There are two published studies of the temperature-

dependence of chromogenic substrate hydrolysis by

thrombin that allow evaluation of the Arrhenius

parameters [22,33]. For H-D-Phe–L-Pip–L-Arg–

pNA (S2238) hydrolysis at pH 7.8 the temperature

dependence of kc reported by Lottenberg et al. [33]

yields respective values of 2
1010 M�1 s�1 and 11

kcal/mol for A and Ea, an essentially identical value of

the latter parameter having been reported by Di Cera
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and coworkers [22]. On the other hand, the

corresponding considerations of kc/Km values [33]

yield a pre-exponential factor of 3
109 M�1 s�1

and an apparent activation energy of 2 kcal/mol. From

an alternative set of published results for kc/Km [22]

the respective values were 2
1011 M�1 s�1 and 5

kcal/mol. Although the parameter estimates vary con-

siderably, the temperature-dependence of kinetic

parameters is clearly described by much smaller

values of A and Ea than those reported in Table 2

for prothrombin-derived substrates. Furthermore, the

pre-exponential terms are now smaller than kT/h but

still larger than the kc/Km values of 108 M�1 s�1 that

are obtained for the best p-nitroanilide substrates [33].

These values for Ea and A are more in keeping with

reaction rate theory [20].

Results for Tos–Gly–Pro–Arg–pNA (Chromo-

zym TH) yield higher values of the pre-exponential

factor, 2
1012 M�1 s�1 [30] and 6
1011 M�1 s�1

[33], which signify the probable existence of addi-

tional substrate-induced contributions to the energet-

ics. Indeed, the results reported by Stone et al. [22]

exhibit not only curvature but also a maximum in the

Arrhenius plot—an unequivocal indication of energet-

ic contributions additional to those involved in simple

bond hydrolysis. The desirability of extending the

experimental temperature range beyond 37 jC is

emphasized by studies of the thrombin–fibrinogen

interaction, the Arrhenius plot for which also

exhibited a maximum at approximately 30 jC [27].

Such behavior is now expected to be the norm rather

than the exception—particularly with thrombin as the

enzyme. A major contributing factor to such behavior

of Arrhenius plots for thrombin-catalyzed hydrolysis

of chromogenic substrates is undoubtedly the sodium-

and temperature-dependent isomerization equilibrium

between the slow and fast conformer states of throm-

bin [23–29]; the isomerization to an expanded tran-

sition state [32] is also a potential contributor.

3.5. Comparison of the thrombin-catalyzed proteoly-

sis of meizothrombin and prothrombin

Separation of the effects of temperature, F1, and

Ca2+ on the enzyme, as described above, from their

effects on the protein substrates has been facilitated by

monitoring cleavage of the two peptide bonds, Arg284
and Arg155, in three prothrombin-derived substrates,
prethrombin 1, prothrombin and meizothrombin. Mei-

zothrombin, the sole proteolytic product arising from

hydrolysis of Arg320–Ile321 in prothrombin, is much

less structured than the parent molecule. Whereas the

two halves of meizothrombin are held together by a

single disulfide bond, the structure of the intact

prothrombin molecule is constrained not only by that

disulfide bond but also by the restrictions imposed by

the presence of the Arg320–Ile321 peptide bond as part

of the polypeptide chain. The fact that these two

thrombin substrates have the same structural domains

(F1 and F2) and same molecular mass affords an

opportunity to assess the effect of greater structural

flexibility on the temperature dependence of proteol-

ysis by thrombin. Because of its enzymatic nature, the

active site of meizothrombin has been inactivated by

reaction with D-Phe–Pro–Arg–chloromethylketone

to prevent substrate autolysis.

In the presence of Ca2+, the thrombin-catalyzed

hydrolysis of Arg284–Thr285 in meizothrombin is

governed by a rate constant (kB) which is approxi-

mately two-fold greater than that for the hydrolysis of

the same bond in either prothrombin or prethrombin 1

(Table 1). Consequently, the values of apparent acti-

vation energies and the pre-exponential factors

obtained by classical Arrhenius analysis are very

similar (Table 2). On the other hand, the greater

flexibility of meizothrombin is reflected in rate con-

stants (kA) for Arg155–Ser156 hydrolysis that are

twenty to forty times larger than those pertaining to

prothrombin (Table 1). This is manifested in a de-

crease in Ea, (11 kcal/mol to 7 kcal/mol), and a

decrease in the pre-exponential factor from 8
1010

M�1 s�1 for Arg155–Ser156 cleavage in prothrombin

to 3
109 M�1 s�1—a value comparable with those

calculated for chromogenic substrates.

The removal of Ca2+ leads to enormous changes in

the energetics parameters obtained by classical Arrhe-

nius analysis (Table 2). As noted in Section 3.3, rate

constants for bond scission in the absence of Ca2+

seemingly reflect non-competitive inhibition arising

from enzyme exosite interaction with the F1 portion

of prothrombin (Figs. 4 and 6). Application of the

same allowance for this inhibition of meizothrombin

brings the energetics of Arg284–Thr285 cleavage into

line with description that is common to scission of this

bond in prothrombin and prethrombin 1. It would

therefore seem that inhibition by the F1 portions of
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prothrombin and meizothrombin is largely responsible

for the observed differences in energetics between

thrombin-catalyzed scission of the Arg284–Thr285
bond in prothrombin-derived substrates. In other

words, the surface of the portion of prothrombin

containing the Arg284–Thr285 bond is relatively unal-

tered by the consequences of the proteolytic events

that give rise to meizothrombin and prethrombin 1.

Similar considerations of the results for cleavage of

the Arg155–Ser156 bond suggest that inhibition by F1

also affects the magnitudes of activation energies and

pre-exponential factors, but does not alter the conclu-

sion that the structuring of the Gla domain by Ca2+

has markedly different effects on the apparent Arrhe-

nius parameters for this scissile bond in meizothrom-

bin and prothrombin, the consequences being even

more profound when the substrate is the more loosely

structured meizothrombin.

The dramatic effects of Ca2+ are most simply

understood in terms of probable differences in the

accessibility of peptide bonds as the result of expan-

sion and contraction of the F1 portion of the substrate.

The larger rate constants (kA and kB) for meizothrom-

bin presumably reflect greater access to either scissile

bond in this looser assembly of constituent segments

compared with the situation in prothrombin. The

effect is greater for Arg155–Ser156 bond scission

because of its closer proximity to the F1 region; and

more noticeable in the absence of Ca2+ because of the

expanded, disordered and highly charged state of the

Gla domain [34,35].
4. Discussion

The reaction scheme for proteolysis by the classical

serum proteinases (trypsin and chymotrypsin) is also

the basis of thrombin catalysis, which is, however,

under the control of additional regulatory mecha-

nisms—interactions involving exosites that are dis-

tinct from the catalytic site [5–10,23–29,36,37].

In spite of obvious limitations of the theory for

such complex systems, the utility of investigating the

temperature-dependence of enzyme-catalyzed pro-

cesses has been shown by studies of the effects of

the equilibrium coexistence of two thrombin con-

formers on the enzyme’s interactions with fibrinogen

and thrombomodulin [24–29]. Results of the present
investigation of thrombin-catalyzed proteolysis of two

different peptide bonds in prothrombin and protein

substrates derived from them have confirmed the

value of such studies; and have extended their scope

to include modulation by domains within the protein

substrate. The first clear indicator of interaction addi-

tional to the classical enzyme–substrate interaction is

an elevated magnitude of the Arrhenius pre-exponen-

tial factor, A. Values of the apparent activation energy

also tend to be high; and for some systems there is

demonstrable deviation from the linear dependence of

ln k upon 1/T that is predicted by the Arrhenius

equation.

It is evident from the data in Table 1 that the

environments of the scissile bond and the gross

conformation of the substrate must differ dramatically

in the presence and absence of Ca2+, and also with the

relaxation of constraints that occurs when Arg320–

Ile321 is cleaved in prothrombin to generate meizo-

thrombin. Whereas the ratio of rate constants for

Arg284–Thr285 cleavage increases two- to three-fold

in the presence or Ca2+, the corresponding increase for

the scission of Arg155–Ser156 is up to 40-fold. Varia-

tions in exosite interactions are clearly having a

pronounced effect on the kinetics of hydrolysis at

Arg155–Ser156. On the other hand, the similarity of

Arrhenius parameters for scission of the Arg284–

Thr285 bond, for which the similarity of Arrhenius

parameters in the presence and absence of Ca2+

implies relative insensitivity of the structural topogra-

phy in this region of prothrombin either to the

presence of metal ion or to the peptide scissions

leading to the generation of prethrombin 1 and

meizothrombin.

In summary, this investigation has established that

the mechanism for thrombin-catalyzed hydrolysis of

prothrombin and prothrombin-derived substrates is

more complicated than that for proteolysis by trypsin

and chymotrypsin. Whereas Arrhenius parameters for

the latter serine proteinases are seemingly amenable to

classical interpretation, the magnitudes of the param-

eters emanating from temperature–dependence stud-

ies of thrombin-catalyzed hydrolysis of peptide bonds

are in general far too high for consideration as pre-

exponential factors and energies of activation for

simple chemical reactions. By pointing out this in-

ability to ascribe the usual mechanistic significance to

the magnitudes deduced for A and Ea it is not our
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intent to deter temperature-dependence studies of the

kinetics of hydrolysis catalyzed by blood coagulation

proteinases. To the contrary, the present investigation

has highlighted the value of such studies as a potential

means of identifying the existence of contributions

from enzyme exosite interactions as well as from

enzyme conformational rearrangements to the kinetics

of proteolysis by thrombin and other enzymes of the

blood coagulation system.
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