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Abstract

The inhibitory effect of sucrose on the kinetics of thrombin-catalyzed hydrolysis of the chromogenic substrate S-
2238 (p-phenylalanyl-pipecolyl-arginoyp-nitroanilide) is re-examined as a possible consequence of thermodynamic
non-ideality—an inhibition originally attributed to the increased viscosity of reaction mixtures. However, those
published results may also be rationalized in terms of the suppression of a substrate-induced isomerization of thrombin
to a slightly more expandetbr more asymmetrictransition state prior to the irreversible kinetic steps that lead to
substrate hydrolysis. This reinterpretation of the kinetic results solely in terms of molecular crowding does not signify
the lack of an effect of viscosity on any reaction €®psubject to diffusion control. Instead, it highlights the need
for development of analytical procedures that can accommodate the concomitant operation of thermodynamic non-
ideality and viscosity effects.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction non-ideality arising from molecular crowding by
the high concentration of added cosolt-§].

In mechanistic studies of catalysis by thrombin, Of interest in that respect is the repdd] of
the inhibitory effect of sucrose on kinetic para- inhibitory effects of another inert cosolute, poly-
meters for the hydrolysis of chromogenic peptide ethylene glycol, on kinetic parameters for the
substrates has been attributed to the increasedthrombin-catalyzed hydrolysis of benzyl—argi-
relative viscosity of sucrose-supplemented reaction noy|—p-nitroanilide—an extremely poor substrate
mixtures [1,2. No consideration has been given for which the Michaelis constant may be regarded
to the possible consequences of thermodynamic 55 the thermodynamic dissociation constant for the
T Corresponding author. Faxt 61-7-3365-4699. enzyme—substrate interactidh0]. To consider a
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(D.J. Winzo). terms of viscosity seems untenable, and hence an
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alternative source of the cosolute effect has beenor 1.0 M) was an additional component in some
sought. experiments. Concentrations of thrombin solutions
As noted elsewherd5-8,11-15% molecular were spectrophotometrically determined on the
crowding by high concentrations of an inert coso- basis of an absorption coefficieft1”,,,) of 18.3
lute provides a powerful probe of isomeric transi- at 280 nm[2,16].
tions within a protein. Furthermore, the existence
of a Na' -dependent transition in thrombin has 2.1. Sedimentation equilibrium studies
been demonstrated by fluorescence intensity meas-
urements[2]—a phenomenon also associated with  Prior to molecular mass determination by sedi-
enhancement of enzyme activity. It is therefore mentation equilibrium, solutions of enzyn{@00
conceivable that the enhanced fluorescence i, 0.15 mg/ml) were dialyzed against the two
observed in the presence of Na could be reflect- puffer solutions mentioned above and also against
ing the shift of a preexisting isomerization equilib- the choline chloride-containing buffer supplement-
rium towards a slightly larger (or more ed with 0.2 M sucrose. These dialyzed thrombin
asymmetri¢ active conformational state, and that solutions were first spun to sedimentation equilib-
displacement of this preexisting equilibrium tran- rium in a Beckman XL-I analytical ultracentrifuge
sition towards the smaller isomeric state as the operating at 20°C and 12 000 rev. mint . The
result of molecular crowding by sucrose would rotor speed was then increased to 28 000 rev
afford an alternative explanation of the inhibitory min—* to obtain sedimentation equilibrium distri-
effect currently being attributefll,2] to viscosity. butions of meniscus-depletion desi¢h8]. Equi-
The present investigation summarizes a searchlibrium distributions at both rotor speeds were
for experimental evidence that would allow dis- spectrophotometrically recorded at 280 and 500
tinction between effects of viscosity and thermo- nm, those at the latter wavelength being regarded
dynamic non-ideality as the likely source of the as baselines for correction of thgg, recorded at
inhibitory effect of sucrose on the thrombin-cata- each radial distance. The corrected equilibrium
lyzed hydrolysis of chromogenic substrate S-2238 distributions were fitted to the relationshif9):
(p-phenylalanyl—pipecolyl—arginoyp-nitroanili-
de). Although the results of that search favor A,gqr)=A ,adr QeXF{M(l—Ep)wz(rz—rzg/(ZRT)}
interpretation of at least part of the inhibition in (1)
terms of thermodynamic non-ideality, the isomeri-
zation affected by molecular crowding is not the which expresses the absorbance at radial distance
Na*-dependent transition detected by fluores- 7, A2sd(r), in terms of that at an arbitrarily chosen
cence. Instead, the inhibitory effect of sucrose radial positionr for a solute with molecular mass
seems to reflect suppression of a substrate-induced¥ and partial specific volume centrifuged at
isomerization of thrombin to a slightly expanded angular velocityw and temperaturé; r was taken
(or more asymmetrictransition state prior to the as 7.050 cm for each distribution. An Anton-Paar
irreversible kinetic steps that lead to substrate density meter was used to determine the density,

hydrolysis. p, of each solvent(diffusate from the dialysis
step. The partial specific volume of human throm-
2. Experimental bin was taken as 0.734 mig , the value calculated

from the amino acid compositiof20Q].

Human a-thrombin, prepared by the method of
Fenton et al.[16], was a frozen sample of the 2.2. Gel chromatography on Sephadex G-100
preparation used previouslfl7]. Reagent-grade
chemicals were used in the preparation of the In a series of zonal gel-chromatography studies,
buffer solutions used in this study, namely 0.05 M thrombin solution (50 pl, 0.7 mg mi?!) was
Tris/HCI-0.2 M NacCl, pH 8.0, and 0.05 M Tris applied to a column of Sephadex G-1dQ.0
HCI-0.2 M choline chloride, pH 8.0. Sucroée.2 cmx19.7 cm preequilibrated at 0.63 ml mirt



T.G. Lonhienne et al. / Biophysical Chemistry 103 (2003) 259-269

with one of the above buffer solutions. Blue
dextran 2000 and potassium chromate were also
included in the applied sample to obtain estimates
of the void and total liquid-phase volumég, and

V,, respectively for the column. Elution volumes
were estimated from the positions of the absorb-
ance peakg280 nm in the effluent profile and
were converted to partition coefficienks, by the
standard proceduril1,24.

2.3. Fluorescence titrations

The interaction of N& with human thrombin at
25 °C has been quantified by measuring the
increased fluorescence intensity at 340 f&hin
response to a 280-nm incident beam in an ISS
photon-counting spectrofluorimeter. As in that ear-
lier study, a constant ionic strength was maintained
by suitable admixture of the NaCl- and choline
chloride-containing buffers to provide solutions
with the requisite N& concentration. A binding
curve for the N& —thrombin interaction was also
obtained in the presence of 1 M sucrose. Analysis
of estimates for the fractional fluorescence
enhancement, in terms of the rectangular hyper-
bolic dependence upon metal ion concentration,
[L]:

eF:KEL[L]/(1 +KEL[L]) 2
provided a magnitude of the binding constant
KEL.

3. Results and discussion

In both mechanistic investigations of thrombin
catalysis [1,2] it has been assumed that the
decreased rate of hydrolysis in the presence of
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Fig. 1. Non-linearity of the dependence qfkl,; upon relative
viscosity for the thrombin-catalyzed hydrolysis of S-2238 in
Tris/HCI buffer containing 0.2 M choline chloridé®), KCI
(¢) or NaCl(m). Results, taken from Fig. 2 ¢2], have been
normalized by expressinfll/k..) v, the value obtained in the
presence of sucrose, to its val(®/k.,) in the absence of the
viscogenic agent.

sucrose on the kinetics thrombin-catalyzed hydrol-
ysis of chromogenic substrate S-2238.

As noted in Section 1, any consideration of the
inhibitory effect of sucrose on catalysis by throm-
bin in terms of thermodynamic non-ideality is
conditional upon the existence of an equilibrium
enzyme transition involving an increase in volume
(or asymmetry within the kinetic mechanism of

sucrose is a consequence of the increased viscosityenzyme action. In view of the enhanced fluores-

of reaction mixtured23,24. The results reported
in Fig. 2 of Wells and Di Cerd2] have therefore
been interpreted in terms of a mandatory linear
dependence of /&, upon relative viscosityy e
However, closer inspection reveals curvilinearity
of those plots(Fig. 1). Because viscosity is not

cence, as well as the enzyme activity of thrombin
in the presence of Nfa[2], it is certainly tempting
to consider this transition as the isomerization
reaction being sought.

3.1. Possible effects of molecular crowding on a

therefore the sole factor responsible for the preexisting enzyme isomerization

decreased rate of catalysis in the presence of

sucrose, we assess the potential of thermodynamic Although effects of thermodynamic non-ideality

non-ideality to account for the observed effects of

emanating from molecular crowding by small
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cosolutes on such a preexisting enzyme isomeri- which signifies their sensitivity to effects of ther-
zation equilibrium have been predictd6] and modynamic non-ideality because of a dependence
indeed observed7] in kinetic studies, the param- upon the isomerization constarit

eter subject to change was the Michaelis constant.

On the grounds that cosolute inclusion in reaction 3.2. Effect of sucrose on the Na™-dependent
mixtures gives rise to a decreasekin, but essen-  enzyme isomerization

tially no change ink,, for chromogenic substrate

hydrolysis by thrombin[2], that simple model Having established the potential for effects of
[6,7] with binding of the substrate restricted to the thermodynamic non-ideality on a model with pre-
active isomer is thus precluded in the present existing Na -dependent enzyme isomerization to
instance. However, a dependence kf, upon give rise to the observed kinetic behavior of

cosolute inclusion is readily incorporated by mod- thrombin in the presence of sucrose, we need to
ifying the model to the form: ensure that the transition responsible for the
enhanced fluorescence is, indeed, an isomerization.

E+S<i_§ ES: Eip Qualitatively similar effects of molecular crowding
would result from preferential catalysis by mono-
meric enzyme in association equilibrium with an

Y1l 3) oligomeric state[25,26. Elimination of that pos-
sibility is of particular relevance, inasmuch as
Kd thrompin of. bovjne_ origin is known to undergo
E4+SoES reversible dimerizatioi27,29.

Sedimentation equilibrium has been used to
in which Ky is the dissociation constant describing determine the molecular mass of human thrombin
enzyme—substrate complex formation with either in the NaCl- and choline chloride-containing Tfis
enzyme isomer. This restrictive requirement is HCI buffers (pH 8.0, and also in the latter
introduced to accommodate the findinkjs2] that medium made 0.2 M with respect to sucrose. The
kinetic estimates of competitive inhibition con- rationale for this selection of conditions is that the
stants (K,) are unaffected by the presence of NaCl-containing medium should enhance the pro-
sucrose. Provided that the rate constant govern-  Portion of the active enzyme species relative to its
ing the product-forming step, is sufficiently small @bundance in the NaCl-free environment. On the
for concentrations of the various enzyme and othe_r hand_, supplementation of the choline chloride
enzyme—substrate species to be described in therMedium with sucrose should enhance the propor-
modynamic(equilibrium) terms, standard kinetic  tion of enzyme in the inactivelor less activg

derivation on the basis of a steady St&tES]/ state. Analyses of sedimentation equilibrium dis-
dr=0) yields the following expression for initial ~ fibutions obtained at 12000 and 28000 rev.

velocity, v: min~* under the three conditions are summarized
in the first two lines of Table 1. The close
v={k[EJ/(1+Y)}[S)/(Ka+[S)) (4 conformity of all estimates of molecular mass with
the monomer value of 36.5 kDa clearly eliminates
self-association as the Na -dependent transition
=l : T2 undergone by human thrombin. We therefore focus
the preexisting enzyme isomerization.. The para- suention on the possibility that the enhanced flu-
meters determined by conventional Michaelis— 4 escence of human thrombin in the presence of
Menten analysis are thus amenable to mechanisticnac| [2] reflects the preferential binding of metal
Interpretation as: ion to a larger(or more asymmetric isomeric
ko= = state of the enzyme.
=V mad [E}=/(147) (52 Partition coefficients(K,) evaluated by zonal
keal K m=k/{K {1+7Y)} (5b) gel chromatography of human thrombin on

where [E] is the total enzyme concentration and
Y=[E*]/[E] is the equilibrium constant governing
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Sephadex G-100 are presented in the final line of 0.25
Table 1. Failure to observe any difference between | ! ! |
Ky for enzyme in the choline chloride and NacCl
environments signifies that the increased fluores- 0.20
cence associated with the Na -dependent transi-
tion undergone by thrombin must reflect a local
conformational change that is of insufficient mag-
nitude to have a detectable effect on the overall
size of the enzyme. Taken in isolation, the smaller
partition coefficient obtained in the presence of
sucrose seemingly implies displacement of a self-
association equilibrium towards the polymeric
state. However, that possible consequence of ther- 0.05
modynamic non-ideality{26] is precluded by the
sedimentation equilibrium results. In view of the

0.15

0.10

0 = (F-Fo)fF,

existence of a heparin-binding site on thrombin, it 0 . L L '
: i ; 0 10 20 30 40 50
seems likely that the polysaccharide chain of the Na'] (M)
a m

Sephadex serves as a weak affinity matrix for the
enzyme, and that by acting as a competitive Fia 2. Spectrofluorimetric investiaation of the interacti .
inhibitor of the affinity interaction, sucrose may . % Spectofuermetic vetontor o e nieacions o
restore the chromatographic process to pure gel m) of sucrose(1 M). The solid line is the best-fit description
filtration. A similar situation has been encountered obtained on the basis of EG2) and a binding constanke, ,

with lysozyme, the elution of which from Sephad- of 36 M~* [2].

ex is also facilitated by small saccharid@$].

Evidence that unequivocally eliminates the described by Eq(4) and the binding constant of
Na*-mediated enzyme transition as a potential 36 M~* deduced from a similar studj?] of the
source of thermodynamic non-ideality has been Na* —thrombin interaction in the absence of sac-
afforded by a fluorimetric study of the effect of charide(solid line in Fig. 2. These results signify
sucrose on the interaction between*Na ions and that no gross conformational change accompanies
human thrombir(Fig. 2). As well as being exper- the Na' -mediated transition—a finding entirely
imentally indistinguishable, measurements of the consistent with the recently demonstrated similar-
fractional fluorescence enhancement in the absenceity between the crystal structures of the slow
(O) and presencé®) of sucrose(1 M) are well (Na* -fre@ and fast forms of thrombih30].

Table 1
Attempts to identify the N& -dependent thrombin transition by sedimentation equilibrium and gel chromatography on Sephadex G-
100

Parameter Buffer supplement
Choline chloride NaCl0.2 M) Choline chloride(0.2 M)
0.2 M 0.2 M Sucrose(0.2 M)
M (kDa)?
(12 000 rev. min?) 36.3(+0.9 36.1(+0.3) 35.6(+0.4)
(28 000 rev. min'?) 36.5(+0.6) 36.1(+0.4) 35.5(+0.4)
Kp (G-100° 0.33(+0.01) 0.33(+0.01) 0.30(+0.01)

Conditions: 0.05 M TrigHCI buffer (pH 8.0) supplemented as indicated.
a@Numbers in parentheses denote the uncertdint® S.D) of the estimate.
bMean(+2 S.D) of three estimates.
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On the grounds that the presence of sucrose cosolute species with radli; andRy,, respectively
does not impart detectable thermodynamic non- [32]. An increase in voluméor asymmetry asso-
ideality to this preexisting enzyme transition, we ciated with the E$> ES transition thus has the
therefore consider the possibility that substrate- potential to decrease the magnitude Xf,, and
induced isomerization of thrombin could allow hence decrease the rate of product formation. On
thermodynamic rationalization of the enzyme the other hand, the binding of a small substrate is

kinetic behavior originally attributed to viscosity

[2].

3.3. Rationalization of the kinetic data in terms of
a substrate-induced isomerization

We now consider the effects of thermodynamic
non-ideality on thrombin catalysis in terms of an
enzyme reaction conforming to the mechanism
[3.60:

Ky X k

E+S2ES2ES -E+P (6)

in which the substrate-induced transition is gov-
erned by isomerization constank. Because

enzyme kinetic experiments are conducted under
conditions of constant temperature and pressure,

equilibria are most readily described in terms of
the molal concentratior(;n;) and molal activity
coefficient (y;,) of each participating specid81].
However, in the situation under consideration the

considered to have little effect on the enzyme
radius(Re = Res). Consequently, the only effect of
sucrose on(Ky) ,pp Stems from a change ing the
activity coefficient of the substrate. This parameter
is taken as unity to simplify the current illustrative
analysis.

In the presence of cosolute the expression for
keosNEEdS to be written in terms &f,;, whereupon
it follows that the effect of thermodynamic non-
ideality on the catalytic rate constant is given by:

l+XexF{(BES,M_BES y|\/D”n VP S+ .. ]

(Vkea)m= kexr{(BEs‘M—BEs MW st }
(8a)
=[(1+X)/(kx)]
+[1/(kX))(Besm—Bes mm b s (8b)

Similar considerations ofK,,/k.,, the other

extremely low enzyme concentration ensures that experimental parameter used by Wells and Di Cera

the activity coefficient of each enzyme species is
dominated by the term in cosolute concentration
[8]. The expression fop; then assumes the form
exp(B;m —Myvm)my ps, Where pg is the solvent
density, B, » the second osmotic virial coefficient
describing physical interaction of speciéswith
cosolute M, and Myuvy, the molar volume of
cosolute. Allowance for the effect of a molal
concentratiorvn,, of sucrose may thus be incor-
porated by means of the following apparent equi-
librium constantd8]:
Xapp=XexXg (Besa— B es Wn wp o -] (79
(K)app= (K o/y )Xt (BesaB es wm p & -]
(7b)

On the grounds that the second virial coefficient
is simply the covolume of enzyme speciegsnd

[2], show that:

(Km/kea)u =K o (kX)]|Xexd (B esu

—Beg mym Mps}

(9a)

=Ko/ (kX)]
+[Ko/(kX)|(Besp—Bes Wm wp s

Positive linear dependence 6f/k..) v and (K /
kead m UPONmp, is thus the predicted outcome of
the thermodynamic non-ideality effects of sucrose
on thrombin catalysis.

The extent to which these predictions are borne
out by experimental data on the effect of sucrose
on the thrombin-catalyzed hydrolysis of S-2238 is
summarized in Fig. 3a,b, which have been con-
structed from the results presented in Figs. 1 and

(9b)

sucrose for this system with an uncharged cosolute, 2 of Wells and Di Cerd?2]. Viscosity tables in the

B;m=4mwN(R;+Ry\,)?/3 for spherical enzyme and

CRC Handbook of Biochemistry and Molecular
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—
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Fig. 3. Consideration of the effect of sucrose on S-2238 hydrol-
ysis by thrombin as a consequence of thermodynamic non-
ideality, the results fofa) K,,/k..and (b) 1/k .,being tested

for conformity with Egs.(8b) and(9b). Data for hydrolysis in
Tris/HCI buffer supplemented with 0.2 M choline chloride
(@), 0.2 M KCI (#) or 0.2 M NaCl(m) have been inferred
from Figs. 1 and 2 of2].

Biology were used to convert each abscissa value
from relative viscosity to molar sucrose concentra-
tion, which was then transformed to the required
molar parametermnyps, On the basis of solution
incompressibility[31].

An important observation to note from Fig. 3a,b
is the adequacy of linear relationships to describe
the dependence diK,,/kca) v and (1/k ) pUpON
sucrose concentration—findings consistent with
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the theoretical predictions of Egé8b) and (9b).
From the viewpoint of estimating the extent of the
putative expansion of the enzyme, it is informative
to normalize the respective expressions ay
kead m @Nd (K 1/ ko) m by expressing them relative
to their counterparts, /k.; and K /k.y in the
absence of sucrose. Specifically:

1+X6X[{(BESYM—BE5 y|\/)"n P 5]

kcaT/(kca)M = (1 +X)eX[{(BES’M—BEg 'N)m Nps]
(103
(Kol keaoa! (K wf c3)
=exf (Besm—Bes Wm w4 (10b)

Despite the simpler form of the expression for the
ratio of K.,/ k. values, the two sets of experimen-
tal results are described by a common linear
dependence of [ ./ (kcd W] and IM(K /k .2 o
(ken/kead] upon mp ¢ (Fig. 4). This coincidence
of dependence signifies a small magnitude for the
isomerization constan{X<1), whereupon the
expression for the ratio of /&, values becomes
identical with the right-hand side of Eq10b). In
that regard the small value &f would be consis-

= 038
3 ] I [ [
<
Nz
X
2 06} ) _
% °
X o
S 04— —
S
= o
w7 [ ]
g 0.2
s ¥
- 0 ] ] ] ]
0.2 0.4 0.6 0.8 1.0

o

Mups = [M]/(1 —Mm\—lM) (M)

Fig. 4. Evaluation of the apparent change in covolufBgs'—
Besw, from the data presented in Fig. 3 for the effect of
sucrose on the thrombin-catalyzed hydrolysis of S-2238.
Results for [(Kn/kead W (Ki/kead] (closed symbols) and
keal (k cad m (open symbols) are plotted in accordance with the
logarithmic form of Eq.(10b).
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tent with consideration of ES as the activated 23 s ! (Table | in [2]), respectively. Values of
complex encountered in absolute reaction-rate the- (k.. e, Need to be determined from tle, values
ory [3,33. of 77 st (Na*) and 42 s* (K*), also reported
Linear regression analysis of the combined data in Table | of Wells and Di Cerd2] in conjunction
sets in terms of the logarithmic form of E€LOb) with the binding constantdKg ) of 46 M1
yields an estimate of 0.79+0.05 | mol~? for (Na*) and 8 M* (K*) that appear in Table IlI
(Besm—Bes v from the kinetic parameters of the same investigation. Application of Eq.1a)
obtained for thrombin in the choline chloride then leads tdk.,) g Vvalues of 83 s* (L=Na")
medium, but lower values of 0.46+0.03) and and 54 s! (L=K™). The relevant parameter
0.35(4+0.04) | mol~* emanate from kinetic meas- estimates are now incorporated into E¢2) with
urements in the presence of KCIl and NaCl, respec- the value of dlfke,/(kead) M/d(m o9 deduced
tively (Fig. 4). We therefore proceed on the basis from the relevant slope in Fig. 4 to obtain
that the binding of a metal ion to thrombin may (Bg .sm—Bes ) @s the remaining parameter of
decrease the extent of the substrate-induced con-unknown magnitude. Such consideration of the
formational change. In that regard, we note that experimental estimates of covolume differences to
the experimental parameters obtained in the pres-be weighted averages of parameters for the
ence of N& and K are all constitutive parame- ES2 ES and EL® ELS transitions leads to
ters, in the sense that the 0.2 M concentration of respective estimates of 0.34+0.04 and 0.37
metal ion does not suffice to saturate the ligand (+0.04) | mol~* for (Bgsm—Besw With
(L) site, and that it is therefore necessary to Na' and K" as the metal-ion ligand, L.
consider the kinetic data not only in terms of the  Interpretation of the inhibitory effect of sucrose
reaction scheme shown in E¢6), but also in on the thrombin-catalyzed hydrolysis of chromo-
terms of the corresponding reaction scheme for genic substrate S-2238 by thrombin in terms of
enzyme-ligand complex EL. The measured max- thermodynamic non-ideality has thus led to the
imal velocity then defines an average catalytic rate conclusion that the inhibition reflects displacement
constantk.. , given by: of a substrate-induced transitiofES= ES)
_ toward the slightly smaller, inactive isomeric state
kear= [ (kcaje+ K elL](k ca)EL}/(l +K glL]) (113 (E9S) as the result of molecular crowding by high
concentrations of an inert cosolufsucrose. In
whereas its counterpart in the presence of sucrose.an environment devoid of alkali metal ions, the

(kcagm, becomes: difference in covolum&Bgsr y— Besw iS calcu-
i lated to be 0.79 | mol* , whereas the correspond-
(Reaiha = ing difference for EL specieBe st y— Beisw) IS
(kealeXHBes B es b wp b+ K elllk checxlB ecsir B eus i 0 ]s 0.35 | mol*. To interpret the relative extent of
(1+KedlL) (11b) the putative conformational expansion we need an

estimate oBBg = Bes w the covolume for cosolute
and enzyme prior to substrate-induced isomeriza-
tion. We use the effective thermodynamic radius,

Combination of Egs(11a and (11b) gives rise
to the expression:

Fead (Ecalu = Ry, of 0.32 nm that has been obtained for sucrose
(keadet K elLlkcalet from isopiestic and freezing-point-depression

T P S RS P a——" measurement§34], and adopt the viewpoini35)]

_ o (12) that the effective thermodynamic radius for solvat-
which affords a means of estimatin@®g sm— ed enzyme exceeds the unsolvated radRiss
Best ) provided that magnitudes can be assigned [3MV /(4wN)]*3, by 0.56 nm. On that basiR:=
to the remaining parameters. Res=2.76 nm, whereupon the enzyme-sucrose

The only parameters for which magnitudes are covolume prior to expansion of the enzyme is 73.7
directly available ardBgsy—Beg w and (ko) & | mol~1. The corresponding covolume for sucrose

which are taken as-0.79 | mol* (Fig. 4) and and the expanded form of thrombin in the choline
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chloride environment is therefore 74.5 | mal , the results solely in terms of molecular crowding
which corresponds to a value of 3.10 nm for by sucrose may thus also represent an oversimpli-
(RLs+R\), and hence a radius of 2.78 nm for fication of the situation. The next challenge is
ES'. These calculations signify that the substrate- clearly the development of analytical procedures
induced transition gives rise to a 0.7% increase in that allow for concomitant operation of thermo-
effective radius(a 2% increase in effective vol- dynamic non-ideality and viscosity effects.

ume) of thrombin. For the ELS species, the Meanwhile, this investigation should at least
corresponding radius is 2.77 nm, which signifies a serve to remind enzyme kineticists of the need to
0.36% increase in effective radia 1% increase  consider the consequences of thermodynamic non-
in effective volume. However, as noted elsewhere ideality on the putative substrate-mediated confor-
[8,14, this change in effective spherical volume mational transitions that are often invoked to
of the solvated enzyme may reflect an increase in account for the kinetics of enzyme catalysis.

asymmetry rather than a change in volume. Although it is appropriate to consider that enzyme
solutions are sufficiently dilute to justify neglect
4. Concluding remarks of thermodynamic non-ideality under the usual in

vitro conditions, that approximation may well

The present investigation has served several cease to retain validity when the same reaction is
useful roles. First, because the use of sucrose as a&xamined in a more crowded molecular environ-
viscogenic agent is a well-established protocol in ment. Whereas this study has concentrated on the
mechanistic studies of enzyme actifh2,23,24, thermodynamic consequences of an artificially
this study of thrombin stresses the need to considergenerated crowded environment, similar consider-
whether the inhibitory effect observed is, indeed, ations may well apply to enzyme-catalyzed reac-
the consequence of increased buffer viscosity. In tions occurring within the crowded physiological
that regard we draw attention to the approach environment of the cell cytoplasfi39-41.
adopted by Dzingeleski and WolfenddB6] to
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