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Volume Changes during Enzyme Reactions: Indications of Enzyme Pulsation 
during Fumarase Catalysist 
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ABSTRACT: Overall activation volumes for multistep reactions are  not usually pressure independent. The 
present investigation gives a quantitative description of this effect under Theory. Simple relations are obtained 
which can easily be applied to experimental data and which allow more insight into the dynamics of enzyme 
reactions. This is demonstrated under Experimental Application for the conversion of fumarate to L-malate 
catalyzed by the enzyme fumarase. The volume profile of this reaction indicates a pulsation of the enzyme 
molecule during catalysis. The  appendix discusses the question whether Eyring’s transition-state theory 
is an appropriate basis for investigations of this kind. 

A l t h o u g h  pressure is a thermodynamic parameter as im- 
portant as temperature, it has long been disregarded and has 
only lately gained importance in biology and biochemistry. 
High-pressure experiments have revealed the role of mem- 
branes in anesthetics (Lodge, 1985) and the action of ethanol 
(Alkana et al., 1985). Pressure affects the photocycle of purple 
membranes (Marque & Eisenstein, 1984) probably because 
the charge transfer through the membrane is affected (Can- 
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Forschung und Technologic 
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field & Macey, 1984). Hydrostatic pressure has been used 
to kill bacteria, spores, yeasts, and molds in order to sterilize 
sensitive pharmaceutical products (Butz & Ludwig, 1986; 
Mentrup et al., 1988). When applied to fertilized eggs, 
high-pressure produces triploid cells (Vasetskii et al., 1985), 
probably by inhibiting microtubule assembly and spindle 
formation, and may become an interesting tool for the study 
of genetic diseases such as trisomies. Pressure-inactivated 
lymphocytes have been used in multiple sclerosis research 
(Cohen, 1985). Another promising application seems to be 
the use of high pressure for the isolation of certain membrane 
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marate and L-malate. In this case eq 3 still holds, but V and 
K,  have other meanings: 

(5) 
k3k2 

k3 + k2 
[El, = kCIE1O v =  - 

proteins (Deckmann et al., 1985). On a more molecular basis, 
pressure has been used to study the refolding and dissociation 
of enzymes (Krebs et al., 1985; Verjovski-Almeida et al., 
1986), the association of melittin (Thompson & Lakowicz, 
1984), and the self-assembly of actin (Swezey & Somero, 
1985). Many other examples can be found in the reviews of 
Heremans (1978) and of Weber (1983). 

Most of the experiments summarized above are still waiting 
to be interpreted. There seems to be a need for a more detailed 
understanding of the underlying processes. Very important 
parameters in explaining pressure effects are the reaction 
volume of the process under study and the activation volumes 
of the single elementary steps. Thus, high-pressure studies 
may provide supplemental information on protein dynamics 
(Kauzmann, 1987) recently studied by solution compressibility 
and X-ray crystallography (Gekko & Hasegawa, 1986; 
Frauenfelder et al., 1987). 

In an attempt to understand the role of single activation 
volumes and reaction volumes in relation to the influence of 
pressure on reaction rates, we have investigated a few sug- 
ar-converting enzymes (Ludwig & Greulich, 1978) and now 
present a general study on pressure effects in enzymatic re- 
actions. The theoretical considerations are exemplified by the 
enzyme fumarase, which catalyzes the conversion of fumarate 
to L-malate reversibly. 

THEORY 
Introduction. According to the transition-state theory, the 

pressure dependence of a rate constant is given by the relation 

A V  

where k is the rate constant at pressure p and A V  is the 
activation volume. If A V  does not depend on p,  eq 1 can be 
integrated to give 

k / k o  = e-AV'P/RT ( l a )  
The rate constant ko at zero pressure has practically the same 
value as the constant at normal pressure. According to eq la,  
a plot of In ( k l k , )  versus pressure is a straight line through 
the origin. For multistep reactions, pressure-dependent overall 
activation volumes are often observed, leading to deviations 
from linearity. One usually assumes that curvature is caused 
by compressibility effects (Le Noble, 1967; Eckert, 1972). In 
this work curvature is explained in terms of pressure-dependent 
single-step reaction rate constants. Methods for determining 
the corresponding single-step activation volumes are given. 

Activation Volumes in Enzymatic Reactions. Enzyme re- 
actions can often be described by the Michaelis-Menten 
mechanism: 

(2) 
k k2 

k-, 
E + S & E S  - E + P  

The reaction rate is given by 

(3) 

where I/ = k2[E], (maximum velocity), [E], = total enzyme 
concentration, [SI = substrate concentration, P = product, and 
K ,  = ( k - ,  + k 2 ) / k l  (Michaelis constant). 

For many enzymatic reactions, e.g., the fumarase reaction, 
the Michaelis-Menten scheme has to be extended: 

(4) 

where E is the enzyme and F and M are the substrates fu- 

k k2 k3 

k-I 
E + FI'EF - EM - E + M 

According to eq 1, each of the single-step reaction rate con- 
stants (k i  in eq 5 and 6) is dependent on pressure, but it is not 
possible to measure their corresponding activation volumes 
independently. In practice, one can determine two formal 
activation volumes by considering the pressure dependence of 
V, representing substrate saturation conditions, and of V/K,, 
the rate constant at low substrate concentrations: AVc is the 
activation volume related to k', the rate constant at substrate 
saturation; A V O  is the activation volume related to k", the rate 
constant at low substrate concentration (k" = k C / K m ) .  

It has been shown (Ludwig & Greulich, 1978; Laidler, 
1973) that the pressure dependence of k" is obtained from eq 
1 with the activation volume: 

A V 2  - AV-1 
1 + k2/k-1 

A V O  = AV, + (7) 

where A V l ,  A V 2 ,  and A V - ,  are the activation volumes as- 
sociated with k l ,  k2, and k- l .  A similar formula can be ob- 
tained for A V c  by replacing the indices 1 and -1 by 3 in eq 
7. Laidler (1973) limited the interpretation of eq 7 to the 
extreme cases k-l << k2 and k-, >> k Z ,  which gave pressure- 
independent values of A V O .  Other cases have not been dis- 
cussed, and thus, some information is missing. To a small 
extent the pressure dependence of A V O  may be caused by 
compressibility effects in A V , ,  A V - , ,  and A V 2 ,  but usually 
these are of the order of less than a few percent per kilobar; 
these effects are very small compared to those to be measured, 
the main part of which should be ascribed to the pressure 
dependence of the ki values. 

Introducing the pressure dependence of ki according to eq 
1 into eq 7, one obtains 

where k2,, and k-l,o are the constants at normal pressure. 
By substituting this expression for A V O  in eq 1 and then 

integrating, the pressure dependence of ko is obtained using 
the following abbreviations: 

U = A V 2  - AV-1 a = k2,0/k-1,0 

exp(Up/RT) + a 
p - In (9) 

ko A V i  
koO R T  l + a  

In - = -- 

Equation 9 and the corresponding equation for k', obtained 
by replacing the indices 1 and -1 by 3, are the fundamental 
equations bringing the measured effects in relation to sin- 
gle-step activation volumes and to ratios of single-step reaction 
rates. Plots of In ( k l k , ) ,  k being ko or kC, against pressure 
yield hyperbolic curves through the origin. Because the second 
derivative of eq 9 is negative, the curves are always convex. 
Figure 1 shows the graphs for three cases, as they occur in 
the measurements under Experimental Application. De- 
pending on the pressure range, negatively curved lines or 
straight lines with positive or negative slopes are obtained. 
Note that the abscissa in Figure 1 also covers the (physically 
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FIGURE 1 : Graphs according to eq 9 including the negative pressure 
range. The curves are computed with the following parameters: (a) 
A P ,  = -20, U = 80, and a = 0.1; (b) AV, = -40, U = 80, and a 
= 1 . 0  (c) AV, = -50, U = 100, and a = 100. Volumes in units of 
cubic centimeters per mole. 

meaningless) negative pressure range. 
Determination of Single-Step Activation Volumes. Having 

measured the pressure dependence of ko and k' for both di- 
rections of the reaction, one can determine the single-step 
activation volumes with the aid of eq 9. Two methods to 
evaluate the parameters AV, U, and a in this equation are 
described later in this section. 

First, it should be shown how ko and kC themselves are 
determined. Because the rate constants k" and P are related 
to the enzyme kinetic constants Vand K,, as described under 
Activation Volumes in Enzymatic Reactions, one has to 
measure the pressure dependence of these kinetic constants. 
This can be achieved by measurement of initial velocities as 
a function of pressure and substrate concentration and sub- 
sequent application of the Lineweaver-Burk method to the 
data. 

In our case a method of Greulich and Ludwig (1976) was 
applied, for which the absolute reaction rates are not required. 
Only the ratios vp/vO are needed, and these can be derived from 
eq 3: 

(10) 

where the indices p and 0 indicate elevated and normal 
pressure. 

up 'PKm + [SI 
00 yo Kp + [SI 
_ -  - -  

By defining the new variable Y as 

Y =  (vp/vo)/(Km + [SI) 

[SI Y = V p /  Vo - KpY 
and rearranging eq 10, one obtains 

(1 1 )  

The slope and ordinate of a plot according to eq 11 yield 
Kp and Vp/Vo, from which P and P can be determined. This 
has to be done for all pressures applied. 

The values of k' and ko at  different pressures are the basis 
for the evaluation of the parameters A V ,  U, and a in eq 9. 
This can be done by a graphical method or by nonlinear re- 
gression with the aid of an appropriate computer program. 

For the graphical method, eq 9 is approximated by tangents 
a t  high and at  low pressures. The asymptotic form of eq 9 
for small pressure is given by 

For high pressures, depending on whether U < 0 or U > 0, 
eq 9 reduces to 

It is not possible, however, to deduce from a given experimental 
curve whether U is negative or positive. Equations 9a-9c yield 
linear semilogarithmic plots of ko/koo versus pressure, which 
give the following information: 

ordinate 
slope(-RT) intercept 

In (1 + a )  
In (1 + l /a) 

(a) low pressure AV*, + U/(1 + a )  0 
(b) high pressure, U > 0 AV*, + U 
(c) high pressure, U < 0 AV*,  

Due to the uncertainty about the sign of U, there are always 
two sets of solutions. The solution with U < 0 can be evaluated 
from eq 9a combined with eq 9c. A combination of eq 9a with 
eq 9b yields the alternative solution with U > 0. Both sets 
are coupled by the relations 

A v ' , ' =  AV, + U U t =  -U a ' =  l / a  

To decide which of the two sets is the right one, additional 
information is necessary, e.g., an estimate of a .  

In this context it becomes clear that satisfactory results can 
only be obtained by application of short pressure intervals for 
measurements in the lower pressure region and that it is often 
difficult to draw the low-pressure tangent correctly (see Figure 
1). These tangents can represent a considerable source of error 
in the evaluation of activation volumes. It therefore seems 
reasonable to use the graphically determined values as first 
estimates for a weighted computer analysis by nonlinear re- 
gression. 

The volume profile of the reaction is established by com- 
bining the single-step activation volumes obtained, or com- 
binations of them (e.g., AV, + AV2 - AV-,), in such a 
manner that no inconsistency occurs. If more than one possible 
solution is found to describe the total reaction pathway from 
educts to products, knowledge of the reaction volume can be 
helpful since it represents the sum of the single-step activation 
volumes. The reaction volume can be determined from the 
pressure dependence of the equilibrium constant and by direct 
density measurement. 

EXPERIMENTAL APPLICATION 
Fumarase or fumarate hydratase (EC 

4.2.1.2), an essential enzyme of the citric acid cycle, catalyzes 
the reversible addition of water to fumarate, yielding L-malate. 
The enzyme has a M, of 194000 and is composed of four 
identical subunits. A comprehensive review has been given 
by Hill and Teipel (1971). The high-pressure enzyme kinetic 
data given by Andersen and Broe (1972) were inadequate for 
a treatment as shown under Theory. The aim of the present 
work was to show the practical applicability of our theoretical 
considerations. 

Materials and Methods. ( a )  Basic Requirements. In 
high-pressure enzyme kinetics, some basic requirements have 
to be met to ensure the reliability and usability of the measured 
data. First, kinetic data should not be falsified by denaturation 
effects; the concentration of intact enzyme molecules must 
remain constant during the measurement. Second, it has to 
be taken into account that the basic equations under Theory 
are only valid for pressure-independent concentration units; 

Introduction. 
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Table I: High-pressure (hp) and Low-Pressure (Ip) Extremes of AV', and AV*c and Ordinate Intercepts of High-pressure Tangents on Graphs 
According t o  eq 9 for Both Substrates (F and M)' 

AV'0.F AV'm AV'GF AV'C,M ordinate intercepts for 

NaCl (mol/kg) hp IP hP IP hP IP hP IP k°F koM kCF kCM 
0.0 16.2 -21.1 21.1 27.7 24.9 4.9 21.1 27.1 1.04 0.0 0.3 1 0.0 
0.1 19.6 -14.8 30.5 30.5 25.8 7.4 30.5 30.5 0.80 0.0 0.28 0.0 
0.2 22.0 -14.8 30.6 30.6 29.2 20.8 30.6 30.6 0.15 0.0 0.12 0.0 
0.3 23.5 -10.8 31.5 31.5 31.0 31.0 31.5 31.5 0.56 0.0 0.02 0.0 

'Volumes in units of cubic centimeters per mole. 

therefore, if spectroscopic velocity measurements are carried 
out, a suitable calibration is required. In this work, concen- 
trations are given in molality (moles of solute per kilogram 
of solvent). 

Further problems can arise from the high-pressure behavior 
of the solvent, because the pH of several buffers shows pressure 
dependence, as is the case with the phosphate buffers used in 
this work. However, it could be demonstrated (Butz, 1982) 
that this effect is negligible since the p H  optimum of the 
reaction is shifted in the same fashion. The denaturation 
effects mentioned above were investigated by Butz (1986), who 
showed that no significant denaturation occurs under the ex- 
perimental conditions applied in this work. A procedure to 
separate denaturation effects mathematically was described 
by Greulich and Ludwig (1976). 

( b )  Experimental Procedures. The spectroscopic mea- 
surements under pressure were performed in a high-pressure 
optical cell (4 kbar max), equipped with two sapphire windows 
of 10-mm optical width, manufactured by Dunze Hoch- 
drucktechnik. The thermostated cell was inserted into a Pye 
Unicam SP- 1800 recording spectrophotometer. Pressure was 
generated by an  air-driven hydraulic pump of the type SC- 

The enzyme was purchased from Boehringer Mannheim, 
the substrates were disodium fumarate from Roth and di- 
sodium L-malate from Serva. The initial velocity measure- 
ments were carried out in 0.067 M phosphate buffers; the pH 
was 6.7 when fumarate was the substrate and 7.4 with L- 
malate. Salt effects were measured with sodium chloride 
(analytical grade) from Merck, taking into account the pH 
shift due to salt addition. 

Experimental Results. Figure 2 shows the pressure de- 
pendence of the initial velocities a t  different substrate con- 
centrations for both directions of the reaction. With malate 
as substrate (Figure 2b) exponential curves are found, while 
with fumarate (Figure 2a) there are deviations from the ex- 
ponential form up to 1000 bar. Similar results were obtained 
in additional experimental series with sodium chloride added 
in three different concentrations. 

From the initial velocities the enzyme kinetic constants are 
determined by application of the method described under 
Determination of Single-Step Activation Volumes; thus k' and 
ko can be determined. The pressure dependence of kC and k" 
is given in Figure 3, where In ( k l k , )  is plotted against pressure 
in accordance with eq 9 for three concentrations of added 
sodium chloride and without salt addition. With malate as 
substrate (Figure 3c) straight lines are obtained; the fumarate 
curves (Figure 3a,b) show the hyperbolic form described in 
the theoretical part of this work. From the slopes of these 
curves Av', and AVO can be determined; the resulting values 
are listed in Table I. Table I1 gives the meanings of these 
formal activation volumes and of the ordinate intercepts of 
plots according to eq 9. The volume profile of the reaction 
(Figure 4) was established by combining AVO and AV, of 
the forward and the reverse reaction (Table I and eq 9a-9c). 
A volume profile with no inconsistency was found with the 

10600-40. 

I f u m a r a t e  2 m a l a t e  

0 5  1 0  1 5  2 0  2 5  

P [ k b a r l  

FIGURE 2: Pressure dependence of the initial velocities for the forward 
(a) and the reverse (b) reaction. The solid lines are computed from 
the results listed in Table I. 

Table 11: Meanings of the Formal Activation Volumes AV', and 
AV'c and of the Ordinate Intercepts of Plots According to eq 9' 

u>o u<o 
AV'0,F hp AV'1 + AV'2 - AV*-j AV', 

AV*,,M hp AVl-3 + AV'-2 - AV'3 AV*-3 
Ip AV', + (AV'2 - AV*-I)/(l + k2/k-l)b 

lp AV'_3 + (AV'_2 - L!.V*~)/(~ k_2/k3)b 
AV',,F hp AVtZ AV 3 

IP 
hp AV'_2 AV'-] 

A V ' ~  + ( A V ' ~  - A V * ~ ) / ( I  + k2/k3lb 

Ip AV*-1 + (AVl-2 - AV'-l) / ( l  + k-2/k-1)b 
ordinate k°F In (1 + k2/k-1) In ( 1  + k_,/k,) 

intercepts k", In (1 + k-2/k3) In (1 + k3/k-2) 

kCM In (1 + k-Jk-1) In (1 + k-l/k-2) 
kCF In (1 + k2/k3) I n  ( l  + k3/k2) 

For symbols see Table I. Valid for U > 0 and U < 0. 

parameters given in Table 111. A second possible combination 
of volumes could be excluded after comparing the values for 
ratios of rate constants with those found in literature (Alberty 
& Pierce, 1957). 
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Table 111: Single-Step Activation Volumes and Ratios of Rate Constants" 
NaCl (mollkg) A V * ,  AV*- ,  A V t z  AV*_2  A V 3  LIV*-~ k , / k _ ,  k- , lk ,  k z / k 3  k_ , lk_ ,  

0.0 -41.30 -32.60 24.90 27.70 -50.10 -50.10 1.82 small 0.363 small 
0.1 -42.95 -36.15 25.75 30.50 -49.25 -49.25 1.23 small 0.323 small 
0.2 -48.00 -40.75 29.25 30.55 -45.75 -45.75 1.11 small 0.127 small 
0.3 -54.00 -46.55 30.95 31.55 -44.05 -44.05 0.75 small 0.020 small 

"Volumes in units of cubic centimeters per mole. Volumes are given with four figures to make the calculations clearer. The values of the single 
volumes are to be rounded to integer numbers. 

C 3  

-1  0 

c 5  1 3  1 5  2 c  2 5  
p Inna.1 

0 5  '0 1 5  2 3  2 5  
p I k b a r '  

c 5  1 c  ' 5  2 3  2 5  
p I k t a r .  

FIGURE 3: Pressure dependence of ko and kc with fumarate as substrate 
(a and b) and with L-malate (c) for four different salt concentrations: 
( 4 )  0.0, (B) 0.1, (0) 0.2, and (7) 0.3 mol/kg NaCI. The solid lines 
a re  computed from the results listed in Table I. 

Discussion. On the basis of the theoretical considerations 
given under Theory of this work, the volume changes for each 
step of the fumarase reaction and for the overall reaction could 
be determined. The activation and reaction volumes may be 
caused by the volume changes of the substrates and the enzyme 
or by varying interactions with the solvent during the course 

course of  react ion 

FIGURE 4: Volume profile of the enzyme-catalyzed reaction fumarate - L-malate for four different salt concentrations: (+) 0.0, (B) 0.1, 
(0) 0.2, and (v) 0.3 mol/kg NaCI.  E, enzyme; F, fumarate;  M, 
L-malate; EF and EM, enzyme-substrate complexes; [ I * ,  activated 
complex. 

of the reaction. The solvent effects may be detected by ad- 
dition of salt, as has been done in this work. If the concen- 
tration of charges or polar groups alters during a reaction, 
electrostrictive volume changes can occur due to changed 
solvent density around electrostatically active groups. By the 
addition of salt these effects are reduced due to shielding of 
these groups. 

Another kind of volume change by solute-solvent interac- 
tions originates in conformational changes of a protein which 
are accompanied by the transfer of charged or hydrophobic 
groups from the more hydrophobic interior of the globular 
protein to the aqueous solution or vice versa. The transfer of 
1-propanol from tetrachloromethane, a model for hydrophobic 
environment, to water, for example, causes a decrease in the 
volume of 6.4 cm3/mol (Duboc, 1969). If the solution contains 
a salt, e.g., NaC1, the water structure is influenced and the 
magnitude of the volume effect differs. Consequently, changed 
exposure of enzyme groups to the solvent is detected by testing 
the influence of NaCl on the activation volumes. 

(a )  A P , .  The activation volume a t  high substrate con- 
centration is pressure dependent for fumarate as substrate but 
not for malate (Figure 3). At high pressures, for both sub- 
strates, the activation volumes approach each other a t  a value 
around 25 cm3/mol (Table I ) .  

When salt is added, all values for AV, increase to ap- 
proximately 31 cm3/mol. Low and Somero (1975) stated that 
salts which increase A P ,  invariably decrease the rate of re- 
action and vice versa. This is confirmed in the case of fu- 
marase, which is inhibited by sodium chloride. 

With fumarate as substrate, the low-pressure activation 
volume (5 cm3/mol) approximates the high-pressure value (3 1 
cm3/mol) more and more when salt is added. This is due to  
a major change in the parameter a in eq 9 (from 0.36 to 0.02), 
while A p 3  is only slightly increased (-50.1 to -44.05 cm3/mol) 
and U remains constant at 75 cm3/mol. By virtue of these 
changes, the graph according to eq 9 is turned slightly 
clockwise and shifted to the upper left; thus the curvature 
disappears from the measurable part of Figure 4. I n  this case 
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FIGURE 5 :  Volume profile of the reaction at  high salt concentration (0.3 mol/kg) including a chemical mechanism [from Cleland (1977)l 
of the active site. 

the parameter a is k2/k3 and U represents AV2 - AV,. The 
pressure dependence of k2 and k3 is obviously not much in- 
fluenced by added salt. But there is a significant change in 
the ratio of k2 and k3 at normal pressure. This salt-induced 
rate change cannot be sufficiently explained by the salt-induced 
volume changes; the major source of rate changes is the salt 
influence on AV and A S ,  as has been comprehensively 
discussed by Greaney and Somero (1 979). 

(b)  AVO. The activation volume at low substrate concen- 
tration with fumarate as substrate shows an even stronger 
pressure dependence than AV, (40 cm3/mol difference in the 
measured pressure range instead of 20 cm3/mol). For the 
reverse reaction AVO is the same as AV,. 

When salt is added, all activation volumes increase as was 
found for A V , .  The AVO value for the forward reaction is 
altered by salt addition in a way different than AV,; the 
parameter u remains nearly constant (1.82 to 0.75), but there 
is a major change in U = AV2 - AV-, from 57.5 to 77.5 
cm3/mol. For the reverse reaction, AVO rises from 27.7 to 
31.5 cm3/mol, as is the case for AV,. 

One can see from this that increasing substrate concentra- 
tion, salt addition, and pressure elevation take effect in the 
same direction: AV, and AVO tend to reach a value of about 
3 1 cm3/mol while the upper limit of U seems to be around 75 
cm3/mol, which implies that AV-, = AV,, since AV2 - AV3 

A V 2  - AV-] = 75 cm3/mol. From Table 111 one can see 
that this is the case for the highest salt concentration applied, 
where AV-] = -46.55 cm3/mol and AV, = -44.05 cm3/mol. 
Additionally, a striking symmetry is found in the corresponding 
volume profile a t  high salt concentration with the symmetry 
axis in (EF = EM)* (Le., AV-] i= AV3, AV2 i= AV-,, and 
A V l  = AV-, + A F ) ,  as if under these conditions the active 
site of the enzyme did not distinguish between the two sub- 
strates. Deviations from this symmetry as seen at  lower salt 
concentrations must, in turn, be explained by solvent effects 
as described above. 

Generally the measurements with fumarate as substrate 
yield more information due to the more complicated pressure 
dependence which can be explained by a change of the rate- 
limiting step induced by relatively small changes of pressure. 

Table IV: Reaction Volumeo by Two Different Methods 
NaCl (mol/kg) AVRcxpb AVR = CiAV': 

0.0 -11.2 -1 1.50 
0.1 -9.2 -10.95 
0.2 -8.0 -8.55 
0.3 -6.8 -8.00 

OVolumes in units of cubic centimeters per mole. bFrom measure- 
ments of the pressure dependence of the equilibrium constant. CFrom 
Figure 4 or Table 111. 

Similar findings were reported for the temperature dependence 
of this reaction (Massey, 1953). 

(c) A P .  The overall volume difference, the reaction vol- 
ume, can be taken from Figure 4 for varying concentrations 
of added salt. These values agree excellently with those we 
determined directly via the pressure dependence of the 
equilibrium constant (see Table IV). 

The reaction volume is given by the difference of the partial 
molar volumes of malate on the one hand and fumarate and 
water on the other, the latter being, nearly independent of salt 
addition, 18 cm3/mol in the measured range of concentrations. 
Thus the difference of the partial molar volumes of the two 
substrates could be calculated: 

Vmalate - Vfumarate = Av+ + Vwater 

With Vwater = 18 cm3 and the measured A P  from Table IV, 
the differences are 6.8, 8.84, 9.97, and 11.15 cm3/mol for 0.0, 
0.1, 0.2, and 0.3 mol/kg NaCl added. Since the salt effects 
on the two carboxylate groups of both substrates are expected 
to be the same, the increasing volume difference is to be at- 
tributed to the salt effect on exposing the hydroxyl group of 
malate to the solvent. The volume difference of 6.8 cm3/mol 
with no salt added includes a volume decrease of around 5 
cm3/mol due to the exposure of the hydroxyl group to the 
water; by salt addition more and more constricted water is 
released, and a final volume difference of 1 1.15 cm3/mol is 
attained for the two substrates. 

( d )  The Volume Profile. Figure 5 shows the measured 
volume profile at high salt concentration, including a chemical 
mechanism [from Cleland (1977)l that is fully consistent with 
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the experimental data as reviewed by Cleland (1 977) and by 
Hill and Teipel (1971). These data were gathered from studies 
of the primary and secondary deuterium and tritium isotope 
effects, of isotopic exchange between labeled malates and either 
fumarate or water, of the pH variation of V and K,  and of 
the binding of competitive inhibitors, and of the action of 
fumarase on different halofumarate substrates. 

There is evidence that two groups in the active site are 
essential for catalysis by fumarase. One is the carboxyl, which 
is thought to lie at the bottom of the active site, being covered 
by substrates. The carboxyl group holds the proton removed 
from malate. Imidazole from a histidyl residue is the second 
catalytic group. The imidazole group combines via a hydrogen 
bond with either the OH of the malate or the water that reacts 
with fumarate. Up to now one cannot tell whether the C-0 
or C-H bond of malate is broken first or whether the reaction 
is concerted, but there is some evidence that a carbonium ion 
intermediate is formed. 

From the volume profile one can see that the binding of the 
substrates to the active site of the enzyme, to form the en- 
zyme-substrate complexes E F  and EM, is accompanied by a 
volume decrease followed by a subsequent increase. This may 
be explained by a conformational change enabling the 
transport of the substrates to the active site. On entering the 
enzyme, the substrates release a t  least some of the constricted 
hydration water of their carboxyl groups since the orientation 
of the substrates in the active site is expected to be achieved 
by ion pairing via one or both carboxyls; the resulting volume 
increase is reflected in and AV3. There is an additional 
rise in volume when the hydration of fumarate or the dehy- 
dration of malate takes place ( A T 2  and AV-2), suggesting 
a voluminous intermediate (EF  = EM)*. 

Only in the transition states does the volume reach a 
maximum or a minimum, whereas the volumes of the en- 
zyme-substrate complexes do not differ much from the initial 
conditions. This, together with the striking symmetry men- 
tioned above, indicates that the catalytic process proceeds 
together with a pulsation of the fumarase molecule. 

The volume changes during this pulsation are small com- 
pared with the total volume of the enzyme. They are even 
smaller than the average volume fluctuation in proteins, which 
is about 0.3% of the total, as reported by Gekko and Hasegawa 
(1986). 

Volume fluctuations originate from changing interatomic 
distances and cavities inside the protein. I t  seems that such 
fluctuations are aligned in enzyme catalysis, thus bringing out 
the volume pulsation. 

APPENDIX 
Comments upon the Use of Transition-State Theory. 

Kramers (1940) has shown that the velocity of chemical re- 
actions generally depends on the viscosity of the surrounding 
medium. The reason is the action of Brownian motion. Only 
in a middle range of viscosity (not too low and not too high 
viscosity) is the reaction rate independent of viscosity and is 
then identical with that calculated via the transition-state 
theory (TST). 

The results of Beece et al. (1980) and of Frauenfelder and 
Wolynes (1985) as well suggest protein reactions in water to 
be in the high-viscosity range. Thus eq 1 and l a  should be 
replaced by eq 12 and 13. Herein q is the viscosity of the 

B U T Z  E T  A L .  

Table V: Slope of the In v versus Pressure Curve of Water and 
Corresponding Volumesa 

I, (bar) 0-400 400-1100 1100-2400 
8 In s l a p  (bar-') -2.2 x 10-5 0 4.74 x 10-5 
RT(d In s l a p )  (cm3/mol) -0.54 0 1.17 
"Calculated from the data of Woolf (1975). 

Table VI: Values in the Square Brackets of eq 15 for the Fumarase 
Reaction in Water 

P (bar) 0-400 400-1100 1100-2400 
I + ( R T / A V * , ) ( d  In 1.013 1 0.972 
1 + (RT /u ) (a  In v / a p )  0.991 1 1.020 

solvent at pressure p ,  qo is the viscosity of the solvent at normal 
pressure, and K is a parameter that indicates how well the 
reaction is shielded from the action of Brownian motion 
(Gavish, 1980). K depends on the reaction step with 0 d K d 
I .  

The pressure dependence of the composite constant k" = 
k l k 2 / ( k - l  + k,) is obtained from eq 12 and 13 with the ab- 
breviations U = A F 2  - A F I  and a = kz,o/k-l,o: 

d In k" A p i  U / R T  + -=- - -  
dP R T  1 + ~ ( q / q ~ ) ~ - ' - ~ ~  exp(-Up/RT) 

In this equation AV, of the single reaction steps as well as 
h i  are assumed to be pressure independent. 

In water a t  25 OC the value of q /qo  hardly changes over the 
pressure range used in this work (Woolf, 1975). It is 0.99 5 
q /qo  I 1.05. This variation can be disregarded in comparison 
with that of the exponential factor. Therefore 

( q / q o ) K - l - K 2  = 1 

is justified. In correspondence with this, the slope of the In 
q versus p curve is small too. It is nearly constant in the below 
three ranges of pressure. In  Table V these slopes and the 
corresponding volumes are given. 

The integration of eq 14 yields 

I +  A F 1  [ AV, d p  

-(In exp(Up/RT) + a 

K ~ R T  d In q 
-p 1+-- 

k" 
koo R T  

I n - = -  

( K ~  - K-,)RT d In q -1 dP 
) [ l +  (15) 

l + a  

This equation differs from eq 9, which was used in this work 
to interpret the data, only by the square brackets (Table VI). 
Equation 15 changes into eq 9 with ( 3  In q ) / d p  = 0 or K~ = 
0 and ( t i 2  - K - ~ )  = 0. Using LV', and U from Table I11 as 
a first approximation, we can calculate the values in the 
brackets, and assuming the most unfavorable case, h i  = Iti2 

The value is nearly equal to 1 over the whole pressure range. 
Therefore, it seems justified to evaluate our experimental data 
with eq 9 and the transition-state theory, respectively. On the 
other hand it seems clear that the pressure dependence of a 
reaction in water affords no opportunity of distinguishing 
between TST and Kramers theory, if the A V l  values are much 
greater than 1 cm3/mol. 

Other solvents are better suited in this respect; from the data 
of Collings and McLaughlin (1971) for CCI4 at 30 "C and 
low pressure, e.g., one obtains 

RT[(d In q ) / d p ]  = 23 cm3/mol 

- t i q 1  = 1.  
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In fact, Montgomery et al. (1979) calculated a corresponding 
volume contribution of 8.8 cm3/mol for the trans-gauche 
isomerization of 1-butane in liquid CC14. This has to be 
compared with the TST estimation of 1.3 cm3/mol only. 

Registry No. F, 110-17-8; M, 97-67-6; fumarase, 9032-88-6. 
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