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Abstract

Fumarase catalysed hydration of fumarate was investigated in water/organic solvent one-phase systems. The organic
solvents used were ethylene glycol, glycerol and dimethylformamide. The effects of the amount of organic solvent on the
maximum velocity (V,,,,), the Michaelis—-Menten constant (K ;) and the equilibrium constant (K,,) were studied in all the
reaction media. Together with a denaturing power of the solvent evidenced by a systematic decrease of V,, also a
surprising decrease of the K, was registered as the percentage of organic solvent in the reaction media was increased.
While the equilibrium constant of the reaction (K., = [L-malate] /[fumarate]) decreased when the percentage of organic
solvent was raised. An interpretation of these facts was given. Time-dependent denaturation was also investigated and

glycerol resulted the less denaturing of the solvents used, while the aprotic DMF exhibited the highest deactivation.
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1. Introduction

Fumarase, a homo-tetrameric protein, is a
significant enzyme in the Krebs cycle of the
tricarboxylic acids in mammalians [1-4]. It
catalyses the reversible, stereospecific hydration
of fumaric acid to L-malic acid, with an equilib-
rium constant of 4.2 at 25°C in a 50 mM
phosphate buffer pH 7.3, which is the hydration
of fumaric acid thermodynamically favoured in
water. It is therefore present in every aerobic
organism but it is also industrially utilised for
the biotechnological production of L-malic acid
[5-7]. It seems to be important to understand as
fully as possible the reaction mechanism as well
as the general catalytic properties of fumarase.
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Recent applications of ‘solvent engineering’
to biocatalysed reactions offers a new tool in
understanding enzyme mechanisms. Varying the
composition of the reaction medium in enzy-
matic reactions also turned out to be a new way
in elucidating the differences of affinity of the
enzyme for its substrates and reaction products.

The organic solvents used for this study were
chosen in a broad range of physical and chemi-
cal properties such as polarity, dielectric con-
stant, density and so on, in order to permit, once
mixed with water, the simultaneous solubilisa-
tion of enzyme, substrate and reaction products.
Under these conditions the catalysis takes place
in homogeneous phase. The organic solvents
used in our study were: ethylene glycol, glyc-
erol and dimethylformamide (DMF).

Kinetic and thermodynamic constants have
been determined in every different reaction me-
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dia in order to correlate their values with the
variation in the composition of the reaction
media and to interpret these data in terms of
catalytic activity.

2. Materials and methods

Since fumarase is active only on the dian-
ionic forms of its substrates [6], the salts of
fumaric acid and L-malic acid were used for the
experiments. Anhydrous fumaric acid disodium
salt, puriss.> 99%, was from Fluka Chemie
(Buchs, Switzerland). L-Malic acid disodium
salt, monohydrate, 98%, was from Aldrich
Chemical Co. (Milwaukee, WI, USA). Pig heart
fumarase, as a crystalline suspension in
(NH,),SO, 32 M, KH,PO, S0 mM, 2-
mercaptoethanol 14 mM pH 7.5, was from
Sigma Chemical Co. (St. Louis, MO, USA). Its
declared activity was 400 U/mg of protein and
it was experimentally confirmed. All the or-
ganic solvents in the reaction media were from
Farmitalia Carlo Erba (Milano, Italy).

2.1. Reaction kinetics

The hydration of fumaric acid is readily fol-
lowed spectrophotometrically due to the absorp-
tion in the UV region of the double bond of
fumaric acid, in the range 270-300 nm accord-
ing to pH, solvent used and substrate concentra-
tion (Table 1 shows the extinction coefficients
of fumarate).

Table 1
Fumarate extinction coefficients in phosphate buffer (50 mM, pH
7.3 at 25°C)

1

A, nm €, 1mol™! cm™
230 4500
240 2230
250 1410
260 920
270 480
280 265
290 120

The measurements were made using a double
beam spectrophotometer in which two 3 ml
quartz cuvettes of 10 mm optical path can be
placed. In one cuvette was placed 1 ml of
fumarate solution at double the desired final
concentration, to which was added 1 ml of
fumarase solution in the same reaction medium,
the other cuvette contained the blank of the
reaction.

Absorbance values were recorded about 5 s
after mixing substrate and enzyme at 25°C. The
values of absorbance in the linear part of the
kinetic curve are taken for initial rate for calcu-
lations. Eight different initial concentrations of
fumarate were used to calculate V,,, and Ky
by the Michaelis—Menten method.

2.2. Reaction media

The aqueous reaction medium, used as a
standard for comparing the fumarase activity
was a 50 mM phosphate buffer solution, pH 7.3.
The water /organic solvent mixtures were pre-
pared by mixing the organic solvent under in-
vestigation at different percentages (v/v) with
the 50 mM phosphate buffer solution, pH 7.3.
These mixtures were then used to prepare both
enzyme and substrate solutions.

In all the mixtures studied a simultaneous
solubilisation of enzyme, substrate and reaction
products was obtained. Fumarase solutions in
the mixed solvents were prepared immediately
before the measurements to avoid time denatu-
ration.

3. Results and discussion

In order to compare the behaviour of our
enzyme preparations in water /organic solvent
and in pure water, the kinetic parameters in
aqueous system were firstly investigated. The
initial rate measurements of the dehydration
reaction of L-malate, calculated for 8 substrate
concentrations, were repeated at 3 different fu-
marase concentrations. From these experimental
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Table 2
Vinax and Ky, values for dehydration of L-malic acid reaction as a
function of enzyme concentration in phosphate buffer (50 mM, pH

7.3 at 25°C)

[E]=1.44 [E]=3.6 [El=72
U/ml U/ml U/ml
Voo 19.7 59.2 116.2
(pumol 1™ 's7 1)
Ky (mM) 14.94 15.70 15.32

data it was possible to calculate both V. and
Ky, as shown in Table 2, according to the
Lineweaver—-Burk interpolation; furthermore,
from the relation V= K_[E] the catalytic
constant (K_) was calculated ([E] being the
enzyme concentration) and its value was found
to be equal to 0.0167 umol s~' U~'. The
equilibrium constant of the reaction, indepen-
dent of enzyme concentration (K, = [L-
malate] /[fumarate]) was 4.2 + 0.1, correspond-
ing to the range reported in the literature [8—11].
The hydration reaction of fumarate to L-malate
was followed using 4 different initial concentra-
tions of fumarase and the effect of enzyme
concentration on both V.. and K,; was inves-
tigated. Table 3 reports the values of V,, and
K. The trend of V,_,, was linear also for the
hydration of fumarate and the value of K_, of
0.0249 (definitely higher than for the dehydra-
tion of L-malate) was obtained to confirm a
higher activity of fumarase for the direct hydra-
tion of fumarate. Moreover, the K,, for the
dehydration of L-malate did not vary as the
enzyme concentration increased, while the K,
for the hydration of fumarate increased with
enzyme concentration showing a pattern of
competitive inhibition. The values of the

Table 3

Viax and Ky, values for the hydration of L-malic acid reaction as
a function of enzyme concentration in phosphate buffer (50 mM,
pH 7.3 at 25°C)

[E]=198 [El=396 [E]=594 [E]=7.92
U/ml U/ml U/ml U/ml

Vo 49.1 992 1460 1979
(umol 17157 1)
Ky (mM) 2.74 3.86 5.72 8.16

Michaelis—Menten constants however were gen-
erally lower for the hydration reaction, and this
may be explained as a higher affinity of fu-
marase towards fumarate. As for the stability of
the fumarase activity in water it was seen that
the enzyme loses less than 4% of its original
activity after 20 days of incubation in the aque-
ous solution. The disodium salts of fumaric and
L-malic acids are insoluble in all of the 20
organic solvents tested (hexane, ethanol, tetra-
hydrofuran, acetone, diethyl ether, carbon tetra-
chloride, benzene, toluene, methylene chloride,
dimethylsulfoxide, hexamethyl phosphoric tri-
amide, acetonitrile, chloroform, dimethylfor-
mamide, ethylene glycol, glycerol, methanol,
formamide, dioxane, trimethylamine) but they
are soluble in water /organic solvent one phase
systems at sufficiently high water contents. The
hydration reaction of fumarate in water /ethyl-
ene glycol, studied using § different initial con-
centrations of fumarate, was carried out with a
constant concentration of fumarase of 7.2 U /ml.
The plots of initial rate vs. substrate concentra-
tion at each percentage of ethylene glycol are
reported in Fig. 1 in comparison to the values
obtained in pure water. The values of V,_,, and
K\, obtained by the Lineweaver—Burk method

100
owater «10% =15% +20% ~30%

90 - «40%  250%

Vy(umol I's™)

Fumarate (mmol 1)

Fig. 1. Initial rate vs. fumarate concentration at different percent-
ages of ethylene glycol in the reaction medium.
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Fig. 2. Maximum velocity vs. percentage of ethylene glycol in the
reaction medium.

are plotted as functions of ethylene glycol per-
centage in the reaction media and are shown in
Figs. 2 and 3, respectively, while-the time /con-
version plot is shown in Fig. 4.

Fumarase is not as stable in water/ethylene
glycol as it is in water, indeed, in 40% ethylene
glycol in a week it loses almost 40% of its
activity. In Table 4 the activity of fumarase (in

Ky (mmol I'")

0 1 T T T
] 10 20 30 40

(v/v) % of ethylene glycol

Fig. 3. Michaelis—Menten constant vs. percentage of ethylene
glycol in the reaction medium.
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Fig. 4. Conversion vs. time of the hydration reaction of fumarate
at different percentages of ethylene glycol in the reaction medivm.

terms of initial rate) at different periods of
incubation in water /ethylene glycol is shown.

The hydration reaction of fumarate to L-
malate in water /glycerol mixtures at different
percentages of glycerol in the reaction medium
showed a similar trend for the parameters stud-
ied in water /ethylene glycol. Fumarase is gen-
erally less inhibited by glycerol than by ethy-
lene glycol.

The initial rates vs. substrate concentration at
different percentages of glycerol are plotted in
Fig. 5. For each glycerol percentage both V_ .
and K,, were calculated and their trends as a
function of glycerol content agree with the data
obtained using ethylene glycol, although V,_,.

Table 4
Fumarase stability in terms of V|, as a function of ethylene glycol
(v/v) percentage in the reaction * medium

Days of Vo{ pmol 17! s 1)
incubation at different % of ethylene glycol

10 20 30 40
0 52.6 274 123 5.8
3 514 23.4 79 4.9
7 50.2 17.6 52 3.6

* The hydration reaction was studied using 7.2 U/ml fumarase
and 5 mM fumarate at 25°C.
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Fig. 5. Initial rate vs. fumarate concentration at different percent-
ages of glycerol in the reaction medium.

was always higher in glycerol than in ethylene
glycol, showing a lower denaturing power of
the former. Figs. 6 and 7 depict the values of
both V_,. and K, in the glycerol solutions.

The equilibrium constant decreased as the
percentage of glycerol in the reaction medium
was increased showing a shift of the reaction
towards the reagents.
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Fig. 6. Maximum velocity vs. percentage of glycerol in the
reaction medium.

K,, (mmol I')

0 T T T
0 10 20 30 40

(v/v) % of glycerol

Fig. 7. Michaelis—Menten constant vs. percentage of glycerol in
the reaction medium.

Fumarase activity in each reaction medium
was tested at different incubation times of the
enzyme in the solvent in order to detect a
possible time-dependent denaturation. Table 5
shows the changes of V|, after different incuba-
tion periods.

As can be seen from the table, glycerol dena-
tures fumarase less than ethylene glycol, and in
10% glycerol this denaturation is almost absent,
at least for the first 10 days. This lower denatur-
ing power is also shown by the residual activity
of fumarase in glycerol 50% with respect to
ethylene glycol 50% in which the enzyme is
fully inactivated.

The last organic solvent used for the prepara-
tion of a water/organic solvent mixture was

Table 5
Fumarase stability in terms of V,, as a function of glycerol (v/v)
percentage in the reaction * medium

Days of V, (umol 171 s~ ') at different % of glycerol
incubation g 20 30 0 50

0 62.8 43.6 20.4 8.6 1.0

5 62.0 40.1 15.2 6.4 0.6
10 62.0 355 12.8 5.1 0.5

* The hydration reaction was studied using 7.2 U/m] fumarase
and 5 mM fumarate at 25°C.



86 E. Cernia et al. / Journal of Molecular Catalysis B: Enzymatic 1 (1996) 81-88

100

80 ﬂ water

0%

= 20% | -
£ 60 - |
5 \
z 5% |
3 ‘
3 40 - 0% |
® |

20

0 T T L) 1] T T

0 100 200 300 400 500 600
reaction time (s)

Fig. 8. Conversion vs. time of the hydration reaction of fumarate
at different percentages of DMF in the reaction medium.

dimethylformamide which in contrast to the pre-
vious ones, is an aprotic solvent. Water /DMF
mixtures were prepared with (v/v) percentages
of DMF up to 30% and the biocatalysed hydra-
tion of fumarate was followed as described
previously for ethylene glycol and glycerol. The
conversion vs. time is shown in Fig. 8 where a
sharp decrease of both initial rate and fumarate
equilibrium concentration appears as the per-
centage of DMF in the reaction medium in-
creases. The Michaelis—Menten plots of V; vs.
[S] are shown in Fig. 9. With DMF the kinetic
parameters V. and K, also decreased with
percentage of organic solvent, though in this
case the greatest denaturing effect was ob-
served. The trends of V_,, and K, are depicted
in Figs. 10 and 11. The equilibrium constant for
the fumarate hydration reaction, Table 7, also
reflects the general trend already observed with
ethylene glycol and glycerol.

Dimethylformamide was the most strongly
denaturing among the three solvents used, also
in terms of time inactivation as determined (see
Table 6) from the decrease of initial rate after
some days of incubation at different percentages
of DMF.

The interactions between enzyme, substrate
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Fig. 9. Initial rate vs. fumarate concentration at different percent-
ages of DMF in the reaction medium.

and product are deeply affected by the composi-
tion of the reaction medium and by the chemical
and physical properties of the solvent, affording
affinity variations that can be inferred from the
trend of the K,,. In all the reaction media a
surprising decrease of the Michaelis—Menten
constants is encountered when the percentage of
the organic solvent in the reaction medium is

200

Vyax (mol I'sh

0 T T T
0 10 20 30

(v/v) % of DMF

Fig. 10. Maximum velocity vs. percentage of DMF in the reaction
medium.
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Fig. 11. Michaelis—Menten constant vs. percentage of DMF in the
reaction medium.

increased, showing a higher affinity of fumarase
for its natural substrates in non-conventional
media than in water.

Indeed fumarase activity shows a strong de-
pendence on the nature of the reaction medium.
Even small percentages of organic solvent are
sufficient to cause a dramatic fall of V,,,, so in
10% ethylene glycol the V_,, drops to half its
value in water and falls to zero when the per-
centage of ethylene glycol reaches 50%. Glyc-
erol is less denaturing than ethylene glycol
which is less denaturing than DMF; since DMF
is also the only aprotic solvent used, we think
that this may be relevant in a reaction where
proton exchange is involved in the rate-de-

Table 6
Fumarase stability in terms of V, as function of DMF (v/v)
percentage in the reaction * medium

Days of V,(wmol 171 s71) at different % of DMF
incubation 10 20 30
0 43.4 18.0 5.8
3 20.1 9.7 1.2
7 9.2 35 0.8

* The hydration reaction was studied using 7.2 U/ml fumarase
and fumarate 5 mM at 25°C.

Table 7

Equilibrium constants (K = [L-malate] /[fumarate]) of the hydra-
tion of fumarate catalysed by fumarase at different (v/v) percent-
ages of organic solvent in the reaction ¥ medium

Ethylene glycol DMF Glycerol
(v/v) K v/v) K (v/v) K

3 3.46 3 3.50 3 3.60
10 2.34 10 2.74 10 3.11
20 1.96 20 1.98 20 2.71
30 1.49 25 1.23 30 2.22
40 1.06 30 0.94 40 1.88

* The reactions were conducted with 7.2 U/ml fumarase and
fumarate 5 mM at 25°C.

termining step, namely the regeneration of the
enzyme in a free deprotonated form [12-14].

As for the equilibrium constant value in the
different reaction media, we observed that it
decreases with the increase of the amount of the
organic solvent in the reaction medium (Table
7).

This reflects the different interaction energies
of the products and reagents with mixtures con-
taining different amounts of organic solvent.
When the percentage of organic solvent is in-
creased, the polarity of the medium varies, re-
sulting more hydrophobic, and formation of fu-
marate, which is more hydrophobic than 1L-
malate, is selectively favoured, as shown by the
shift of the equilibrium constant. Moreover the
nature of the reaction medium also influences
the repartition of fumarate and L-malate be-
tween the available active sites and the reaction
medium itself, and this plays an important role
on the reaction kinetics, as shown by the de-
crease of K,,, as the result of an increase of
affinity of the substrates (dianionic species) for
the active sites of fumarase.

The generally observed diminution of V,
reflects a non-competitive inhibition by the or-
ganic solvent. This inhibition not only can be
explained in terms of a conformational change
due to interactions between the solvent and the
hydrophobic /hydrophilic domains but also
could originate by a loss of mobility of the
enzyme when the amount of water decreases in
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the region closest to the protein, affording a
higher enzyme affinity towards the product.

4. Conclusions

In all the reaction media tested, a surprising
decrease of the Michaelis—Menten constants was
found when the percentage of the organic sol-
vent in the reaction medium is increased, show-
ing a higher affinity of fumarase for its natural
substrates in the non-conventional medium than
in water.

Fumarase activity shows a strong dependence
on the nature of the reaction medium. Even
small percentages of organic solvent are suffi-
cient to cause a dramatic fall of V_ .. This
generally observed diminution of V, , reflects a
non-competitive inhibition by the organic sol-
vent. The equilibrium constant is also dependent
on the amount of organic solvent in the reaction
medium.

The possibility of varying the properties of
the enzyme as well as the kinetic and thermody-
namic parameters of biocatalysed reactions, by

changing the nature of the reaction medium,
appears to be a powerful tool in understanding
reaction mechanisms and elucidating the affini-
ties of an enzyme for its natural substrates, and
we are carrying out further studies in order to
obtain more detailed information about the
molecular interactions between enzyme and re-
action media of different nature.
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