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Abstract

The effect of pressure on the equilibrium of a reaction was studied. Theoretical equilibrium constants and product concentrations have been
calculated at elevated pressures. The theory is illustrated with an example of L-malate synthesis catalyzed by a fumarase. To study shifts in the
equilibrium relatively low pressures can be applied (50-200 MPa), but our calculations show that for process optimisation much higher pressures
(up to 1000 MPa) have to be used.

At these higher pressures, more stable enzymes are needed. We performed experiments with the hyperthermophilic 3-glycosidase from Pyro-
coccus furiosus as a catalyst. Oligosaccharides were synthesized from glucose in an equilibrium reaction at pressures from 0.1 to 500 MPa. The
enzyme remained active at 500 MPa. The equilibrium of the reaction was influenced by pressure and shifted towards the hydrolysis side, decreasing
final oligosaccharide concentrations with increasing pressure. This pressure dependence of the final product concentration and the equilibrium

constant could be described with a positive reaction volume of 2.4 mol/cm?.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Enzymes and high pressure

Unlike temperature and pH, pressure is often neglected as a
fundamental process parameter in enzyme reactions. High pres-
sure is not yet used to increase yields in synthetic biocatalytic
processes. The main reason is enzyme instability at elevated
pressures. Therefore, studies on high-pressure enzymatic reac-
tions have focussed on the behaviour of the structure of the
enzyme and its (un)folding under pressure. Reviews of Gross
and Jaenicke [1] and Heremans and Smeller [2] show the effect
of pressure on structure, function and dynamics of proteins. Less
attention has been given to enzyme kinetics. The work that has
been done on enzyme kinetics is mostly limited to initial rate
measurements.

There are several reasons why the exploration of pressure as
a fundamental system parameter is of interest. The kinetics and
equilibria of enzymatic reactions may differ significantly when
carried out under high pressure, and in some instances the selec-
tivity of the reaction may be influenced. In particular use of high
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pressure for the enzymatic synthesis of pharmacological pep-
tides, antibiotics, carbohydrates, polyols and sweeteners would
be worth exploring.

In this paper, we focus on the effect of pressure on the equi-
librium of a reaction.

1.2. High-pressure enzymatic equilibrium reactions

In literature only a few enzyme-catalyzed reactions of which
the equilibrium was determined under pressure are reported. In
some cases, the reaction volume was determined as part of a
volume profile analysis.

The only synthesis reaction that was reported to increase the
equilibrium constant by the application of pressure was the con-
version of fumarate and water to L-malate [3,4]. We used data
from this work in the theory section of this article to verify
calculations and to discuss some problems and possibilities for
enzyme-catalyzed equilibrium reactions under pressure.

The group of Kunugi has studied protease catalyzed pep-
tide synthesis [5,6]. Pressure, however, did not increase peptide
yields in equilibrium reactions. Condensation of Fua-Gly and
Leu-NH, showed a decrease in yield at elevated pressures. They
did find a six-fold increase in peptide yield at 200 MPa as com-
pared to ambient pressure for a kinetically controlled peptide
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formation from Cbz-Asp and Phe-Ome, where a higher catalytic
activity due to pressure overcomes the negative equilibrium shift.

The catalysis of the hydration of CO; and the dehydration of
HCO3™ by carbonic anhydrase is an example of an enzyme cat-
alyzed equilibrium reaction in which charged groups are being
formed or neutralized. Reaction volumes for ionization are in
the order of —20cm3/mol [7,8]. This specific reaction has a
reaction volume for hydrolysis of —26 cm?/mol [9]. Thus CO,
synthesis is decreased under pressure. In this research the deter-
mination of the reaction volume was part of a volume profile
analysis.

The conversions of sucrose by invertase and dextransucrase
were also described by volume profiles [10]. Here, the reac-
tion volumes were determined by density measurements of the
reaction solution in time. Both reactions showed a negative
reaction volume for the conversion of sucrose to glucose and
fructose (—7.3 cm>/mol by invertase) and to dextran and fruc-
tose (—4.1 cm?/mol by dextransucrase). This latter reaction is
a transglycosilation and may be referred to as an oligosaccha-
ride synthesis reaction. Dextran hydrolysis by dextranase is also
studied in this article, but the reaction volume for the complete
conversion of dextran to glucose was not determined.

In an article by Morild [11] about the volume changes
of ethanol and NAD* in the alcohol dehydrogenase cat-
alyzed reaction to acetaldehyde + NADH, the reaction volume
of —7cm3/mol was only referred to as being from equilib-
rium studies at elevated pressures, which unfortunately remained
unpublished.

1.3. Hyperthermophilic enzymes at high-pressure

In all studies mentioned in the previous section, pressure
did not exceed 200 MPa for equilibrium measurements. This
is enough for mechanistic studies, but for real improvement in
product yields higher pressures have to be applied. This will be
explained further in our calculations in Section 2.2.

To study enzyme catalyzed equilibria under pressure long
reaction times are necessary and therefore enzymes are needed
that are not easily inactivated by pressure. Usually enzymes
withstand pressures up to 400 MPa [12]. Some monomeric
enzymes can even withstand higher pressures. Enzymes
obtained from thermophilic organisms were found to be sta-
bilized by pressure [13]. Usually, thermostable proteins are
piezostable as well, although exceptions have been reported [14].
With the ongoing exploration of our natural resources, more and
more thermo- and piezostable enzymes become available. This
will enable high-pressure research on biocatalytic processes that
is no longer limited by enzyme (in)stability.

2. Theory
2.1. The equilibrium constant as a function of pressure

For any chemical reaction, the equilibrium constant (K) is
related to the Gibbs free energy (AG) by:

AG = —RTIn K (1

in which R is the gas constant and T is the absolute temperature
(in K). The pressure (P in MPa) dependence of the Gibbs free
energy is given by:

IAG
(i), = ”

in which AV is the reaction volume change of the system in
cm?’/mol that is equal to the difference of the partial molar vol-
umes of products and reactants:

AV = AVproducts — AVieactants 3

These partial molar volumes include both intrinsic (van der
Waals volumes) and solvational (contraction of the solvation
shell and change in volume of the cavities) constituents. In this
article we used AV as a constant that is independent of pressure.
The combination of Egs. (1) and (2) results in:

3In K AV
9P ).  RT @
T

in which the gas constant R equals 8.3145 cm® MPaK~! mol .
This equation implicates that the application of pressure to a
system in equilibrium will force the equilibrium to the state with
the smallest volume. Thus a negative reaction volume shifts the
equilibrium to the product side of the reaction.

2.2. Calculations

Literature [7,12] shows that for the formation of chemi-
cal bonds negative reaction volumes around —10 cm3/mol are
found. Eq. (4) can be used to calculate hypothetical yields for a
synthetic equilibrium reaction:
for which K = & (®)]

([AILBD)

Fig. ladepicts the change in equilibrium constant that applies
to all reactions with a reaction volume of —10 cm?/mol. It shows
the exponential change of the equilibrium constant with pres-
sure. Using Eq. (5), the equilibrium constant can be translated to
aproduct concentration. In our calculations we assumed equimo-
lar quantities of A and B. In Fig. 1b, the concentration of product
C as a function of pressure is shown. When pressure is applied
to a reaction with a relatively unfavourable equilibrium that
yields a low product concentration of only a few percentages at
atmospheric pressure, major improvements can be made (lower
line in Fig. 1b). At a relatively low pressure of 200 MPa the
final product concentration will already be more than doubled.
Higher pressures can further increase product concentrations
to a 4.6-fold increase at 400 MPa and a 22-fold increase at
1000 MPa. Thus, synthesis reactions that are hardly detectable
at ambient pressure may have much higher conversions at these
elevated pressures. In reactions that already have higher yields at
ambient pressure, pressure can be used to increase the product
concentration to almost 100% (upper line in Fig. 1b), avoid-
ing the need for the removal of excess substrate for product
purification.

A+B<C
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Fig. 1. (a) Improvement of the equilibrium constant at different pressures. K at
0.1 MPa=1; T=298K; AV=—10cm3/mol. (b) Increase in product concentra-
tion at equilibrium as a function of pressure for a condensation of A+B — C;
T=298 K; AV=—10cm?/mol; from top to bottom line: K at 0.1 MPa=1.0, 0.3,
0.1 and 0.03.

2.3. The condensation of fumarate to L-malate

The only synthesis reaction that was successfully improved
by the application of pressure was the conversion of fumarate
and water to L-malate [3,4]. We used the equilibria data as mea-
sured by Andersen and Broe to fit areaction volume (see Fig. 2a).
The equilibrium constant was related to the product concentra-
tion via K =[L-malate]/[fumarate]. From this we can calculate
the product concentration at different pressures, as shown in
Fig. 2b. The data were further used to extrapolate to much higher
pressures than the measured ones. Theoretically, a 100% yield
can be obtained at 1000 MPa. Unfortunately, this reaction has
a positive activation volume, which means that an increase in
pressure slows the reaction rate. Already at 300 MPa, conver-
sion of the substrate was too slow to be measured [3], so the
practical application of this reaction is limited.

3. Experimental
3.1. Materials

B-Glycosidase from Pyrococcus furiosus was kindly pro-
vided to us by van der Oost from the Laboratory of Microbiology
at Wageningen University. The enzyme was dissolved in 20 mM
Tris buffer pH 8.0. For the experiments a 0.05M Tris buffer,
titrated with 1.0 M NaOH to pH 8.0, was used.
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Fig. 2. (a) Improvement of the equilibrium constant at different pressures for
the fumarase catalyzed conversion of fumarate and water to L-malate; line fitted
with AV=—10.0cm?/mol and 7=298 K. Data as measured by Andersen and
Broe [3]. (b) Increase in product concentration at equilibrium as a function
of pressure for the fumarase catalyzed conversion of fumarate and water to L-
malate; data calculated from measurements by Andersen and Broe [3]; line fitted
with AV=—10.0 cm?/mol and T=298 K.

3.2. HPLC analysis of sugars

Samples from the reaction mixture were centrifuged at
13,000 rpm, diluted and analyzed on HPLC using a RSO
Oligosaccharide Column (Phenomenex, Amstelveen, The
Netherlands) at 80°C. The column was eluted with Milli-Q
water at a flow rate of 0.3 mI min~!. The eluent was monitored
with arefractive index detector. It was assumed that the response
was independent on the degree of polymerization. Glucose, dis-
accharides, trisaccharides and tetrasaccharides were detected
and measured as percentages of total sugar on weight base.

3.3. High-pressure enzymatic synthesis of oligosaccharides

Glucose condensation was studied at 60 °C at varying pres-
sures from 0.1 up to 500 MPa. The reaction solution consisted
of 0.95 g buffer, 0.25 ml enzyme solution and 0.8 g glucose. The
reaction mixture was put in polyethylene bags and pressurized
in a multi vessel high-pressure apparatus (Resato FPU 100-50,
Resato International B.V., Roden, The Netherlands) that was
kindly made available to us by Agrotechnology and Food Inno-
vations of Wageningen University and Research Centre. The
pressure build-up rate was 5 MPa/s. The pressure medium used
was glycol. The reaction mixtures were incubated for different
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Fig. 3. (a) Decrease of the equilibrium constant at different pressures for the
conversion of glucose to oligosaccharides catalyzed by B-glycosidase from P,
furiosus; line fitted with AV=2.4 cm3/mol and T'=333 K. (b) Decrease in prod-
uct concentration at equilibrium as a function of pressure for the conversion of
glucose to oligosaccharides catalyzed by B-glycosidase from P. furiosus; line
fitted with AV =2.4 cm3/mol and T'=333K.

times to check whether equilibrium was reached. After depres-
surizing, 50 pl sample was added to 400 pl Milli-Q and 50 pl
1.0M H,SO4 on ice to inactivate the enzyme. After 15 min,
50 w1 1.0 M NaOH was added to neutralize the sample.

4. Results and discussion
4.1. High-pressure enzymatic synthesis of oligosaccharides

The experiments on gluco—oligosaccharide synthesis, cat-
alyzed by the hyperthermophilic 3-glycosidase from P. furiosus
showed a decrease in oligosaccharide concentration with pres-
sure (Fig. 3b). The oligosaccharide mixture consisted mainly of
disaccharides, but trisaccharides and tetrasaccharides were also
formed. In all cases equilibrium was reached within 72 h. We did
not investigate the exact reaction rate, but we did not encounter
the problem of Andersen and Broe [3], where the speed of the
reaction decreased to almost zero at 300 MPa.

From the final sugar concentrations the equilibrium constants
were calculated and plotted as a function of pressure in Fig. 3a.
The pressure dependence of the equilibrium constant could be
described with a positive reaction volume of 2.4 mol/cm?. This

reaction volume was also used to fit the product concentrations
as a function of pressure.

The synthesis of oligosaccharides from glucose is a conden-
sation reaction in which water and a disaccharide are formed.
This means that the reaction acts as a double displacement reac-
tion. Therefore the reaction volume is closer to zero than to
—10cm?/mol as it is for reactions with only bond formation.
The positive value means that hydrolysis is preferred over syn-
thesis when pressure is increased. Interestingly, this was also the
case in the condensation of Fua-Gly and Leu-NH, for peptide
synthesis as described by Kunugi [5,6].

5. Conclusion

Pressure is an important parameter in synthesis reactions that
influences the equilibrium of a reaction. To study this effect, rel-
atively low pressures can be applied (up to 200 MPa) at which
enzyme inactivation is not yet important. Our calculations show
that for process optimisation, much higher pressures (up to
1000 MPa) have to be used. At these high pressures, more stable
enzymes are needed. We showed that with the use of a ther-
mophilic enzyme, higher pressures can be applied.

We will continue to study equilibrium reactions under pres-
sure at our laboratory, taking advantage of the ongoing discovery
of more stable enzymes.
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