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SUMMARY

In enzyme-catalysed reactions, the choice of solvent often has a marked effect on the reaction
outcome. In this paper, it is shown that solvent effects could be explained by the ability of the
solvent to act as a competitive inhibitor to the substrate.

Experimentally, the effect of six solvents, 2-pentanone, 3-pentanone, 2-methyl-2-pentanol, 3-
methyl-3-pentanol, 2-methylpentane and 3-methylpentane was studied in a solid/gas reactor.
As a model reaction, the CALB- catalyzed transacylation between methyl propanoate and 1-
propanol, was studied. It was shown that both ketones inhibited the enzyme activity whereas
the tertiary alcohols and the hydrocarbons did not. Alcohol inhibition constants, K; ,
determined in presence of 2-pentanone, 3-pentanone, and 3-methyl-3-pentanol, confirmed the
marked inhibitory character of the ketones and an absence of inhibition of 3-methyl-3-
pentanol.

The molecular modeling study was performed on three solvents, 2-pentanone, 2-methyl-2-
pentanol and 2-methyl pentane. It showed a clear inhibitory effect for the ketone and the
tertiary alcohol, but no effect for the hydrocarbon. No change in enzyme conformation was
seen during the simulations.

The study led to the conclusion that the effect of added organic component on lipase catalyzed
transacylation could be explained by the competitive inhibitory character of solvents towards

the first binding substrate methyl propionate.
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Introduction

For a large number of enzymes, and especially for some lipases showing substantial activity in
nearly anhydrous solvents, the use of organic solvents as reaction medium possesses great
advantages. Those advantages include solubility of hydrophobic substrates, increased
thermostability of the enzyme, and a shift of the thermodynamic equilibrium in favour of
synthesis over hydrolysis. The enzymatic activity in organic solvents varies significantly with
the solvent used, but unfortunately it is often lower than in water solutions. Therefore it is
important to make a good choice of solvent. Several studies performed in liquid organic media
have been devoted to the role of solvent the last decades [1-8], but still there is no general
understanding of the solvent effects seen. The suggested origins of solvent effects can be

divided into three main categories:

1. Change in enzyme conformation and/or flexibility. The conformation and flexibility
of an enzyme are crucial for efficient catalysis. A proper choice of solvent will optimize
these parameters for a specific reaction. The suggestion has been investigated several
times with different outcomes (authors agreeing; [9] and [10], authors disagreeing; [11]

and [12]).

2. Changes in solubility and desolvation of substrates and products. A change of
solvent will affect the solubility and desolvation of substrates, products, and enzyme,
leading to a changed common equilibria for all participant species. This will change the
apparent substrate preference of the enzyme without changing the intrinsic properties
of the reaction. Solubility effects are often expressed as a relation between enzyme

activity and log P of the solvent [8].




Document6 2008-10-13 12:10:16 4(22)

3. Competitive inhibition. Solvent molecules binds into the active site, where they will
act as competitive inhibitors to the substrate. Different kinds of solvent molecules have
different ability to bind to a given active site, and this difference causes solvent effects

[13-14].

Solvent effects are difficult to assess in liquid media, since the thermodynamic activities of
substrates, products, and solvents can not be varied individually. There will also be a
concomitant changes in substrate and product solubility with solvent, and the correction for
such changes is far from straightforward. These limitations can be overcome using a solid/gas
reactor. In a solid/gas reactor it is possible to control, and independently adjust, the
thermodynamic activities of substrates and non-reactants around the enzyme, so that a single
reaction parameter can be changed without affecting any others [15-16]. Thus, when using a
solvent/gas reactor, all thermodynamic activities will be constant during a reaction, and there

will be no effects related to changes in substrate solubility.

In this study, we evaluated solvent competitive inhibition as an explanation of solvent effects.
Experimental data from a solid/gas reactor, assuring the absence of solvent effects, was
combined with molecular modeling studies, and CALB- catalyzed transacylation between
methyl propanoate and 1-propanol was used as a model system. The study included six organic
solvents (2-pentanone, 3-pentanone, 2-methyl-2-pentanol, 3-methyl-3-pentanol, 2-
methylpentane and 3-methylpentane) of roughly the same molecular size, but with different

functional groups.
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Materials and Methods

Enzyme and chemicals

Chirazyme L2 (lyophilized lipase from Candida antarctica type B) was a gift from Roche
Industrie (Penzberg, Germany). All substrates were of the highest purity (99% minimum).
Chemicals were dried prior to use. 1-Propanol was dried by refluxing with magnesium and then
distilled. Methyl propanoate was dried with Na,COs and distilled from P,Os. The dried

solvents were stored under argon atmosphere and over molecular sieves.

Adsorption of lipase onto a solid support
Enzyme adsorption was performed onto Chromosorb P AW DMCS, mesh 60-80 (Acid
Washed DiMethylChloroSilane) (Prolabo, France) as described in a previous work [17] by

using 30 mg of lyophilized enzyme preparation per 6 g of solid support Chromosorb.

Experimental setup for solid/gas catalysis

The bioreactor used in this study is described in previous publications [15,18]. A typical
experiment was run at 70°C, with about 15 mg of adsorbed enzyme, 1 mg of adsorbed enzyme
preparation corresponding to 5 ug of lyophilized lipase. The total flow passing through the
reactor was set at 1 mmol min™' giving a volumetric flow of 28.5 mL min". Under these
conditions, less than 20% of the substrates were converted to products allowing the
assumption that initial rates (expressed in umoles of product formed per minute and per mg of

enzymatic preparation) were measured and that inhibition by the products could be neglected.
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Chromatographic assays

The vapour phase leaving the bioreactor was sampled using a 0.25 mL loop on a six-way valve
(Valco) maintained at 150°C. Samples were automatically injected in the split injector of a gas
chromatograph (Agilent model 6890N) equipped with a flame ionization detector (FID) for
detection of all products. For the experiments in presence of 2-pentanone, 3- pentanone, 3-
methylpentane, 2-methyl-2-pentanol and 3-methyl-3-pentanol, the column used was an OV 01
(28 mx 0.32 mmi.d. x 0.5 um film thickness, Chrompack, France). For the experiments in
presence of 2-methylpentane, a DB 1701 column was used (30 m x 0.32 mm i.d. x 0.25 pm
film thickness, JW Scientific). In all cases the split ratio was 196:1. The injector and the
detector were kept at 220°C and 250°C respectively. Nitrogen was used as a carrier gas with a
flow rate of 1.1 mL min™ in the column. Hydrogen and air were supplied to the FID at 35 and
350 mL min’, respectively.

For the quantification of methanol, propanol, methyl propanoate and propyl propionate, in the
presence of 2-pentanone and 3-pentanone, the initial column temperature was 40°C. The
temperature was kept at 40°C during 2 minutes and then increased to 45°C using a rate of
0.5°C min™. For the quantification of the substrates and products, in the presence of 3-
methylpentane, the column temperature was held at 40°C for 2 min, then programmed to
increase at 0.1°C.min" to 41°C. For the quantification of the substrates and products, in the
presence of 2-methylpentane, the column temperature was held at 60°C for 1 min, then
programmed to increase at 1°C.min"" to 73°C. Quantitative data were obtained after
integration on an AGILENT 3396 series 111 integrator. An external standard method was used

for the calculations.
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Molecular modeling

All modeling was done on a SGI fuel station (Silicon Graphics Inc) using the Sybyl 7.0 [19]
package (Tripos Inc). For the molecular dynamics simulations, the Kollman All Atom [20,21]
force field was used. A crystal structure of the empty enzyme, PDB code 1TCA [22] was
retrieved from RCSB data bank [23], and prepared for further modeling as previously

described [24].

For each solvent, a solvent molecule was manually modelled into the active site in a
conformation utilizing available hydrogen bonding possibilities. The manually found position
was optimized by a series of short dynamics simulations and energy minimizations; followed by
an energy minimization of whole structure. Finally a dynamics simulation (130 ps) was ran on
the whole structure, starting with a 30 ps warm-up phase. The dynamics simulation was
sampled every 250 ps, giving 400 snapshot structures of the enzyme-solvent complex. The
whole procedure was then independently repeated from the solvent docking phase, giving a
total of 800 snapshot structures. All snapshot structures were superimposed on the first one
using all enzyme atoms, and the resulting file was used to visualize the solvent molecule

motion in the active site during the molecular dynamics simulation.

Results

Lipase-catalyzed transacylation reactions follow a ping-pong mechanism with an alcohol
dead-end inhibition [14,17,25]. In the present case (Scheme 1) the lipase can bind either
methyl propanoate yielding a lipase-methyl propanoate complex or bind 1-propanol yielding

an unproductive enzyme-propanol dead-end complex. The lipase-methyl propanoate complex
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can proceed to an acyl-enzyme intermediate and the first product (methanol) would be
released. Next, the second substrate, propanol, interacts with the acyl-enzyme resulting in the
the product propyl propanoate and a free lipase. In the present investigation, the ping-pong
mechanism was confirmed in the presence of 2-pentanone, 3-pentanone and 3-methyl-3-
pentanol, all at a fixed thermodynamic activity of 0.37. As an example, the results obtained in

presence of 2-pentanone are shown in Figure 2.

Study of the effect of different organic compounds on CALB activity by gaseous phase
biocatalysis experiments

Enzyme on a solid support was placed in the solid/gas bioreactor, and was percolated with
nitrogen carrying the two substrates methyl propanoate and 1-propanol, whose
thermodynamic activities were kept constant (0.15). In addition, a non reactant organic
component mimicking a solvent was added, with thermodynamic activities between 0 and 0.6.
In Figure 1 the transacylation activity of CALB is shown in the presence of gradually
increasing thermodynamic activities of 2-pentanone, 3-pentanone, 2-methyl-2-butanol, 2-
methyl-2-pentanol, 3-methyl-3-pentanol, 2-methylpentane and 3-methylpentane. The two
ketones and 2-methyl-2-butanol clearly inhibited the enzyme activity, since the initial reaction
rate decreased with an increasing ketone thermodynamic activity. For the other substrates, no

inhibition was seen.

Determination of inhibition constants of propanol, K;, in presence of 2-pentanone, 3-
pentanone and 3-methyl-3-pentanol

In the presence of a solvent, both the apparent V...« and propanol inhibition constants K; can be
determined from experimental data, where the reaction initial rate, v;, is plotted versus the

thermodynamic activity of methyl propanoate avp, at several fixed thermodynamic activities of
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propanol ap (Fig 2). Replotting the data onto reciprocal axes, 1/v; versus 1/ayp (Fig 3) yielded
a graph with straight lines intersecting at 1/ aypp =1, and the value of the ordinate at this
intersection point equals 1/V... From the reciprocal plot, dissociation constants, K;, of
propanol in the presence of 2-pentanone can be obtained. When the slopes of the converging
lines in the reciprocal plot is plotted against the thermodynamic activity of propanol, ap, the

result is a straight line whose intersection with the abscissa equals -K; (Fig 4).

With a fixed solvent activity of 0.37, the dissociation constants for 2-pentanone, 3-pentanone
and 3-methyl-3-pentanol were determined to 0.043+0.011, 0.048+0.009 and 0.02+0.012,
respectively. These values were in accordance with the varying inhibitory character of the
different compounds. As a comparison, the K; obtained in absence of any added non- reactant
component in the gaseous stream was found to be equal to 0.019 [17]. The K; obtained in the
presence of the two ketones were about twice as high, indicating a competition between the
ketones and propanol for the interaction with lipase active site. These values obtained for
ketones are near to the previously determined K; obtained in the presence of 2-methyl-2-

butanol (equal to 0.045), which was found to be an inhibitor of CALB [25].

Molecular modeling

Interactions between the lipase and the solvents 2-pentanone, 2-methyl-2-pentanol, and 2-
methyl pentane were studied with molecular modeling. The ketone and the tertiary alcohol
showed a clear affinity for the active site (Fig 5a - c¢). During a 100 ps simulation, both stayed
in the active site bound with hydrogen bonds to the oxyanion hole and/or the catalytic serine.
In the end of the simulation, the ketone lost its hydrogen bonds and started exploring the active

site, but without leaving it. On the other hand, the alkane 2-methyl pentane (Fig 5d) initially
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started to move around thereafter left the active site. The enzyme structure did not show any

significant conformational change during any of the dynamics simulations (results not shown).

Discussion

Basis for solvent effects

Experiments in a solid/gas reactor showed that the activity of CALB varied with solvent
present in gas phase, and we have evaluated the possibility of the solvents as being competitive
inhibitors to the substrate. The inhibitory effect of ketones was clearly demonstrated by
increasing their thermodynamic activities (Fig 1). Their inhibitory effect was related to the
effect on the dissociation constant of propanol, K, in the propanol-enzyme complex. An
increase in K; means that the inhibition by propanol was lowered, or that the ketones took over
the role as dead end inhibitors now competing with methyl propanoate to bind to the free
enzyme. In previous studies the same behaviour was found for water and the moderately polar
compound 2-methyl-2-butanol (Fig 1) [18,25]. Due to the similarity between the tertiary
alcohols 2-methyl-2-butanol and 2-methyl-2-pentanol it could be assumed that they would

exhibit a similar interaction with the enzyme, not equivalent to the experimental findings.

The experimental findings of an inhibitory effect of ketones and tertiary alcohols but not of
alkanes on CALB-catalyzed reactions were supported by modeling results. 2-Pentanone and 2-
methyl-2-pentanol were both able to bind in the active site preventing methyl propanoate to
react. On the other hand, 2-methyl pentane had no such effect. During molecular dynamics
after being put in the active site, it started moving and finally left the active site, lacking the

possibility getting anchored by hydrogen bonds.

10
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The experimental data in combination with molecular modeling results strongly supports
competitive inhibition as an explanation for solvent effects. From a molecular modeling point
of view, this study also presents two reasons for preferring “solvent inhibition” over “enzyme
conformational change” as a basis for the solvent effects seen. Firstly and in favour of the
hypothesis of competitive inhibition, experimentally known inhibitory solvents preferred to stay
in the active site during the molecular dynamics simulations, whereas the non-inhibitory solvent
had no urge to stay. Secondly, and in conflict with the suggestion of conformational changes,

no significant enzyme conformational changes were seen in any of the simulations.

Solvent effects are complicated in nature, and the conclusion of this study relies on the use of
the solid/gas reactor, giving the opportunity to exclude substrate solubility issues as a
complicating factor. In liquid phase there is no such possibility, making it even harder
measuring and understanding solvent effects. In summary, the three basic explanations for
solvent effects mentioned in this paper - conformational change, solubility and competitive
inhibition - will still be valid, and should all be considered when making efforts to explain

experimentally achieved solvent effects in other systems.
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Figure legends

Figure 1. Solvent inhibition effects on enzyme activity. The effect of solvent inhibition on the
activity of a transesterification reaction between methyl propanoate and 1-propanol is shown
for increasing solvent thermodynamic activities. An inhibitory effect was seen for the solvents
2-pentanone, 3-pentanone and 2-methyl-2-butanol, whereas no significant effect was seen for

2-methylpentane, 3-methylpentane, 2-methyl-2-pentanol and 3-methyl-3-pentanol.

Figure 2. Two-substrate kinetics. The initial rate, v;, measused in the presence of 2-pentanone,
plotted against the thermodynamic activity of methyl propionate (ayp) at different propanol

thermodynamic activities (ap). The constant thermodynamic activity of 2-pentanone equals

0.37.

Figure 3. Determination of the apparent V... Reciprocal initial rates plotted versus the
reciprocal thermodynamic activity of methyl propanoate in the presence of 2-pentanone. The
value of 1/V .,y is given as the ordinate value at 1/ayp=1. The constant thermodynamic activity

of 2-pentanone equals 0.37.

Figure 4. Determination of inhibition constants of propanol, Ki. The inhibition constant, K;,

of propanol (Scheme 1) in the presence of 2-pentanone, was determined from a re-plot of the
reciprocal plot shown in figure 3. The slopes of the intersecting lines were plotted against the
thermodynamic activity of propanol, ap. The intersection between the new line (r* = 0.96) and

the abscissa equals -K;.

16
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Figure 5. Solvent motions in the active site. a) The active site of Candida antarctica lipase B.
The catalytic serine (Ser105) and histidine (His224) are shown together with Thr40 and
GIn106, which constitutes the oxyanion hole. Trp104 constitutes a “floor” in the active site
cavity and is shown both in sticks and in spacefill model. b) Eight hundred sampled and
superimposed structures of 2-methyl-2-pentanol in the active site of Candida antarctica lipase
B. The alcohol is tightly bound in the active site and remains there during the whole simulation.
¢) Eight hundred sampled structures of 2-pentanone. The ketone was tightly bound in the
active site although other conformations than the oxyanion hole hydrogen bonded ones were
also found. The ketone remained in the active site during the whole simulation. d) Eight
hundred sampled structures of 2-methyl pentane. There were no attraction between the alkane
and the active site, and although the 2-methyl pentane was positioned in the binding site from
the start of the simulation, it started exploring the surrounding and found its way out though

the active site entrance.

17
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Scheme 1

_~_-0OH + /Oj(\ CALB MeOH + /\/OW]/\

O O

] P [

EeMPr =—=E-Pr-M E-Pr E-PreP —==E-*PPr

-« P

K|
EeP

MPr methyl propanoate, M methanol, P propanol, PPr propyl propanoate, E enzyme,
‘’"denotes noncovalent bond, ‘-* denotes covalent bond.
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Figure 2
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