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Abstract—Emerging new properties and applications of enzymes in organic solvents and ionic liquids are unabating. By applying a
combined Quantum Mechanics/Continuum Mechanics computation on a prototypical catalytic triad serine-histidine-aspartate
(SER-HIS-ASP) interacting with ethanol or acetonitrile molecules, the major difference between protic and aprotic solvents in effect-
ing transition-state stabilization has been analyzed. Moderately polar aprotic solvent acetonitrile is predicted to be unable to sta-
bilize the transition state in replacing the role of the oxyanion-hole environment, whereas protic ethanol solvent molecules of
similar polarity to acetonitrile are adequate in re-gaining the enzymatic activities.

© 2006 Elsevier Ltd. All rights reserved.

Surging interests in the use of enzymes in non-aqueous
solvents as opposed to the presumed native aqueous
medium have recently been driven by the emerging
new properties and applications that enzymes exhibit
in organic solvents.!~® Here we attempt to complement
the voluminous experimental data in this area by
applying a combined Quantum Mechanics/Continuum
Mechanics (QM/CM) computation on a simplified
model of a representative biocatalytic subsystem—cat-
alytic triad serine-histidine-aspartate (SER-HIS-ASP)
interacting with ethanol or acetonitrile (ACN) mole-
cules. SER-HIS-ASP catalytic triad, commonly found
in serine proteases, is responsible for the cleavage of
peptide bonds through acylation in aqueous solution
which is a two-step reaction presumably. The hydroxyl
oxygen of the SER side chain (Olggr) initiates a
nucleophilic attack on the peptidic carbonyl carbon
of substrate in forming a tetrahedral oxyanion inter-
mediate while the proton on the same hydroxyl oxy-
gen is migrating to the imidazole nitrogen of the
neighboring HIS side chain (Fig. 1). This is followed
by the hydrolysis of the peptide bond of the substrate.
Some studies have strongly suggested that the side
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chain of the spatially neighboring protein residues
(the ‘oxyanion-hole’ environment’) is instrumental in
stabilizing the transition state and the subsequent
intermediate.®? Chang et al. reported that medium ef-
fect is also important in that regard.!® This study in
particular investigates the plausibility of explicit sol-
vent molecules other than water molecules proximal
to the transition states in acting as the oxyanion-hole
environment.

Experimentally, serine proteases are generally fairly ac-
tive in many neat organic or aquo-organic solvent media
with respect to synthetic reactions (e.g., esterification,
trans-esterification) but with plummeted hydrolytic
activities.! ® However, one must be cautious in compar-
ing enzymatic reactions in different organic solvents as
the thermodynamic activities of the substrates or even
the enzyme itself are either not well or difficult to be de-
fined due to varying solubilities.!3 If possible, keui/Km
should be used for consistent comparisons in various
solvents. In addition, the issue of enzyme flexibility in
relation to the enantioselectivities of specific and non-
specific substrates must be considered also.'> A recent
report revealed that in aquo-organic solvents of 95%
organic (ethanol, 1,4-dioxane, or acetonitrile) content,
serine protease exhibited comparable (a-chymotrypsin)
or even higher (trypsin) residual hydrolytic activities to-
ward specific substrates compared with those measured
in water.'* The results were meaningfully correlated
with the secondary structure contents of the enzymes.
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Figure 1. Optimized structures of species involved in the acylation at the HF/3-21G(d) level at the initial (top), transition (middle), and intermediate
(bottom) states in the three different solvent environments (left to right: aqueous, ethanolic, ACN). The relevant distances are labeled and indicated in
A. The illustrations are in ball-and-stick (green, carbon; white, hydrogen; blue, nitrogen; red, oxygen).

Unfortunately, the residual hydrolytic activities were
only reported in terms of apparent K, rather than the
specific constant (ke /K.

Computational studies on the acylation catalyzed by
catalytic triad so far have been exclusively carried out
in either gas phase or aqueous medium.'!-!> By investi-
gating the potential energy surface (PES) of the initial
acylation step (leading to the acyl-enzyme complex) cat-
alyzed by the SER-HIS-ASP catalytic triad, which is the
common rate-determining step in either peptide-bond
hydrolysis, esterification, or even transesterification, a
clearer picture can be provided for the underlying mech-
anism of the so-called non-aqueous enzymology in neat
organic or aquo-organic solvents. To be specific, the
computation here is only directly relevant to the discus-
sion of kg, which should be complementary to the
experimental studies providing Ky, information'* in dis-
secting the trend of k.,/K;,. Ab initio calculations have
previously been performed by others on the QM catalyt-
ic triad subsystem, with the rest of the enzyme system
represented by capping terminal methyl groups.'? In this
study, the structures of the model reactant, transition
state, as well as the tetrahedral intermediate were explic-
itly compared in model ethanol or acetonitrile environ-
ment, and to the control in water.

Two water molecules and a formamide molecule (a min-
imal peptidic bond unit) were used to simulate the oxy-
anion hole and the substrate, respectively, as in
Nemukhin;!? while these water molecules were replaced
by two ethanol or two ACN molecules in the two non-
aqueous counterparts being modeled here. The initial
geometry of the catalytic triad in the aqueous system
is based on the crystal structure reported at 0.98 A
atomic resolution.!> Thus the QM subsystem includes
totally six species (Fig. 1) which was then optimized at
the HF/3-21G(d) level without constraints using Gauss-
ian98.!¢ Various initial orientations of the two explicit
solvent molecules have been tested and results discussed
hereafter are based on the most optimized configura-
tions. The distance between Olgggr and the carbonyl car-
bon of the formamide substrate was then selected as the
reaction coordinate and iterative constrained optimiza-
tions were carried out at different points along this fixed
coordinate in order to obtain the pseudo-minimum-en-
ergy path. Full optimization and frequency analysis at
the same computational level were extended to the ini-
tial, transition, and final points along the chosen reac-
tion coordinate of the systems subsequently.
Transition structures are further confirmed by intrinsic
reaction coordinate calculations. Based on these
optimized structures, the energies of the systems were
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recalculated at the B3LYP/6-31+G(d,p) level in continu-
um solvent by using Jaguar!” based on the linearized
Poisson—Boltzmann formulation by setting the dielectric
constant 80.37 for water, 25.30 for ethanol, and 36.64
for ACN.!® The electrostatic potential used for the fit-
ting of atomic charges was computed on a grid with grid
points centered on each atomic nucleus based on self-
consistent reaction field model (tolerance set at
5% 107 hartree).

The optimized structures are displayed in Figure 1, and
their energies calculated at the B3LYP/6-31+G(d,p) le-
vel are summarized (Table 1). The acylation energy pro-
files along the fixed reaction coordinates are compared
by superposition (Fig. 2). The energy barrier for the
acylation of the water system is found to be
26.8 kcal mol ™!, which is slightly higher than the corre-
sponding value in the ethanol case (25.7 kcal mol™").
These comparable results suggest that the reaction rates
of acylation are similar in these two media.'* Initially,
the distance between the HIS imidazole nitrogen and
Olsgr (N1-0O1) is 2.804 A while the distance between
the other HIS imidazole nitrogen and the ASP carboxyl
oxygen (N2-02) is 2.575 A in 1 of the water system
(Fig. 1). The starting reaction coordinate ry,o in 1 is
3.072 A which is close to the corresponding value in
the ethanol system. In the transition structure TSy,0,
the distance rp,o is shortened to 1.725 A while the
NI1-O1 and N2-O2 distances concomitantly decreased
to 2.466 and 2.548 A (due to the stronger hydrogen bon-
dings between the amino acid residues inside the catalyt-
ic triad). Similar phenomenon can be observed in the
transition structure of the ethanol case. In passing the
transition state, the energy of the system declines and
a stable tetrahedral oxyanion intermediate is resulted.
The reaction coordinates of the intermediates are further
shortened to 1.529 A (1’). The N2-O2 distances in both
solvent media stay unchanged essentially while the N1-
O1 ones bounce back close to the initial values along
with the complete proton transfers.

In contrast, there is no clear transition extremum found
in the PES of the ACN system (Fig. 2). Although the
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Figure 2. Minimum-energy path for the acylation of the three systems
calculated at the B3LYP/6-31G+(d,p) level. The positions of the
transition states are indicated on the x-axis (blue, ACN; red, EtOH;
black, water). The structures of the initial, transition, and intermediate
states of the water (black) and ethanol (red) systems are superimposed
for illustration (the solvent molecules are ignored for clarity).

presumed transition state (at racn = 1.816 A) and tetra-
hedral intermediate (at racn = 1.538 A) are able to be
located in the optimization level, the energy of the sys-
tem increases monotonically in the continuum calcula-
tion as the reaction coordinate shortened. However,
the N1-O1 and N2-O2 distances are close to the water
counterpart showing that the structure of the catalytic
triad is similar in both media. In TSscn, the distance
racn calculated is 1.816 A which deviates significantly
from the corresponding value 1.725 A in the water sys-
tem. Although the racn (1.538 A), N1-O1 (2.667 A),
and N2-0O2 (2.532 A) distances in the tetrahedral inter-
mediate (3’) are close to the corresponding values (1.529,
2.676, and 2.541 A, respectively) in the water system, the
solution energy obtained in the continuum calculation is
not on a minimum point.

The results obtained here illustrate the critical role of the
immediate vicinity of the transition states. Moderate to
strong hydrogen bondings'® between the two explicit
water/ethanol molecules and the carbonyl oxygen of
the formamide is formed throughout the entire process.

Table 1. Total (E) and relative (AE) energies of the catalytic systems in this study both in the gas and solution continuum phases calculated at the

B3LYP/6-31+G(d,p) level

System®
environment

The triad + 2 solvent molecules + gas phase

E,, (hartrees)

AE,, (kcal mol ™)

The triad + 2 solvent molecules + dielectric
continuum solvent

AEq, (kcal mol™")

Ego1n (hartrees)

Solvent: 2 water molecules

1 —972.04293 0.0
TSu,0 —971.99857 27.8
1 —972.00378 24.6
Solvent: 2 ethanol molecules

2 —1129.28551 0.0
TSkon —1129.24434 25.8
2/ —1129.24847 23.2
Solvent: 2 acetonitrile molecules

3 —1084.69471 0.0
TSacN —1084.65457 25.2
3/ —1084.64966 28.3

—972.13994 0.0
—972.09724 26.8
—972.10348 229
—1129.37175 0.0
—1129.33078 25.7
—1129.33318 242
—1084.78946 0.0
—1084.74619 27.2
—1084.73727 32.7

#See Figure 1 for the system configurations.
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Their distances decrease from 2.079 and 1.745 A (in 1)
to 1.851 and 1.604 A (in TSy,0), and finally to 1.664
and 1.572 A in 1’, respectively (Fig. 1). Comparable
trend but with slightly stronger hydrogen-bonding
strength is found in the ethanol case. Only weak interac-
tions, however, are predicted between the ACN mole-
cules and the formamide substrate in 3 (Fig. 1). This
result suggests that the interaction formed between
ACN and formamide is not strong enough, as expected,
for stabilizing the transition state and the oxyanion
intermediate.

Interestingly, from Burt’s study,!? no reaction was war-
ranted either in the gas phase or in a dielectric solvent
continuum alone without the two explicit solvent water
molecules being included. This strongly implies the
importance of the interplay between protic solvent and
peptidic amide hydrogen in forming the charge-stabiliz-
ing environment through specific hydrogen bondings for
the rate-determining acylation step. In principle, they
are not mutually exclusive in a realistic complex and
dynamic enzymatic system but indeed especially indis-
pensable in charge-screening due to the low dielectric
environment surrounding the protein surface. This point
is general in view of the almost omnipresence of charges
induced at the transition states in most enzymatic reac-
tions. A slight local structural distortion of the enzyme
caused by external factors such as changed solvent nat-
ure in non-aqueous biocatalysis will destroy or diminish
the natively evolved optimal charge-stabilizing protein
environment. This has to be compensated through
other, but often much less effective, molecular mecha-
nisms if it cannot be provided by aprotic solvent mole-
cules such as ACN. The current results might as well
imply the re-gained or even enhanced enzyme activity
observed in some ionic liquids or ionic liquids of the imi-
dazolium-type suspended in organic solvent via the elec-
trostatic stabilization by the positively charged cations
(the anions used in these ionic liquids are often so bulky
that they cannot be easily fitted into either the active site
or the binding pocket).? 23

We have been able to demonstrate the major difference
between model protic (e.g., water, ethanol) and aprotic
(e.g., acetonitrile) solvents, of similar polarity, in effect-
ing transition-state stabilization which is of great signif-
icance, especially to those non-aqueous biocatalytic
experiments performed under very low water activities.
The results reported here serve as a reference for further
studies in dissecting the enzymatic role of the protein
environment close to the active site.
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