DOI: 10.1002/cbic.200800318

Direct Epoxidation in Candida antarctica Lipase B Studied

by Experiment and Theory

Maria Svedendahl,”’ Peter Carlqvist,”™  Cecilia Branneby,® ¥ Olof Allnér,” ¢ Anton Frise,”

Karl Hult,”’ Per Berglund,*™ and Tore Brinck*™

Candida antarctica lipase B (CALB) is a promiscuous serine hy-
drolase that, besides its native function, catalyzes different side
reactions, such as direct epoxidation. A single-point mutant of
CALB demonstrated a direct epoxidation reaction mechanism for
the epoxidation of a,f3-unsaturated aldehydes by hydrogen per-
oxide in aqueous and organic solution. Mutation of the catalyti-
cally active Ser105 to alanine made the previously assumed indi-
rect epoxidation reaction mechanism impossible. Gibbs free ener-
gies, activation parameters, and substrate selectivities were deter-

Introduction

The epoxide functional group is one of the most useful inter-
mediates in organic synthesis, since it easily undergoes stereo-
specific ring-opening to form bifunctional compounds. Epoxi-
dation of an unsaturated compound can be affected by hydro-
gen peroxide or molecular oxygen. Hydrogen peroxide is a
preferred oxidant from an environmental perspective, since
the reaction can be carried out in aqueous media and gives
only water as by-product. It is also favorable for industrial pro-
duction of epoxides, due to its low cost and availability in bulk
quantities. However, the epoxidation of unsaturated com-
pounds with hydrogen peroxide is usually slow and needs the
addition of a catalyst. Examples of available catalysts include
silica-supported titanium,™ methyltrioxorhenium,** iron com-
plexes,* and manganese(ll) salts.”

In industrial catalysis there is increasing interest in the use of
enzyme and peptide catalysts to fulfill the requirement for ste-
reoselective catalysis without the need for toxic and expensive
transition metal catalysts. There are several enzymes that cata-
lyze epoxidations. Haloperoxidases”'” constitute an enzyme
family that catalyzes epoxidation of alkenes. Chloroperoxidase
is @ member of this family and catalyzes the stereoselective ep-
oxidation of alkenes with good yields. Lipases'™"® have been
used for the indirect epoxidation of alkenes with hydrogen
peroxide through the formation of peroxy acids. The actual ep-
oxidation of the alkene takes place outside the enzyme. The in-
direct reaction mechanism of Candida antarctica lipase B
(CALB) begins with the formation of an acylenzyme through
the binding of Ser105 to the carbonyl carbon of a carboxylic
acid. Hydrogen peroxide then attacks the carbonyl carbon to
form a carboxylic peracid, which departs from the active site.
The carboxylic peracid reacts with an alkene outside the
enzyme to form the final epoxide. The produced epoxides
showed no stereoselectivity. Monooxygenases,”'® such as cy-
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mined both computationally and experimentally. The energetics
and mechanism for the direct epoxidation in CALB Ser105Ala
were investigated by density functional theory calculations, and
it was demonstrated that the reaction proceeds through a two
step-mechanism with formation of an oxyanionic intermediate.
The active-site residue His224 functions as a general acid-base
catalyst with support from Asp187. Oxyanion stabilization is fa-
cilitated by two hydrogen bonds from Thr40.

tochrome P-450, activate molecular oxygen and incorporate
one oxygen atom into the substrate and reduce the other
atom to water. The main drawback with these enzymes is that
they are dependent on a cofactor and require NADPH recy-
cling, which in preparative chemistry can be achieved by the
use of microbial cells. Unfortunately, the cells are sensitive and
suffer degradation by the formed epoxide. Polyamino acids,"
such as polyleucine, behave as synthetic enzymes and catalyze
the epoxidation of unsaturated ketones with hydrogen perox-
ide.

Here we present a new promiscuous reaction catalyzed by
CALB: the direct epoxidation of a,B-unsaturated aldehydes
with hydrogen peroxide. CALB catalyzes epoxidation reactions
by activating both hydrogen peroxide and an a,f3-unsaturated
aldehyde and bringing them into suitable positions for reac-
tion. Mutation of the nucleophilic Ser105 to the nonpolar ala-
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nine leaves His224 to act as a base directly towards hydrogen
peroxide. The reaction cannot proceed by the indirect epoxida-
tion mechanism, since the mutant lacks the nucleophilic
serine 105. The mechanism for the direct epoxidation in the
mutant, CALB Ser105Ala, has been investigated by molecular
dynamics simulations and density functional theory calcula-
tions. It is suggested that the reaction proceeds via an oxyan-
ion intermediate and that His224 functions as a general acid-
base catalyst (Scheme 1).
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Scheme 1. Direct epoxidation of an a,f-unsaturated aldehyde with hydro-
gen peroxide catalyzed by CALB Ser105Ala. The residue His224 functions as
a general acid-base catalyst.

C. antarctica lipase B (CALB) is a serine hydrolase. The cata-
lytic function of native CALB is well understood, as are the
roles of the different amino acids in the active site. The catalyt-
ically important active-site amino acids are Asp187, His224,
Ser105, GIn106, and Thr40. The histidine, together with the as-
partate and serine, constitute what is known as the catalytic
triad. The glutamine and threonine form the oxyanion hole, a
hydrogen bonding network that stabilizes negatively charged
oxyanion intermediates.”” CALB has well-known promiscuous
behavior, and its active site have been used as a scaffold to
perform types of reactions other than its native hydrolysis of
esters.?"?? We have previously studied CALB, both computa-
tionally and experimentally, for the Baeyer-Villiger oxidation,””
aldol addition,***! and conjugate addition.”®?” In this paper
we demonstrate a new promiscuous reaction of CALB: direct
epoxidation.

P. Berglund, T. Brinck et al.

(100 mm KH,PO,, pH 3.9) and in organic solution (acetonitrile).
The pH of the reaction buffer was chosen to avoid decomposi-
tion of the hydrogen peroxide, although the optimal pH for
the enzyme would be over the pK, value of His224 in CALB. It
should also be noted that the His224 will be protonated in
water.

The lack of epoxidation product when active-site-inhibited
CALB was used demonstrated that the reaction took place in
the active site. Furthermore, both the active-site mutant CALB
Ser105Ala and the wild-type enzyme catalyzed the reaction;
this shows that no acyl enzyme intermediate leading to a
peroxy acid was involved.

The yield in acetonitrile was 80% with but-2-enal and CALB
Ser105Ala as catalyst after 17.5 days, whereas only a 44 % yield
was reached for the same reaction and time with wild-type
CALB. Yields were estimated from the GC analysis and are not
isolated yields.

Enzyme kinetics

Enzyme kinetics for wild-type CALB and CALB Ser105Ala were
examined both in buffer and in acetonitrile (Table 1). A series
of direct epoxidation reactions were followed under pseudo-
one-substrate conditions, the concentration of hydrogen per-
oxide was constant at 0.4m, while the concentration of the
oxyanion binding substrate (aldehyde) was varied. The follow-
ing kinetic constants are apparent, since only one substrate
was varied. The apparent specificity constant (k3*P/KiPF), the ap-
parent Michaelis constant K™, and the apparent turnover
number k%P, were calculated for wild-type CALB and for CALB
Ser105Ala. No saturation was found in acetonitrile at substrate
concentrations up to 3M. An increase in catalytic proficiency
was achieved in acetonitrile relative to buffer. The increase
could be attributed to a lower k,,, value expressed in acetoni-
trile than in buffer solution. Direct epoxidation of 3-phenyl-
prop-2-enal with hydrogen peroxide was only performed in

acetonitrile, and the (k3*P/KiP*) was much lower than for but-2-

cat

Results and Discussion Table 1. Apparent kinetic constants calculated for the direct epoxidation of two a,f3-unsaturated aldehydes by
The direct epoxidation hydrogen peroxide (0.4 m) under pseudo-one-substrate conditions in buffer or acetonitrile, catalyzed by wild-
. type CALB and by Ser105Ala at 20°C.
reaction
Enzyme kzre KPP KZPPIKRP Knon
CALB was used to demonstrate ' " . KX
. . . " _ K@pp’ finon
direct epoxidation of a,f-unsa [min-] M) M~ min-] M~ min-"] M
turated aldehydes with hydro- dtvoe CALB
. . wild-type
gen peroxide. This CALB-cata- but_z_?;al
lyzed direct epoxidation was in buffer 22 0.24 94 3x10°° 3%10°
studied both experimentally in acetonitrile n.s.@ n.s® 6 6x1077 1%10’
and computationally. In the ex- 3-phenylprop-2-enal
. . in acetonitrile 0.003 2x1077 2x10°
perimental study, the epoxida- CALB Ser105Ala
tion of but-2-enal (0.3m) with but-2-enal
hydrogen peroxide (0.4m) was in buffer 34 0.19 180 3x10°° 6x10°
. f [ fal fal -7 7
chosen as a type reaction. Im- ; |rr11acelton|tnlze | n.s. n.s. 9 6x10 2x10
- . -phenylprop-2-ena
mobilized wild-type CALB and in acetonitrile 0.03 2x1077 2x10°
CALB Ser105Ala were compared
. . . . S = i h Ideh i .
in this reaction both in buffer [a] n.s.=no saturation was reached at aldehyde concentrations up to 3 m
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enal for both CALB variants. The enzymes were not found to
introduce any stereoselectivity in the epoxidation reactions
and only racemic products were obtained.

Experimentally determined Gibbs free energy of activation

The Gibbs free energies of activation for the direct epoxidation
of but-2-enal with hydrogen peroxide were determined experi-
mentally both for wild-type CALB and for CALB Ser105Ala in
KH,PO, buffer solution (100 mm, pH 3.9) and acetonitrile. The
enzyme kinetic study (Table 1) resulted in the Gibbs free
energy changes presented in Table 2. A temperature study, in

20 kJmol ™" From this knowledge it can be deduced that
two hydrogen bonds were formed in the transition state.

The AAG value for the epoxidation reaction can also be
compared to the AAG value for the conjugate addition reac-
tion performed by the same CALB mutant. In that case, 2.2 to
2.5 hydrogen bonds were formed, depending on the sub-
strates.”*?” The Gibbs free energies of activation (AG*), enthal-
pies of activation (AH™), and entropies of activation (AS™) were
similar for both CALB variants. The reaction in acetonitrile has
a more negative activation entropy than the reaction in buffer
both for the wild type and for the mutant. This can be attribut-
ed to the larger entropy gain from desolvation of the substrate
in the buffer. The uncatalyzed
epoxide reaction in buffer solu-

Table 2. Experimentally determined Gibbs free energy calculated from the results in Table 1. tion differed from the enzyme-
catalyzed reactions in a much
Enzyme AGg™ AGE AG, " AG, " AAG™ Y .
(kJmol ] kJmol '] kKJmol ] kKmol ] [k mol ] larger entropy contribution to
the activation free energy. In
wild-type CALB . . .
but-2-enal®™ this case, the difference is prob-
in buffer _4 72 75 109 _37 ably due to the need to reor-
in acetonitrile 79 119 —40 ganize the water molecules to
CALB Ser105Ala stabilize the transition state in
but-2-enal® the buff i
in buffer —4 70 74 109 -39 & butter reaction.
in acetonitrile 78 113 —41
[a] Reaction conditions: 0.3 m aldehyde, 0.4 M hydrogen peroxide, 0.3 m 1,4-dioxane or decane as internal stan- Mol lar d .
dard, solvent (100 mm KH,PO, buffer of pH 3.9 or acetonitrile) was added to a total volume of 750 uL and .O ecu.ar ynamics
12.5 mg immobilized enzyme. [b] Calculated for 298 K. simulations

which the direct epoxidation reactions were performed at dif-
ferent temperatures, gave the activation parameters shown in
Table 3. The Gibbs free energies of activation (AG™) from the
temperature study agreed well with the corresponding ener-
gies from the kinetic study. AAG shows the enzyme contribu-
tion, the difference between enzyme-catalyzed reactions and
background reactions. These values are near 40 kJ mol~'. Mag-
nusson et al. showed by a comparison of wild-type CALB and a
Thr40Ala mutant that the value of one hydrogen bond is

Table 3. Experimentally determined activation parameters for the direct
epoxidation of but-2-enal with hydrogen peroxide catalyzed by wild-
type CALB and CALB Ser105Ala in buffer and in acetonitrile.

Enzyme AGH® AHF AS*P
[kJmol™] [kJmol™] [Jmol~'K]

wild-type CALB

in buffer 78 65 —45

in acetonitrile 82 58 —81
CALB Ser105Ala

in buffer 76 63 —43

in acetonitrile 80 61 —64
uncatalyzed

in buffer 109 69 —134

[a] Reaction conditions: 0.3 m aldehyde, 0.4m hydrogen peroxide, 0.3m
1,4-dioxane or decane as internal standard, solvent (100 mm KH,PO,
buffer of pH 3.9 or acetonitrile) was added to a total volume of 750 uL
and 12.5 mg immobilized enzyme. [b] Calculated for 298 K.
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Molecular dynamics (MD) simu-

lations performed with the
Ser105Ala mutant and the substrate molecules—hydrogen per-
oxide and 3-phenylprop-2-enal—in the active site provide in-
formation on the substrate binding and on how well the dy-
namic properties of the enzyme promote the reaction. The
simulations are analyzed with respect to a number of inter-
atomic distances relevant to the catalytic process (Figure 1).
The focus is on the results of the simulations in water, but the
acetonitrile simulations are included for comparison. As can be
seen in Table 4, the hydrogen peroxide stays tightly bound to
His224 through a hydrogen bond for most of the simulation
time. In acetonitrile solution, the distance between the histi-

E P-e‘ ’

» 3
¢ ‘ ’ . Thr40

Figure 1. A snapshot from MD simulations of the positions of the reactants
in the active site of Ser105Ala mutant in the epoxidation of 3-phenylprop-2-
enal. Only the catalytically important residues are depicted. White broken
lines mark the catalytically important distances that were analyzed.
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Table 4. Analysis of catalytically important distances from the MD simula-
tions on substrate binding of 3-phenylprop-2-enal in the Ser105Ala
mutant. Fraction (P) of distance values within the sum of van der Waals
radii and average distances are given.

Solvent Water Acetonitrile

distances'® ple! average ptal average
[A] [A]

S-a 0.000 49 0.032 3.7

S-b 0.609 2.2 0.619 23

S-c 0.145 23 0.005 2.9

S-d 0.001 33 0.000 34

S-e 0.149 24 0.064 25

[a] For definition of distances see Figure 1. [b] The reference value for the
—C--O distance (S-a) is 3.1 A and that for the hydrogen bonds (S-b--S-e)
is 2.0 A. Reference values are based on van der Waals radii taken from ref-
erence,”” and for the hydrogen bonds the repulsive potential is assumed
to come from the nonhydrogen atoms.

dine nitrogen and hydrogen peroxide hydrogen (S-b) stays
within 2.0 A for 62% of the simulation time, and the average
distance is 2.3 A. The results in aqueous solution are very simi-
lar. The simulations thus indicate that substrate binding of hy-
drogen peroxide is not a limiting factor for catalysis if the hy-
drogen peroxide concentration is sufficient. The binding of 3-
phenylprop-2-enal is analyzed with respect to the ability to
form hydrogen bonds with the oxyanion hole. Here the inter-
est lies in the distances between the oxygen and the backbone
N—H hydrogens of residues GIn106 and Thr40, and the dis-
tance between the oxygen and the O—H hydrogen of Thr40.
Interestingly, we find that the 3-phenylprop-2-enal is not
strongly hydrogen-bonded to the oxyanion hole. The hydro-
gen bond to the Thr40 N—H group (S-e) stays within a distance
of 2.0 A for only 15% of the simulation time. The average dis-
tance is as long as 2.4 A. The hydrogen bond to GIn106 (S-c) is
of similar importance: 14% within 2.0 A and average distance
of 2.3 A. The Thr40 O—H group is basically rotated away from
the carbonyl carbon of the substrate during the entire simula-
tion; the average distance is 3.4 A. Interestingly, the simula-
tions shows that the substrate binds much more weakly to the
oxyanion hole in acetonitrile than it does in aqueous solution.
In acetonitrile, there is a short hydrogen bond (<2.0A) be-
tween the substrate and the oxyanion hole for less than 7% of
the time. The average S-c value is increased from 2.3 A with
water solvation to 2.9 A with acetonitrile. The relatively weaker
substrate binding in acetonitrile than in water is in agreement
with the kinetic study: a K® value of 0.19 M~ was determined
in water, whereas saturation of the enzyme in acetonitrile was
not reached even at a substrate concentration of 3 m.

Another point of interest is the ability of the substrate mole-
cules to form near attack conformers (NACs).2%3" These are
ground state conformers in which the atoms involved in the
bond making are at the van der Waals distance. In the first
step of the epoxidation reaction a bond is formed between an
oxygen of hydrogen peroxide and the -carbon of the a,f-un-
saturated aldehyde, in concert with the transfer of the oxygen
proton to the histidine nitrogen. Thus, the NAC of the initial
step has both the oxygen-carbon (S-a) and the hydrogen-ni-

2446

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

P. Berglund, T. Brinck et al.

trogen (S-b) distance within the van der Waals distance. We
have already noted that the S-b distance is below 2.0 A during
62% of the simulation time. However, the S-a distance fulfills
the NAC criteria only 3.2% of the time in the acetonitrile simu-
lation. In water the corresponding result is below 0.1%. It
should be noted that the starting complex of the DFT calcula-
tions is basically a NAC. The free energy required to form the
NAC (AGyyo) is thus an approximation for the free energy of
going from the initial substrate complex to the DFT starting
complex, and should be added to the quantum chemical acti-
vation energy to provide an estimate of the free energy barrier
for the first reaction step.”” This barrier contribution can be es-
timated from Equation (1):

AGyuac = —RTInP (1)

where P is the fraction of structure that fulfills the NAC criteria.
A NAC fraction of 3.2% then corresponds to an increase in the
barrier by 9 kimol™". It should be noted that this value is only
a lower limit to the effect, since we have applied a rather loose
NAC definition. A more correct NAC definition requires both
the S-a and the S-b distances to be within their limits at the
same time, as there are hydrogen bonds between the oxyan-
ion hole and the carbonyl oxygen. We are not able to obtain a
free energy correction with this definition, since there are too
few structures that simultaneously fulfill all the criteria. Howev-
er, it can be concluded that the unfavorable substrate binding
may have a significant effect on the kinetics of the reaction.

The binding of the reaction intermediate to the active site is
also of importance for the reactive properties. In this case the
relevant distances are depicted in Figure 2. It can first be
noted that the formed oxyanion binds much more strongly
than the carbonyl oxygen of the substrate to the oxyanion
hole. In the intermediate the hydrogen bonds to the N—H (I-d)
and O—H (I-c) groups of Thr40 are both within 2.0 A more than
90% of the simulation time (Table 5). Interestingly, we find that
the N--H bond to the GIn106 is much weaker and only within
hydrogen bond distance 13% of the time. The results of the
acetonitrile simulation show a slightly higher frequency of

Figure 2. A snapshot from the MD simulations of the position of the reac-
tion intermediate in the active site of Ser105Ala mutant in the 3-phenyl-
prop-2-enal epoxidation. Only the catalytically important residues are depict-
ed, whereas broken lines mark the catalytically important distances that
were analyzed.
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Table 5. Analysis of catalytically important distances from the MD simula-
tions on reaction intermediate binding of 3-phenylprop-2-enal in the
Ser105Ala mutant. Fractions (P) of distance values within the sum of van
der Waals radii and average distances are given.

Solvent Water Acetonitrile

distances® pe! average pe! average
[A] [A]

l-a 0.170 49 0.077 2.5

I-b 0.128 2.2 0.171 23

I-c 0.909 23 0.988 1.7

I-d 0.911 33 0.902 1.9

[a] For definition of distances see Figure 2. [b] The reference value for the
hydrogen bonds (I-a--I-d) is 2.0 A.

hydrogen bonding to GIn106 (17%). This indicates that the
GIn106 N--H system has a much smaller effect in stabilizing the
intermediate than the Thr hydrogen bonds.

The frequency of NAC information in the intermediate is of
importance for the kinetic properties of the second reaction
step: that is, the peroxide formation. Here, the relevant param-
eter is the distance between the His224 hydrogen and the
outer oxygen of the peroxy group (I-a). The percentage of
NAC formation is 7.7 % in acetonitrile and 17 % in water. These
results suggest that NAC formation in the intermediate is not a
major obstacle for the reaction, and may only be of impor-
tance if the transition state energy for the second reaction
step is significantly higher than for the first.

Density functional theory modeling

The DFT modeling was performed in two different model sys-
tems. The first model (model 1) includes a full representation
of the oxyanion hole, whereas the second (model 2) lacks the
GIn106 functionality (Figure 3). This latter model was consid-
ered because the MD simulations indicate that there is no hy-
drogen bond between the GIn106 N—H group and the oxyan-
ion of the reaction intermediate, and that GIn106 therefore
cannot influence the reaction. Computations were performed

o/\ (Thrd0)

’

(GIn106) 0 (Thr40)
S0

|
O. N*
Y \H j " H \f
o’ 0}
H - [ U
R H R e H
H-Q, H-O,
O- H O*H
N
¢ J (His224) 4 j (His224)
N N
H H
0- 0-
% (Asp187) L_O (Asp187)
model1 model2

Figure 3. Model systems used in the DFT calculations, with the substrates—
hydrogen peroxide and the aldehyde—in gray. Atoms marked by an asterisk
were constrained.
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both for but-2-enal and for 3-phenylprop-2-enal in both model
systems.

The epoxidation of the unsaturated aldehyde is predicted to
take place in two steps inside the active site of the mutant
enzyme (Scheme 2). In the DFT model systems, the reaction

< S X u % t
H H H H H H
g 0 R 0
. ol Newazly
R/\\/\H R(\\;/ H ="
* L Ho 2
0-0 0-0, L -
H H 6+ H
N N ‘N
P S
H L v H s
1 2Ts 3
LI Y
H H
=
"k
Hert® i
\ — ‘O
i L&+ W
N N N*
¢ ¢ )
N N N
H " | H i H o
6 5TS 4

Scheme 2. The detailed reaction mechanism for the epoxidation in CALB
Ser105Ala deduced from the DFT computations.

starts from a near attack complex (reaction complex), in which
the unsaturated aldehyde is bonded to the oxyanion hole
through hydrogen bonds to Thr40. Furthermore, there is a hy-
drogen bond between the GIn106 N—H group and the perox-
ide in the large model (model 1).

In the first step (2TS, Scheme 2, Figure 4) of the reaction the
His224 abstracts a proton from the hydrogen peroxide, and at
the same time the inner oxygen forms a bond to the 3-carbon
of the aldehyde. The hydrogen bond network of the oxyanion
hole remains throughout this step. In the reaction with but-2-
enal as substrate, this step has barriers of 49 and 33 kJmol™
(Table 6) for the reaction complexes for model 1 and model 2,
respectively. This relatively low barrier is explained by two im-
portant features of the active site. 1) The hydrogen peroxide is
activated by the abstraction of a proton by His224, and the re-
sulting positive charge is stabilized by Asp187. 2) The negative
charge that is formed on the aldehyde is transferred through
resonance to the carbonyl oxygen, where it is stabilized by the
two hydrogen bonds from Thr40.

The result of these two factors is mainly a stabilization of
the charge separation in the transition state and provides an
explanation for the low activation energy. The reaction inter-
mediate 3 rearranges to 4 before the reaction proceeds; the
hydrogen bond between His224 and the hydrogen peroxide
switches from the inner to the outer oxygen of the hydrogen
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2TS model 2
but-2-enal

2TS model 1
but-2-enal

Figure 4. Transition state structures (2TS) for the rate-determining step of
but-2-enal epoxidation for the two models.

Table 6. Relative energies [B3LYP/6-311+G(d)] in kimol~' for the epoxi-
dation of but-2-enal and 3-phenylprop-2-enal in the model systems.

Substrate AE™ but-2-enal AE™ 3-phenylprop-2-enal
model 1 model 2 model 1 model 2
1 0 0 0 0
2TS 49 33 59 52
3 -1 —-20 23 1
4 1 =21 24 8
5TS 30 10 54 41
6 —163 —177 —143 —144

[a] Relative energies have been corrected for solvation effects at the PCM
level with use of a dielectric constant of 4.

peroxide. The energy difference between the two intermedi-
ates is small (less than 4 kJmol™") and we were not able to
locate a transition state for the transfer. The second step of the
reaction is the actual formation of the epoxide 5TS. A bond is
formed between the a-carbon of the aldehyde and the inner
oxygen of hydrogen peroxide, and at the same time the
proton on His224 is transferred to the outer oxygen of hydro-
gen peroxide, forming water. Again, the hydrogen bonding
network of the oxyanion hole remains unchanged. With but-2-
enal as substrate in model 1, this step has a barrier of
29 kJ mol'relative to 4, and 5TS lies 30 kJmol™' above the re-
action complex. The corresponding energy differences for
model 2 are 31 and 10 kJ mol™’, respectively.

The qualitative picture of the reaction sequence is similar for
the two model systems. In both cases the initial proton trans-
fer step is rate-determining, and the energetics suggest that
there should be no accumulation of reaction intermediate. This
is in agreement with the experimental results, which found no
saturation in the kinetics with respect to the aldehyde even at
3M in acetonitrile; accumulation of reaction intermediate will
lead to saturation. Interestingly, we find no propensity for the
GIn N—H group to form a hydrogen bond to the oxygen of the
aldehyde during the reaction in model 1. This is not entirely
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surprising in view of the fact that the MD results also show
that the hydrogen bond stabilization of the oxyanion in the in-
termediate dominantly comes from Thr40. However, in the
quantum chemical simulation with model 1 there is a hydro-
gen bond interaction between the GIn N—H and one of the
oxygens of the peroxy group that is absent in the MD simula-
tions. The difference in behavior is most likely an effect of the
lack of explicit solvent molecules and the reduced active site
model in the QM calculations, which limits the interaction pos-
sibilities. A quantitative analysis shows that both the first- and
second-step transition barriers are higher in model 1 than in
model 2. This seems to be a consequence of the extra hydro-
gen bond between GIn and the peroxy group in model 1.
Since this interaction seems to simulate a solvation interaction
in the real system, it is not unlikely that the large system calcu-
lations are more accurate. It should also be noted that the un-
specific solvation corrections from the polarizable continuum
model have the effect of raising the transition barriers.

The reaction with 3-phenylprop-2-enal is found to have a re-
action profile similar to that of the but-2-enal reaction in both
model systems. However, the relative transition state energies
are higher for 3-phenylprop-2-enal, and the biggest difference
is found for the second step of the reaction. Still, also for 3-
phenylprop-2-enal, the quantum chemical calculations predict
the first step to be rate-determining. In the large model
system (model 1) calculations, the 3-phenylprop-2-enal reac-
tion has an activation energy 10 kJmol™" higher than that of
the but-2-enal reaction. The corresponding energy difference
for model 2 is 19 k) mol™". These results are in good agreement
with the experimental measurements, which predict a energy
difference of 14 kimol™" on the basis of the more than two
orders of magnitude higher reaction rate for but-2-enal than
for 3-phenylprop-2-enal. Thus, our limited model systems are
capable of reproducing the difference in reaction rate between
the two substrates.

From the kinetic analysis, the activation free energy and acti-
vation enthalpy for the but-2-enal reaction in aqueous solution
were computed to be 78 and 65 kJmol™, respectively. These
values are not directly comparable to the activation energy ob-
tained by the DFT calculations, since the reference states are
different. For the experimental data, the reference state is a
loose substrate—enzyme complex (Michaelis complex), whereas
the DFT calculations start from a reaction complex, a NAC. It
should be noted that the MD simulations indicate that the free
energy cost of going from the substrate-enzyme complex to
the NAC (AGy,o) is more than 9 kJmol™'. Furthermore, both
the MD simulations and the kinetic study indicate that there is
a very weak bonding of the aldehyde to the active site; that is,
only a very loose enzyme-substrate complex is formed. The
AGyc value would be expected to have a large entropic com-
ponent, and it can be assumed that the change in enthalpy of
going from the enzyme-substrate complex to the NAC is rela-
tively small. Consequently, the experimentally determined acti-
vation enthalpy should be of a magnitude similar to that of
the DFT-computed activation energy. There is also a relatively
good agreement between the values; the computed activation
energy for the large model system is 49 k) mol™, which is only
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16 kimol™" lower than the experimentally measured activation
enthalpy. This difference is within the accuracy of the DFT
method, which for gas-phase chemical reactions is estimated
to be around 16 kJmol~" 5233

Conclusions

A new promiscuous activity of C. antarctica lipase B was used
to catalyze the direct epoxidation of but-2-enal and 3-phenyl-
prop-2-enal in aqueous and organic solution.

Substrate binding and binding of the reaction intermediate
were investigated both by molecular dynamics (MD) simula-
tions and by experimental kinetics. The MD simulations show
that hydrogen peroxide binds tightly to His224 in both aque-
ous and acetonitrile solution. The aldehyde does not bind
strongly to the oxyanion hole, and the binding is weaker in
acetonitrile than in aqueous solution. This is in agreement with
the kinetics, where no saturation was reached in acetonitrile
and a relatively high K’ was determined in aqueous solution.

Density functional theory (DFT) computations indicate that
the reaction proceeds through a two-step mechanism with for-
mation of an oxyanionic intermediate. The first step, in which
His224, with the support of Asp187, abstracts a proton from
hydrogen peroxide in concert with the nucleophilic addition of
hydrogen peroxide to the f-carbon, was found to be rate-de-
termining. The second step, the ring closure, is catalyzed by
the back-donation of the His224 proton to oxygen to form
water. The MD and DFT results both indicate that oxyanion sta-
bilization in transition states and intermediates are facilitated
mainly by hydrogen bonds from Thr40. Hydrogen bonding
from GIn106 was found to be less important. The experimental
kinetic study is also indicative of the involvement of two hy-
drogen bonds in the transition state. The experimentally deter-
mined activation enthalpy is in relatively good agreement with
the DFT calculations, in view of the different reference states
and the accuracy of the DFT method. In addition, the differ-
ence in reaction rate between the but-2-enal and 3-phenyl-
prop-2-enal is well reproduced by the DFT computations.

Experimental Section

Chemicals: But-2-enal and 3-phenylprop-2-enal (Fluka Chemika)
were used as substrates. Hydrogen peroxide (35%, w/w) solution
(SDS) was used as oxidant. Decane (Aldrich) and 1,4-dioxane
(Labora) were used as internal standards for GC measurements.
Acetonitrile (Labassco) was used as organic reaction solvent.
KH,PO, (Merck) buffer solution (100 mm), acidified to pH 3.9 with
H,PO, (Merck), was used as reaction solvent. Diethyl ether (VWR)
and n-hexane (SDS) were used for the GC measurements.

Protein production: The C antarctica lipase B Ser105Ala mutant
was created by site-directed mutagenesis. Both wild-type and
mutant lipases were expressed and produced in Pichia pastoris, pu-
rified by hydrophobic interaction chromatography and gel filtra-
tion, and freeze dried.?**"

Protein characterization: The amount of active enzyme was deter-
mined by active-site titration (with methyl p-nitrophenyl n-hexyl-
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phosphonate) of freeze-dried nonimmobilized wild-type CALB;®!
78% of the enzyme was found to be active.””

Protein immobilization: Freeze-dried wild-type CALB and CALB
Ser105Ala were immobilized on polypropylene carrier Accurel
MP1000 (<1500 um) in potassium phosphate buffer (50 mm,
pH 8.6). Immobilized enzyme was dried and equilibrated to a water
activity of 0.11. The amounts of protein adsorbed on the carrier
were determined to 1.8% (w/w) for the wild-type lipase and 1.3%
(w/w) for Ser105Ala mutant enzyme.*3*

Irreversible inhibition: Irreversible inhibition of immobilized wild-
type CALB was carried out with methyl p-nitrophenyl n-hexyl-
phosphonate as described by Rotticci et al.>

Direct epoxidation reactions: The typical direct epoxidation reac-
tion mixture contained aldehyde (0.3 m), hydrogen peroxide (0.4 m,
35%, w/w), 1,4-dioxane or decane (0.3 M , internal standard), and
solvent (100 mm KH,PO, buffer of pH 3.9 or acetonitrile). Immobi-
lized enzyme (12.5 mg, containing 1.8% (w/w) wild-type lipase or
1.3% (w/w) Ser105Ala mutant enzyme) was added to reaction solu-
tion (750 pL). The reactions were placed in an end-over-end rotator
at 20°C.

Compound quantities and identification: The quantitative analy-
sis was carried out on a GC 5890 Series Il (Hewlett Packard) instru-
ment with FID detector and capillary column (CP-Chirasil Dex CB,
25 mx0.32 mm i.d., d; 0.25 um). The temperature was set constant
at 40°C, and the retention times were: 4-4.5 min for but-2-enal,
5.5-6 min for the epoxide product, and 8 min for the 1,4-dioxane
internal standard. Compound identification and characterization
was carried out by using a GC-MS 6890 (Hewlett Packard) instru-
ment with a capillary column (J&W CycloSil-B, 30 mx0.32 mm i.d.,
d; 0.25 um) and fitted with an MS detector.

Enzyme kinetics: Enzyme kinetics for the direct epoxidation of
but-2-enal catalyzed by wild-type CALB and Ser105Ala mutant
were performed under pseudo-one-substrate conditions, the con-
centration of hydrogen peroxide being kept constant (0.4 m), while
the concentration of but-2-enal was varied. 1,4-Dioxane or decane
(0.3m) were used as internal standards. Immobilized enzyme
(12.5 mg, containing 1.8%, (w/w) wild-type CALB or 1.3% (w/w)
CALB Ser105Ala) was added to the reaction volume of 750 uL. All
reactions were performed at 20°C in KH,PO, buffer (pH 3.9,
100 mm) or acetonitrile. The concentrations of but-2-enal in aceto-
nitrile were 0.003, 0.03, 0.3, 1 and 3™, and those in water solution
were 0.004, 0.009, 0.026, 0.14, 0.65 and 2.2m. The kinetic con-
stants—K>® and k¥P—and (k,/K{;*) were determined from
Hanes-Wolff plots by use of the apparent reaction rates and the
substrate concentrations. The background reaction rates (ko)
were calculated from the equation: v=Kk,,, [S];[Sl,, where [S]; and
[S], are the aldehyde and hydrogen peroxide concentrations. The
initial background reaction rates were subtracted from the initial
enzyme-catalyzed reaction rates.

Calculation of experimentally determined activation parame-
ters: The initial rates of epoxidation of but-2-enal (0.3 M) by hydro-
gen peroxide (0.4m) catalyzed by wild-type CALB and by CALB
Ser105Ala, together with those of the uncatalyzed reaction, were
determined at three or four constant temperatures: 15°C, 30°C,
and 50°C for reactions carried out in acetonitrile and 20, 30, 43,
and 56 °C for those in water. The reaction mixture was prepared as
described above. All mixtures were stirred to ensure even tempera-
ture diffusion. The thermodynamic activation components, Gibbs
free energy (AG®), enthalpy (AH"), and entropy (AS™) were calcu-
lated from the Eyring equation.

2449

www.chembiochem.org


www.chembiochem.org

BIO

Molecular dynamics simulations: Molecular dynamics simulations
were performed for two sets of structures. The first involves hydro-
gen peroxide and 3-phenylprop-2-enal bound to the active site of
CALB. This corresponds to the starting structure for the epoxida-
tion of 3-phenylprop-2-enal. The second structure is an intermedi-
ate structure of the epoxidation reaction, where an oxygen of the
hydrogen peroxide has bound to the f-carbon and the proton of
the oxygen has transferred to His224. Starting structures for the
MD simulations were generated from Autodock®® simulations in
which hydrogen peroxide, 3-phenylprop-2-enal, and the 3-phenyl-
prop-2-enal epoxidation intermediate were docked to the 1LBT™"
crystal structure of CALB.

The AMBER9 package was used for all MD simulations, which were
performed in acetonitrile and in aqueous solution.*” The Amber
1999 force field (ff99) was used for the protein.®® Force field pa-
rameters for the nonprotein atoms (belonging to hydrogen perox-
ide, 3-phenylprop-2-enal, and the intermediate structure formed
from these) were generated by use of the antechamber program
from the general Amber force field (gaff).***? The generation of
gaff-parameters was based on AM1 geometries, and the AM1-BCC
approach was used for partial charges.*"*? The TIP3P solvent
model was used for water representation.”® A united-atom model
was used for the acetonitrile solvation.””

All amino acid residues were assumed to be in their natural proto-
nation state, with the exception of His224, which was protonated
in the simulations of the intermediate structure. The total charge
was adjusted to zero by the addition of sodium counterions. Simu-
lations were performed under periodic boundary conditions with a
truncated octahedron unit cell, and the long-range electrostatics
were handled by particle Mesh Ewald summation. A minimum
layer of 8 A solvent molecules were added outside the protein,
which resulted in a unit cell that fitted a sphere of approximately
28 A. The total numbers of atoms in the acetonitrile and aqueous
solutions were approximately 12000 and 24000, respectively. Fol-
lowing initial minimization of 3500 steps in total, the systems were
heated to 300K over 20 ps with mild restraints on the protein
atoms (10 kcalmol™'A). The production simulations were per-
formed for 1 nanosecond with a time step of 2 fs and under con-
stant temperature (300 K) and pressure (1.0 bar) conditions.

Density functional theory calculations: The reaction mechanism
and the reaction energetics for the epoxidation in the Ser105Ala
mutant of CALB were investigated by density functional theory
(DFT) calculations. Two model systems were used to represent the
reaction center in the active site (Figure 4). The first model includes
fragments representing the amino acid residues GIn106, Thr40,
His224, and Asp187. The second model omits GIn106, because the
MD simulations indicated that this residue may not participate in
the stabilization of transition states and reaction intermediates.
The two different systems are referred to as model 1 and model 2,
respectively throughout the text.

All stationary points, transition states and minima, have been fully
optimized at the B3LYP/6-31+G(d) level of theory. When hybrid-
exchange correlation functionals, such as B3LYP, have been used,
polarized valence double-¢ basis sets augmented with diffuse func-
tion have been shown to provide transition state barriers and reac-
tion energetics of accuracy similar to that of much larger basis
sets.* The positions of the catalytic residues were determined
from the crystal structure of CALB (1LBT),?” and a limited number
(three for model 1 and two for model 2) of constraints were used
to maintain the overall structure of the active site. The constraints
ensured that the distance between His224 and Thr40, the distance
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between His224 and GIn106, and the distance between Thr40 and
GIn106 were fixed. The specific atoms that were constrained are
depicted in Figure 4. The reaction energies have been corrected
for unspecific solvation effects by polarizable continuum model
(PCM)™¥ calculations at the B3LYP/6-31+G* level. A dielectric con-
stant of 4.0 was assumed for the active site. The standard PCM
method of Gaussian 03" was utilized; the solute cavities were
made up of overlapping spheres centered at the nuclei. The radii
of the spheres were taken as the Bondi® van der Waals radii and
scaled by a factor of 1.2 (1.05 for polar hydrogens). The Gaussi-
an 03 suite of programs was used for the DFT calculations.
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