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ABSTRACT: Haloalcohol dehalogenase HheC catalyzes the reversible dehalogenation of vicinal haloalcohols
to form epoxides and free halides. In addition, HheC is able to catalyze the irreversible and highly
regioselective ring-opening of epoxides with nonhalide nucleophiles, such as CN~ and Ns™. For azidolysis
of aromatic epoxides, the regioselectivity observed with HheC is opposite to the regioselectivity of the
nonenzymatic epoxide-opening. This, together with a relatively broad substrate specificity, makes HheC
a promising tool for biocatalytic applications. We have designed large quantum chemical models of the
HheC active site and used density functional theory to study the reaction mechanism of the HheC-catalyzed
ring-opening of (R)-styrene oxide with the nucleophiles CN~ and N3~ Both the cyanolysis and the azidolysis
reactions are shown to take place in a single concerted step. The results support the suggested role of the
putative Ser132-Tyr145-Arg149 catalytic triad, where Tyr145 acts as a general acid, donating a proton to
the substrate, and Arg149 interacts with Tyr145 and facilitates proton abstraction, while Ser132 positions
the substrate and reduces the barrier for epoxide opening through interaction with the emerging oxyanion
of the substrate. We have also studied the regioselectivity of (R)-styrene oxide opening for both the
cyanolysis and the azidolysis reactions. The employed active site model was shown to be able to reproduce
the experimentally observed [3-regioselectivity of HheC. In silico mutations of various groups in the HheC
active site model were performed to elucidate the important factors governing the regioselectivity.
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Haloalcohol dehalogenases (also referred to as halohydrin
dehalogenases) catalyze the reversible dehalogenation of
vicinal haloalcohols, thereby forming the corresponding
epoxides and free halides (Scheme 1). They have been
identified in different microbes, including Corynebacterium
sp. (1), Arthrobacter sp. (2, 3), Agrobacterium radiobacter
(3), and Mycobacterium sp. (3). Structural studies have
shown that haloalcohol dehalogenases are closely related to
the superfamily of NAD(P)H-dependent short-chain dehy-
drogenase/reductases (SDRs') (3, 4). However, the haloal-
cohol dehalogenase reaction is cofactor-independent, and
instead of the nicotinamide binding site found in the SDRs,
the haloalcohol dehalogenases exhibit a distinct halide-
binding site (4).

The reaction mechanism of haloalcohol dehalogenases is
proposed to be mediated by a catalytic Ser-Tyr-Arg triad,
which is similar to the Ser-Tyr-Lys triad found in the
SDRs (3, 4). Mutational studies of haloalcohol dehalogenase
HheC from Agrobacterium radiobacter AD1 have confirmed
the importance of the catalytic triad for activity (3). In the
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Scheme 1: Haloalcohol Dehalogenase Reaction
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dehalogenation mechanism, it is suggested that Argl49
abstracts a proton from Tyr145, which in turn abstracts a
proton from the haloalcohol substrate (Scheme 2, numbering
as in HheC). An intramolecular displacement reaction then
results in the formation of an epoxide. The liberated halide
is stabilized by various interactions in the halide binding site,
for example, with the backbone amide of Leul78 and a water
molecule (4). The dehalogenation reaction is reversible, with
the reverse step leading to epoxide-opening (5). Interestingly,
in the epoxide-opening reaction, nucleophiles other than
halides, such as NO,, CN-, and N;-, are accepted by
HheC (6-11). With azide and cyanide, HheC-mediated
transformation of epoxides results in the irreversible forma-
tion of f-azidoalcohols and S-hydroxynitriles, respectively
(11, 10). With nitrite as nucleophile, unstable hydroxynitrite
esters are formed, which are readily hydrolyzed to the
corresponding diols (9).

The high regio- and stereoselectivity of HheC, combined
with its relatively broad substrate specificity make it promis-
ing as a versatile and selective biocatalyst (/0-13). HheC
preferably reacts with the (R)-enantiomer of various substi-
tuted styrene oxides and haloalcohols (5, 9, 13). Kinetic
resolution of p-nitro-styrene oxide using HheC and nitrite
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Scheme 2: Proposed Dehalogenation Reaction Mechanism for HheC (3)
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exhibited an E-value of 200. The remaining (S)-epoxide was
obtained with an enantiomeric excess (ee) of >99% (9).
HheC has also been used on the preparative scale for kinetic
resolution of 3-alkenyl and heteroaryl chloroalcohols, with
resulting ee values of >99% (13).

In the epoxide opening reaction with the nonhalide
nucleophiles, NO,~, CN-, and N3, HheC exhibits high
p-regioselectivity (9-11). For the azidolysis of aromatic
epoxides, this S-regioselectivity of HheC differs from the
o-regioselectivity observed for the nonenzymatic epoxide
opening in water (/0). This makes HheC very useful for the
formation of f3-azidoalcohols (10).

Detailed understanding of the reaction mechanism and the
origins for the displayed regioselectivity of HheC could be
of great aid in designing new epoxide-transforming reactions
with this enzyme.

In the present article, we use density functional theory
(DFT) to investigate the epoxide-opening reaction of HheC.
Large quantum chemical models based on the X-ray crystal
structure of HheC (4) are employed to study the reaction of
(R)-styrene oxide (RSO) with the nucleophiles CN~ and N5~
The role of the proposed catalytic triad Ser132-Tyr145-
Argl49 in the epoxide-opening reaction is analyzed. Also
the regioselectivity of the cyanolysis and azidolysis of RSO
is investigated. The large size of the active site model allowed
us to make several in silico mutations to explore the roles
of the various active site residues in controlling the regi-
oselectivity. A similar modeling approach has been used
previously to investigate a number of other enzyme reaction
mechanisms (/4).

COMPUTATIONAL DETAILS

All calculations were performed using the hybrid density
functional theory method B3LYP (/5), as implemented in
Gaussian03 (/6). Geometries were optimized using the
6-31G(d,p) basis set. Energies were calculated by performing
single point calculations on the optimized geometries using
the 6-311+G(2d,2p) basis set. These large basis set energies
were corrected for solvation effects due to the surrounding
environment. The solvation corrections were calculated at
the same level of theory as optimizations by performing
single point calculations using the conductor-like polarizable
continuum model (CPCM) (/7). For the HheC active site
models, a dielectric constant of ¢ = 4 was used, which is
the standard value used in protein modeling. The effect of
using other dielectric constants was investigated for one of
the reactions, and the results were shown to be quite
insensitive to the choice of €. These results are given in the

halide binding site

Supporting Information. For the nonenzymatic phenol-
catalyzed models, a dielectric constant of € = 80 was
employed. Frequency calculations were performed on the
optimized structures of the phenol-catalyzed model at the
same level of theory to determine zero-point vibrational
(ZPV) effects. For the HheC active site models, the ZPV
effects were not calculated explicitly, but were transferred
from the phenol-catalyzed model. The final energies pre-
sented here are the large basis set energies corrected for
solvation and ZPV effects.

ACTIVE SITE MODEL

The quantum chemical model employed in this study is
based on the X-ray crystal structure of wild-type HheC in
complex with the product (R)-1-para-nitro-phenyl-2-azido-
ethanol (RpNPAE), PDB code 1PXO (4). Important active
site residues were extracted from the PDB file and truncated
(Figure 1 and Table 1). Hydrogen atoms were added
manually. In the geometry optimizations, truncation atoms
were fixed to their crystallographically observed positions.
The residues included in the model are the putative catalytic
triad Ser132-Tyr145-Argl149 and parts of the residues that
constitute the halide binding site in HheC (see Figure 1 and
Table 1). In this study, we assume that the epoxide opening
corresponds to the reverse of the dehalogenation reaction
(Scheme 2), i.e., with Tyrl145 acting as the catalytic acid
and with Arg149 as the proton donor to Tyr145. Both Arg149
and Tyrl45 were thus modeled in their protonated forms.
This is a reasonable assumption, considering that the pH
optimum for the epoxide opening reaction of HheC is about
4-5 (4).

The halide binding site in HheC is mainly formed by the
residues Pro175, Asn176, Tyrl177, Leul78, Phel2, Tyr185,
Phel86, and Tyr187 (4). From the X-ray crystal structure, it
is suggested that the halide ion forms hydrogen bonds with
the backbone amides of Leul78 and Tyr177 and with a water
molecule located in the active site (4). The water molecule
also interacts with the backbone carbonyl of Leul78 (4). The
water molecule and the backbone parts of Pro175, Asnl76,
Tyrl77, and Leul78 were included in the active site model
(Figure 1 and Table 1). For Asnl76, the entire side-chain
was kept in the model, as this is involved in interactions
with the phenol moiety of Tyr187, which was also included
in the model. The interaction between Asnl176 and Tyr187
is suggested to play a role in stabilizing the conformation of
the halide binding site (4, 26). Additionally, parts of the side
chains of Phel2 and Phel87 were included in the model.

HheC has broad substrate specificity and accepts various
aliphatic and aromatic epoxides as substrates, including
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FIGURE 1: HheC active site model used in the present study. (A) Schematic drawing showing the details of the chemical composition. (B)
Optimized reactant structure with cyanide and RSO. (C) Optimized reactant geometry with azide and RSO. Asterisks mark atoms kept
fixed to their crystallographic position in optimizations. Distances are in Angstroms.

Table 1: Description of the Wild-Type HheC Active Site Model Used in the Present Study

part included from X-ray proposed function/role fixed at
crystal structure (1PXO) in the model position”
Ser132 Ca + side chain positions the substrate Coa
Tyrl45 phenol general acid Cy
Argl49 N-methyl-guanidine activates Tyrl145 Co
Prol75 C=0, Co, Cp part of halide binding site cp
Asnl76 entire backbone + side chain part of halide binding site Ca
Tyrl77 backbone (N, Ca, C=0) part of halide binding site Ca
Leul78 backbone (N, Ca, C=0) + Cf part of halide binding site cp
Phel86 Ca, CB, Cy, Co part of halide binding site Ca, CB, Co
Tyr187 phenol part of halide binding site Cy
Phel2 Cy, Co part of halide binding site Cy, Co
H,O water part of halide binding site
RSO parts of RyNPAE* substrate
CN- or N3~ nucleophile

“These atoms were kept fixed to their crystallographically observed positions during geometry —optimizations. ” (R)-styrene oxide.

¢ (R)-1-para-nitro-phenyl-2-azido-ethanol.

styrene oxide (/0). The (R)-enantiomer of styrene oxide
(RSO) is the preferred substrate, while the (§)-enantiomer
shows basically no activity (/0). We used RSO as substrate
in our studies of HheC (Scheme 3). In the HheC-mediated
azidolysis of RSO, the main product is (R)-1-phenyl-2-azido-
ethanol (RPAE), while (R)-1-phenyl-1-azido-ethanol is a
minor product (/0). To model the azidolysis reaction of HheC

with RSO, we modified the crystallographically observed (R)-
1-para-nitro-phenyl-2-azido-ethanol (RpNPAE) into RPAE
by removing the nitro group of RpNPAE. The resulting
model of the wild-type HheC active site with the product
RPAE has a size of 130 atoms. From this model, the reactant
structure containing RSO and the free azide nucleophile was
modeled. For the cyanolysis reaction, azide was replaced with
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Scheme 3: (R)-Styrene Oxide (RSO) Substrate Used in the

Current Study
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cyanide in the model. Including the charge of the nucleophile,
the active site models described in the text have a total charge
of 0.

The nonenzymatic acid-catalyzed cyanolysis and azidolysis
reactions of RSO were also studied with a small model
consisting of the substrate, the nucleophile and a phenol
molecule as acid (see below). The phenol-catalyzed model
has an overall charge of —1 and a size of 32-33 atoms,
depending on the nucleophile.

RESULTS AND DISCUSSION

Reaction Mechanism. The epoxide-opening mechanism of
HheC was studied using the active site model described

Hopmann and Himo

above (also see Figure 1A). First, we modeled the cyanolysis
and azidolysis of (R)-styrene oxide (RSO) involving attack
at the terminal carbon (Cf3) of the substrate. In the optimized
reactant structure for the cyanolysis reaction (Figure 1B),
the cyanide is bound in the halide binding site, where it forms
two hydrogen bonds, one to the Leul78 backbone amide
with a length of 3.15 A and one to the water molecule with
a length of 2.94 A (hydrogen bond length here refers to the
distance between donor and acceptor atoms). The epoxide
substrate is positioned above the halide binding site, where
it is hydrogen-bonded to Tyrl45 and Ser132 with bond
lengths of 2.57 A and 2.88 A, respectively. The third residue
of the putative catalytic triad, Argl49, forms two hydrogen
bonds to Tyr145, one from the Ne and one from the N.

The transition state (TS) for nucleophilic attack of cyanide
at the terminal carbon (Cf3) of RSO was optimized, and the
structure is shown in Figure 2A. The calculated barrier for
this step is 7.0 kcal/mol. At the TS, the distance between
the cyanide and the fB-carbon is 2.32 A. The epoxide is

Ser132 a‘

FIGURE 2: Optimized geometries for cyanolysis or azidolysis of RSO in the HheC active site model, attack at Cf3. (A) Transisiton state for
cyanolysis. (B) Product structure with the formed cyanoalcohol. (C) Transition state for azidolysis. (D) Product structure with the formed

azidoalcohol.
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FIGURE 3: Optimized transition states for epoxide opening at Ca. of RSO in the wild-type HheC active site model. (A) Cyanolysis. (B)

Azidolysis.

partially opened with an O—Cgf distance of 1.74 A. The
optimized structure reveals that proton transfer from Tyr145
occurs in concert with epoxide opening, as suggested in
Scheme 2. The Tyr145 O—H bond is elongated to 1.07 A,
and the proton is located only 1.39 A from the epoxide
oxygen. A proton transfer from Argl49 to Tyrl45 is not
evident from the optimized TS. However, the interaction with
Arg149 promotes the formation of a tyrosinate. Ser132 seems
to aid in the stabilization of the transient epoxide oxyanion.
The hydrogen bond between Ser132 and the epoxide oxygen
has changed from 2.88 A in the reactant to 2.79 A in the
transition state. In the product geometry with the cyanoal-
cohol (Figure 2B), the proton from Tyrl45 has been
transferred fully to the alcohol, and the formed tyrosinate
interacts with Argl49 through two hydrogen bonds. The
cyanide moiety of the product is bound in the halide binding
site, where it forms a hydrogen bond with the water molecule,
but has lost its former hydrogen bond to the backbone of
Leul78. The reaction is calculated to be exothermic by as
much as 46.0 kcal/mol, in line with the observed irrevers-
ibility of HheC-mediated cyanolysis of epoxides (7).

Analogously, we studied the azidolysis of RSO with the
same HheC active site model by exchanging the cyanide
molecule with azide. Azide is a slightly larger nucleophile
than cyanide, and consequently, its interactions in the ac-
tive site are slightly different (Figure 1C). As with cyanide,
the azide forms a hydrogen bond to the water molecule.
However, the interaction with the Leul78 backbone amide
is now considerably weaker, with a donor—acceptor dis-
tance of 4.06 A. Another important difference is that the
azide has positioned itself closer to the positively charged
Argl49 (see Figure 1C).

The azidolysis reaction proceeds in a similar fashion as
described above for cyanide as nucleophile. At the transition
state (Figure 2C), the distance between the azide and the
B-carbon is 2.16 A and the O—Cp distance is 1.79 A. The
Tyr145 oxygen—hydrogen bond has an elongated length of
1.08 A and the proton is 1.36 A from the epoxide oxygen.
Proton transfer from Tyr149 does thus occur in concert with

nucleophilic attack, as for the cyanolysis reaction. The
calculated barrier is 8.1 kcal/mol and the reaction energy is
—25.2 kcal/mol, which also here is in line with the observed
irreversibility of HheC-mediated azidolysis (/0).

To summarize this section, the barriers and reaction
energies calculated for both the cyanolysis and azidolysis
reactions of RSO in the HheC active site model establish
the feasibility of the assumed reaction mechanism, with
Tyrl45 acting as general acid and Argl49 and Serl32
assisting in the proton transfer and substrate stabilization.

Epoxide Opening at the Benzylic Carbon. As mentioned
above, HheC-catalyzed epoxide opening with cyanide and
azide occurs preferably at the terminal carbon (CfS) of
1,2-epoxides (10, 11). However, the regioselectivity of attack
is not absolute. It is thus also of interest to study the
nucleophilic attack at Co of RSO.

We used the same active site model to study the nucleo-
philic attack of both cyanide and azide at the Ca carbon of
RSO. The optimized transition states are displayed in Figure
3. The mechanism for opening at the benzylic carbon is the
same as for opening at the terminal carbon. That is,
nucleophilic attack occurs concertedly with proton transfer
from Tyrl45. The transition state structures are in general
quite similar to the S-attack. One significant difference,
however, is that for both cyanolysis and azidolysis: the
nucleophile-Co. distance is about 0.3 A longer than the
corresponding nucleophile—Cf distance. This is, in part, a
result of the phenyl substituent at the Co. position, which
stabilizes the emerging carbocation at that center, making
the transition state earlier.

The calculated barrier for azide attack at Ca of RSO is
8.6 kcal/mol, which is only 0.5 kcal/mol higher than that
for the Cf3 attack. This is in excellent agreement with the
experimentally determined regioselectivity for HheC-cata-
lyzed azidolysis of RSO, which shows 79% attack at CS
and 21% attack at Ca (/0). The computed reaction energy
is —21.4 kcal/mol, which is 3.8 kcal/mol above the reaction
energy for attack at Cf3.
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Cyanide attack at Co. of RSO has a calculated barrier of
10.6 kcal/mol, which is 3.6 kcal/mol higher than that for
Cp attack. This indicates that HheC-mediated cyanolysis of
RSO exhibits higher selectivity for the S-carbon than does
the azidolysis reaction. Indeed, this is in line with experi-
mental results, which show high S-regioselectivity for HheC-
catalyzed cyanolysis of various 1,2-epoxides (/7). The
computed reaction energy is —40.5 kcal/mol, which is 5.5
kcal/ mol higher than the reaction energy for attack at Cf5.

These results show that the active site model used in the
present study is able to reproduce the experimentally
determined regioselectivity very accurately. An important
reason for this is that when comparing two very similar
reactions (like attacks on Cot and Cf3), many systematic errors
cancel, and much higher accuracy can thus be obtained.

As discussed above, the regioselectivity of HheC-mediated
azidolysis of RSO is opposite of the regioselectivity found
for RSO azidolysis in water. Under the same conditions as
the enzymatic azidolysis, but in the absence of enzyme, azide
attack occurs only to 2% at Cf3 of styrene oxide, while in
the enzymatic reaction, attack occurs to 79% at CS (10).
The molecular basis for the change of regioselectivity has
not been identified.

The fact that our active site model reproduces the
experimental results for HheC indicates that the factors
governing the regioselectivity are captured within the model.
Below, we will identify these factors by making a number
of modifications, in silico mutations, to the model. However,
for better understanding, and as a reference, we will first
discuss the regioselectivity of the nonenzymatic azidolysis
and cyanolysis of RSO.

Regioselectivity of Nonenzymatic RSO Conversion. The
regioselectivity of epoxide opening is normally dependent
on multiple factors, including the substitution pattern of the
epoxide, the type of nucleophile utilized, and the reaction
conditions (/8). To understand the intrinsic regioselectivity
of cyanolysis and azidolysis of RSO under acidic conditions,
we modeled the epoxide opening of RSO using a small
model, consisting of the nucleophile, the RSO substrate, and
a phenol moiety as an acid. The optimized transition state
structures for attacks on Co and Cf are presented in Fig-
ure 4.

At the transition state for phenol-catalyzed cyanolysis of
RSO at the SB-carbon, the cyanide carbon is found at a
distance of 2.40 A from Cf (Figure 4A). The epoxide is
partially opened and exhibits an O—Cf distance of 1.70 A.
The transition state for Ca attack shows similar distances,
with an O—Ca. bond length of 1.73 A and a distance to the
cyanide carbon of 2.49 A (Figure 4B). At both transition
states, proton transfer occurs concertedly with epoxide
opening. The calculated barriers are 11.0 and 10.5 kcal/mol
for cyanide attack at CS and Ca, respectively, and the
reaction energies are —35.7 and —31.1 kcal/mol, respectively.
The small difference in barriers suggests that acid-catalyzed
cyanolysis of RSO results in a mixture of products, with a
slight preference for attack at Ca. For cyanolysis of styrene
oxide in solution, different regioselectivities have been
reported, in most cases leading to a mixture of products (19-24).
It is interesting to note that the regioselectivity of RSO
cyanolysis computed with the phenol-catalyzed model is
significantly different from the regioselectivity calculated for
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FIGURE 4: Transition states for the attack of cyanide or azide on
(R)-styrene oxide in the presence of phenol as acid. (A) CN™ attack
at Cf5. (B) CN™ attack at Co.. (C) N3~ attack at Cf3. (D) N3~ attack
at Ca..

Table 2: Calculated Barriers (kcal/mol)* for the Azidolysis and
Cyanolysis of RSO

barrier barrier

model (# atoms) nucleophile Ca CpB  regioselectivity

phenol-catalyzed (32) CN~ 10.5 11.0 +0.5
HheC wild-type (129) CN~ 106 7.0 —3.6
HheC Ser132 — Ala (128) CN~ 12.1 9.2 —-29
HheC Leul78NH — O (128) CN~ 9.1 6.5 —2.6
HheC Prol75CO — CHy(130) CN~™ 10.8 8.5 —2.3
HheC RmTyrl187 (116) CN™ 79 18 —0.1
phenol-catalyzed (33) N3~ 10.7 13.5 +2.8
HheC wild-type (130) N3~ 8.6 8.1 -0.5
HheC Ser132 — Ala (129) N3~ 13.1 138 +0.7
HheC Leul78NH — O (129) N3~ 104 105 +0.1
HheC Prol75CO — CHx(131) N3~ 1.2 115 +0.3
HheC RmTyr187 (117) N3~ 92 11.6 +2.4

“ Solvation corrections were calculated with € = 80 for phenol-catalyzed
models and € = 4 for HheC active site models.

the HheC-active site model, where a pronounced preference
for attack at Cf of RSO was found (Table 2).

The optimized transition states for phenol-catalyzed azi-
dolysis of RSO are also shown in Figure 4. At the transition
state for Cf3 attack, the epoxide ring is partially opened with
a distance of 1.77 A (Figure 4C). The terminal azide nitrogen
attacks the RSO Cf at a distance of 2.23 A. For Ca. attack,
these distances are 1.81 and 2.40 A, respectively (Figure 4D).
At both transition states, the proton from the phenol moiety
is transferred concertedly with nucleophilic attack. The
barrier for attack of azide at Cf is 13.5 kcal/mol, while it is
significantly lower for attack at Co. with a barrier of 10.7
kcal/mol (Table 2). The reaction energies are —13.2 and
—10.8 kcal/mol for attack at Cf3 and Ca., respectively. The
calculated barriers are in very good agreement with the
experimentally determined regioselectivity for the acid-
catalyzed azidolysis of RSO in water, which yields 3% attack
at Cf5 and 97% attack at Ca (25).

The above results show that for both the azidolysis and
cyanolysis of RSO, the regioselectivity is changed signifi-
cantly in going from the phenol-catalyzed to the HheC active
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FIGURE 5: Overview of individual in silico mutations studied in
the HheC active site model.

site. model (Table 2). In each case, the HheC-mediated
conversion of RSO promotes attack at C3 with several kcal/
mol compared to that for the phenol-catalyzed conversion.

REGIOSELECTIVITY OF HheC

Inspection of the optimized structures for the cyanolysis
and azidolysis of RSO in the HheC active site model (Figures
1, 2, and 3) indicates that several groups in the active site
might influence the regioselectivity of epoxide opening. In
order to understand the individual effect of each group, we
changed each one, one at a time, and recalculated the barriers
for attack at Co. and Cf of RSO. An overview of the
performed in silico mutations is given in Figure 5.

It is first interesting to note that in the optimized reactant
structures of the native HheC active site with azide or cyanide
(Figure 1), the distance from the attacking atom of the
nucleophile is considerably shorter to Cf than to Ca. of RSO.
For cyanide, these distances are 3.47 A and 4.44 A,
respectively, while for azide, they are 3.49 A and 4.45 A,
respectively. For a reaction in solution, where the nucleophile
and the substrate are not restricted in their movements, a
distance difference of this magnitude might be less critical.
However, in the HheC active site, large movements of the
substrate or the nucleophile might be energetically costly.
As discussed above, the substrate and nucleophile are bound
to their positions in the active site by a number of hydrogen
bonds. We first tested the influence of two of these hydrogen
bonds, from Ser132 to the substrate and from Leul78 to the
nucleophile, on the barriers and regioselectivity of epoxide
opening.

The Ser132 OH group was replaced by a hydrogen atom
(equivalent to a Ser132 — Ala mutation) and the geometries
and energies were recalculated. The optimized transition
states for attack of cyanide or azide at Cf and Ca of RSO
in the Ser132 — Ala model are shown in Supporting
Information. The computed barriers are compared in Table
2, and critical distances are listed in Table 3.

For the cyanolysis of RSO at the Cf, the critical
cyanide—Cf and C—O distances are very similar to the
wild-type model. However, the interaction of the epoxide
oxygen with the Tyrl45 proton is stronger because the
stabilizing effect of Ser132 is now lacking. The same is
observed at the a-transition state. The removal of stabiliza-
tion caused by Ser132 on the emerging epoxide oxyanion is
reflected in the barriers, which are calculated to 9.2 and 12.1
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Table 3: Critical Transition State Distances (A) Optimized for
Cyanolysis and Azidolysis of (R)-Styrene Oxide in the Wild-Type and
Mutant Models of HheC
,/Tyr145
r4,,o
H
%
'2/0
M,
Nu~

HheC model attack  nucleophile  rl 2 3 r4

wild-type Ca CN™ 268 1.87 128 1.13
cp CN™ 232 174 139 1.07
Ser132 — Ala Ca CN™ 286 1.85 1.08 1.37
Ccp CN™ 232 176 126 1.15
Leul78NH — O Ca CN™ 259 1.83 134 1.09
Ccp CN™ 235 171 140 1.06
Pro175CO — CHz Ca CN™ 272 185 138 1.07
Ccp CN™ 235 172 143 1.05
RmTyr187 Ca CN™ 265 186 130 1.12
cp CN~ 231 1.77 142 1.06
wild-type Ca N3~ 245 182 136 1.08
cp N3~ 216 179 136 1.08
Ser132 — Ala Ca N3~ 273 197 1.05 144
Ccp N3~ 222 176 1.13 129
Leul78NH — O Ca N3~ 247 183 135 1.09
Ccp N3~ 221 177 137 1.08
Pro175CO — CHz Ca N3~ 242 185 138 1.07
Ccp N3~ 2,15 177 141 1.06
RmTyr187 Ca N3~ 264 188 120 1.20
Ccp N3~ 223 178 139 1.07

kcal/mol for attack at CS and Ca, respectively. In both cases,
the barrier is somewhat raised compared to the wild-type
model. The smaller increase for the a-transition state reduces
the regioselectivity with 0.7 kcal/mol compared to that of
the wild-type (—2.9 vs —3.6 kcal/mol).

Similarly, the effect of the Ser132 — Ala mutation on the
azidolysis reaction was also tested in the active site model.
The barriers for attacks at Ca and Cf are raised by 4.5 and
5.7 kcal/mol, respectively, compared to those for the wild-
type model. This is a somewhat larger increase compared to
that in the cyanolysis reaction. The regioselectivity is changed
by 1.2 kcal/mol compared to that in the wild-type model
(0.5 kcal/mol in favor of -attack in the wild-type, compared
to 0.7 kcal/mol in favor of o-attack in the Ser132 — Ala
model).

These results show that the hydrogen-bonding interaction
of the Ser132 to the epoxide contributes to the regioselec-
tivity by lowering the barrier for the S-attack compared to
that for the a-attack.

It should be noted here that an experimentally prepared
Ser132Ala mutant of HheC seems to be completely inactive
since no activity could be measured for the dehalogenation
of p-nitro-2-bromo-1-phenylethanol (3). It can be assumed
that the HheC-mediated dehalogenation reaction proceeds
through a transition state similar to the epoxide-opening
reaction investigated here. Our calculations indicate that this
mutation increases the barrier but not to the extent that no
activity can be measured. The reason for the loss of activity
in the experimentally prepared mutant could be that, without
the hydrogen bonding to Ser132, the haloalcohol substrate
does not bind, or binds improperly, to the HheC active site.

Next, the importance of the hydrogen bond that the
nucleophile forms with the backbone amide of Leul78 was
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tested by constructing a model in which the Leul78 amide
was changed into an ester bond (the model is referred to as
Leul78NH — O; Figure 5). The optimized transition states
for attack of cyanide or azide at Ca and CfS are shown in
the Supporting Information. The calculated energies are
shown in Table 2, and the critical distances are listed in
Table 3.

For cyanolysis of RSO, the S-transition state exhibits
optimized distances that are similar to the wild-type model.
The calculated barrier is 6.5 kcal/mol, also very close to the
wild-type model. Attack at Co,, however, has a barrier of
9.1 kcal/mol (1.5 kcal/mol lower than that for the wild-type
model), which reduces the difference between the - and
a-attacks to 2.6 kcal/mol, 1.0 kcal/mol smaller than that for
the wild-type model (Table 2).

Similarly, the effect of the Leul 78NH — O mutation was
examined on the azidolysis reaction. It is calculated that the
barriers for attack at both Ca and Cf3 are raised compared
to the wild-type model, to 10.4 and 10.5 kcal/mol, respec-
tively (Table 2). The difference of +0.1 kcal/mol is thus
0.6 kcal/mol smaller than that for the wild-type (—0.5 kcal/
mol; see Table 2). These results indicate that the backbone
amide of Leul78 has quite a small effect on the regioselec-
tivity of HheC.

The optimized transition states for the wild-type model
indicate that the backbone of Prol75 interacts with a
hydrogen atom on the 3-carbon of RSO (Figures 2 and 3).
This interaction is stronger at the [(-transition state than at
the a-transition state. In the azidolysis reaction, the distance
from the carbonyl oxygen to the Cf-hydrogen is 2.06 A at
the B-TS and 2.40 A at the a-TS. In the cyanolysis reaction,
these distances are 2.15 A and 2.31 A, respectively. The
interaction of the Prol75 carbonyl with the CS-hydrogen
seems thus to provide a stabilizing effect to the emerging
positive charge on Cf, thereby facilitating ring opening at
this carbon.

To test this hypothesis, we replaced the CO backbone of
Prol75 with a CH, moiety (Figure 5). With the Pro175CO
— CH; model, the critical distances at the optimized
transition states for attack of cyanide at both Ca. and Cf3 are
quite similar to those in the wild-type model (Table 3; the
optimized TS structures can be found in Supporting Informa-
tion). The barrier for a-attack is computed to 10.8 kcal/mol,
similar to the wild-type model (10.6 kcal/mol). However,
for 3-attack, the barrier is 8.5 kcal/mol, which is an increase
of 1.5 kcal/mol compared to that in the wild-type model,
indicating that the backbone carbonyl of Pro175 indeed has
a role in stabilizing attack at the -carbon.

Similar results were obtained for the azidolysis of RSO
in the Pro175CO — CH, model. The barriers for attack at
Co and CB are computed to 11.2 and 11.5 kcal/mol,
respectively (Table 2). The regioselectivity has thus changed
from —0.5 kcal/mol in the wild-type model to +0.3 kcal/
mol in the Pro175CO — CH.model. These results thus show
that the Pro175 carbonyl by its interaction with the -proton
of the substrate contributes the regioselectivity of epoxide
opening in HheC.

The final modification we have done concerns the Tyr187
residue, which is a part of the halide binding site. This residue
seems to provide rigidity to the halide binding site through
its side chain interaction with Asn176. It has previously been
suggested that this interaction stabilizes the overall confor-
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mation of the HheC halide binding site (4, 26). We prepared
an HheC active site model in which the Tyr187 side chain
was removed from the model. (This would be analogous to
a Tyr — Gly mutation.)

In the optimized reactant of this mutant (called RmTyr187)
with cyanide, the position of the nucleophile has changed
somewhat compared to the wild-type model, resulting in a
stronger interaction with the backbone NH of Tyr177. The
distance from the cyanide nitrogen to the hydrogen of the
Tyr177 amide is 2.73 A in the wild-type (Figure 1), while
in the RmTyr187 model, this distance is only 2.10 A. This
indicates that Tyr187 has an effect on the position of cyanide.
The optimized transition states for cyanolysis in the
RmTyr187 model have computed barriers of 7.9 and 7.8 kcal/
mol for attack at Co. and Cp, respectively (Table 2). The
regioselectivity is thus drastically reduced by the removal
of the Tyr187 side chain. In terms of regioselectivity, this
mutant behaves almost like that in the nonenzymatic case
(see previous section).

Similar results were found for the azidolysis reaction. The
computed barriers are 9.2 kcal/mol for azide attack at Co
and 11.6 kcal/mol for azide attack at CS. The difference is
thus 2.4 kcal/mol, which is very similar to the value obtained
with the nonenzymatic phenol-catalyzed model (+2.8 kcal/
mol, Table 2).

For both azidolysis and cyanolysis, Tyr187 can thus be
identified as being critical for the observed change in
regioselectivity in going from the phenol-catalyzed to the
HheC active site model. Tyr187 seems to sterically hinder
the nucleophile from approaching the a-position of RSO,
thereby making attack at the $3-carbon more favorable. In
the absence of Tyrl87, the nucleophile can reach the
o-position of RSO more freely, and electronic factors will
instead dominate the regioselectivity. It can be imagined that
other alterations that cause large disruption of the halide
binding site are also likely to induce effects similar to the
removal of the Tyr187 side chain.

CONCLUSIONS

The epoxide-opening reaction of haloalcohol dehalogenase
HheC from Agrobacterium radiobacter AD1 was investi-
gated theoretically. The cyanolysis and azidolysis of (R)-
styrene oxide (RSO) were studied with a large active site
model based on the crystal structure of HheC (4). In the
present study, we assumed that the reaction mechanism of
the epoxide-opening reaction is the reverse of the proposed
dehalogenation reaction (Scheme 2) (3). The barriers and
reaction energies calculated for both the cyanolysis and
azidolysis reactions confirm this assumption by demonstrat-
ing the energetic feasibility of the mechanism. The proposed
catalytic triad indeed mediates the epoxide opening reaction
of HheC. Ser132 binds the substrate and is important for
reduction of the barrier by providing stabilization to the
emerging oxyanion. Tyr145 acts as a general acid, donating
a proton to the epoxide. In our calculations, the proton
transfer was found to occur concertedly with nucleophilic
attack on the epoxide. Argl49 interacts with Tyr145, thereby
promoting its role as general acid.

Theoretical analysis of the regioselectivity of RSO opening
with CN~ and N3~ shows that the active site model used in
the present study very satisfactorily reproduces the regiose-
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Scheme 4: Schematic Illustration of Effects Influencing the
Regioselectivity of HheC-mediated Epoxide Opening?
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halide binding site

“ These include positioning of the nucleophile and the substrate, steric
hindrance caused by Tyr187, and electrostatic stabilization mediated
by the backbone of Prol75.

lectivity of HheC. Furthermore, the active site model is of a
size that permits the preparation of in silico mutations to
gain insight into the factors governing the regioselectivity
of HheC-mediated epoxide transformation. It is shown that
the regioselectivity of the enzymatic epoxide opening is
influenced by a combination of steric and electronic factors
(Scheme 4). First, the hydrogen bonding pattern in the active
site restricts the movement of the substrate and the nucleo-
phile relative to each other. For example, the removal of the
hydrogen bond from the Leul78 backbone to cyanide reduces
the regioselectivity of RSO cyanolysis by 1.0 kcal/mol.
Second, the backbone carbonyl of Prol75 provides electro-
static stabilization to Cf3, facilitating opening at this carbon.
In our model, mutation of the Prol175 carbonyl reduces the
regioselectivity of RSO cyanolysis by 1.3 kcal/mol. Finally,
the most significant effect identified in this study is exerted
by Tyr187. The Tyr187 side chain imposes steric hindrance
on the nucleophile, making attack at Co less favorable. The
removal of Tyr187 results in a regioselectivity that is very
similar to the nonenzymatic case.

SUPPORTING INFORMATION AVAILABLE

Product geometries for the attack at Co. of RSO in the
HheC wild type model, geometries of the optimized transition
states for all mutant models, a table with barriers and
regioselectivities of RSO cyanolysis in the wild type HheC
model as a function of the dielectric constant, and a table
containing a comparison of the barriers using the small and
the large basis sets. This material is available free of charge
via the Internet at http://pubs.acs.org.
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