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Nitrile Hydratases (NHases) catalyze the conversion of ni-
triles to their corresponding amides. Two NHase classes ex-
ist, the Fe'"-NHases and the Co™-NHases. Both harbour an
intriguing active site, with a low-spin metal ion coordinated
to deprotonated back-bone amides and oxidized cysteine
residues. So far it has not been possible to conclusively deter-
mine the reaction mechanism of NHase. Here we employ
density functional theory to investigate the recent proposal
that a fully conserved second-shell tyrosine residue is the
catalytic base of nitrile hydratase (J. Biol. Chem. 2007, 282,
7397-7404). In the proposed mechanism, the tyrosine is sug-
gested to be in the tyrosinate state and to mediate nitrile hy-
dration through activation of a water molecule, which attacks
the metal-bound substrate. We have explored this mecha-

nism employing quantum chemical active site models on the
basis of the Co"'-NHase from P. thermophila JCM 3095 and
the Fe'"'-NHase from R. erythropolis N-771. Potential energy
curves and optimized transition states are presented. The
computed barriers for the two models are a few kcal/mol
above the experimental value, indicating that the conserved
second-shell tyrosine could function as the catalytic base of
NHase. To further evaluate the likelihood of this mechanism,
we estimated the pK, value of the second-shell tyrosine in
each model. We also provide estimates of the energy in-
volved in the exchange of a metal-bound water molecule
with a nitrile substrate.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

I. Introduction

Nitrile hydratases (NHases, EC 4.2.1.84) catalyze hy-
dration of nitriles to give amides (Scheme 1). They are gen-
erally divided into two different classes, the non-heme Fe!'l-
NHase and the non-corrinoid Co™-NHase. The latter class
is utilized in the industrial production of acrylamide, which
amounts to more than 30000 tons annually.[!]

NH
R—C=N + H,0 — 2%

B

NH,

Scheme 1. Nitrile hydration reaction catalyzed by NHase.

The X-ray crystal structures of various NHases revealed
a peculiar conserved active site.>8 The octahedrally coor-
dinated metal ion has two deprotonated backbone amides
as ligands as well as three cysteine residues, two of which
are posttranslationally oxidized to cysteine-sulfenic and
cysteine-sulfinic acids.l*! The biological significance of these
oxidations is to date not known. The sixth metal-ligand of
the active NHase remains elusive. It is generally suggested
to be a hydroxide ion, a water molecule, or possibly the
substrate.[24:37-9
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Over the recent years, there have been multiple attempts
to synthesize biomimetic complexes that are able to mimic
the NHase reaction, but with little success so far.l9 One
serious obstacle is the lack of detailed information about
the mechanism of NHase. A number of different possible
catalytic mechanisms have been put forward in the litera-
ture,[-19-131 but it has not yet been possible to pinpoint one
of these as the correct NHase mechanism.

We have previously used density functional theory to in-
vestigate different first- and second-shell mechanisms of
NHase.['314 Active site models on the basis of the iron-
containing NHase from R. erythropolis N-771 were em-
ployed in these calculations.[! It was shown that a first-shell
mechanism involving deprotonation of the attacking water
molecule by the first-shell ligand Cys114-SO™~ has a com-
puted barrier of 20.2 kcal/mol (Scheme 2, A).['3 Also two
second-shell mechanisms have been investigated, involving
either a metal-bound hydroxide ion or the first-shell ligand
Cys114-SO ™ as nucleophile (Scheme 2, B and C).'Y1 The
computed barriers for these two mechanisms were 22.7 and
22.2 kcal/mol, respectively. The barrier for NHase-mediated
nitrile conversion is expected to lie in the range of 13—
15 kcal/mol (experimental rates are converted employing
transition-state theory).[*®151 All three computed mecha-
nisms thus exhibit barriers, which are 5-7 kcal/mol above
the experimental value. At this point it is thus not possible
to identify any of these three mechanisms as the correct
NHase mechanism.

Very recently, a novel first-shell mechanism of NHase has
been put forward by Mitra and Holz. In this mechanism, a
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Scheme 2. Previously investigated first- and second-shell mechanisms of Fe'''-NHase.!
SO~ as catalytic base (barrier 20.2 kcal/mol), B) Second-shell mechanism employing a metal-bound hydroxide as nucleophile (barrier

22.7 kcal/mol), C) Second-shell mechanism employing Cys114-SO~ as nucleophile (barrier 22.2 kcal/mol).
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second-shell tyrosine residue is suggested to be the catalytic
base of NHase (Scheme 3).['? This tyrosine is conserved in
both the Fe''-NHase and the Co™-NHase (Tyr72 in R.
erythropolis N-771 Fe'''-NHase, Tyr68 in P thermophila
JCM 3095 Co"-NHase). Based on experimental results, it
was speculated that Tyr68 in the Co''-NHase from P
thermophila JCM 3095 might exist in its deprotonated form,
stabilized by hydrogen-bonding from the conserved residues
Trp72 and Ser112.1'?! The deprotonated Tyr68 is proposed
to abstract a proton from the nucleophilic water molecule,
thus activating it for attack on the metal-bound substrate
(Scheme 3).112!

Here, we use density functional theory to investigate the
possibility that the conserved second-shell tyrosine residue
is the catalytic base of NHase. Active site models of both
the Fe-NHase and the Co™-NHase were employed to
study this proposal. Transition states and barriers for both
models are presented. The pK, value of the conserved sec-
ond-shell tyrosine is estimated for each model to evaluate
the likelihood that it is deprotonated in the NHase active
site. Also the energetic cost for exchanging a metal-bound
water molecule with a nitrile substrate is estimated.

I1. Computational Details

All calculations were performed using the B3LYP func-
tional,'®! as implemented in the Gaussian03 program pack-
age.l'l Geometry optimizations were performed using the
LANL2DZ basis set. Certain atoms in the active site mod-
els were fixed to their crystallographically observed posi-
tions during optimizations to preserve the spatial arrange-
ment of the active site model (fixed atoms are marked with
asterisks in all figures). Solvation corrections were calcu-
lated by performing single point calculations on the opti-
mized geometries using the conductor-like polarizable con-
tinuum model (CPCM).['® Different dielectric constants
were employed in these calculations, as discussed in the text.
Frequency calculations were performed on all optimized
geometries to obtain zero-point vibrational (ZPV) energies
and to verify the nature of the optimized stationary points.
The freezing scheme employed in calculations results in a
few small imaginary frequencies for the optimized geome-
tries. These are on the order of -5 to —20 cm™! and do not
influence the results significantly. Final energies were calcu-
lated by performing single-point calculations on the opti-
mized geometries at the B3LYP/6-311+G(2d,2p) level.

II1. Active Site Models

Two quantum chemical active site models were employed
to study a reaction mechanism involving the second-shell
tyrosine residue as base. The first model is based on the X-
ray crystal structure of the Co™-NHase from P thermo-
phila JCM 3095 (PDB 1IREP)) and includes the low-spin
cobalt atom (S = 0), the first-shell ligands Cys108, Cys111-
SO, -, Serll12, Cysl113-SO, and the second-shell ligands
Arg52, Argl57, Tyr68 and Trp72 (Figure 1, A). Tyr68 was
3454
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modeled as phenolate. Residues were truncated and points
of truncation were kept fixed to their crystallographically
observed positions during geometry optimizations.

A

Figure 1. Optimized geometries for Co''-NHase-mediated hy-
dration of acetonitrile with Tyr68 as catalytic base. Distances are
in A. Asterisks mark atoms kept fixed to their crystallographically
observed positions during geometry optimizations. A) Reactant, B)
Transition state, C) Intermediate.

Eur. J. Inorg. Chem. 2008, 3452-3459
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The second model is analogous to the first model, but is
based on the X-ray crystal structure of the Fe-NHase
from R. erythropolis N-771 (PDB 2AHJ).1®l The model in-
cludes the low-spin iron atom (S = 1/2) and the same first-
and second-shell ligands as above, except for Trp72. In the

Figure 2. Optimized geometries for Fe''-NHase-mediated hy-
dration of acetonitrile with Tyr72 as catalytic base. A) Reactant,
B) Transition state, C) Intermediate.
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iron-dependent NHase, this residue is replaced by a con-
served tyrosine (Tyr76),[?! which instead was included in the
model (Figure 2, A).

Acetonitrile was used as substrate in both models, and
was placed in the sixth coordination site of the metal ion.
Also a water molecule was included in each model and was
placed in hydrogen-bonding distance to the second-shell ty-
rosine as proposed in the above mechanism (Scheme 3,
2).[12]

The energies for exchanging a metal-bound water mole-
cule with the acetonitrile substrate were computed with
slightly reduced active site models. Both the Fe-NHase
and Co"'-NHase model employed for computing ligand ex-
change energies contain all first-shell ligands and the two
second-shell arginine residues (Figure 4).

IV. Results

1V.A. Reaction Mechanism Involving Second-Shell Tyrosine
as Base

The optimized active site model of the Co™-NHase with
acetonitrile coordinated to the metal ion is shown in Fig-
ure 1, A. This structure was taken as the starting point for
our investigation of a reaction mechanism involving tyro-
sine as base. The coordination of the first-shell ligands to
the cobalt ion is similar to the previously studied Fe''-
NHase active site model (see also below, Figure 2, A).[13:14]
The cobalt ion interacts with the deprotonated backbone
amides of Ser112 and Cysl13 and the three sulfur ligands,
Cys108, Cysl11 and Cys113. The nitrile substrate is coordi-
nated to the 6th ligand site of the metal, with a nitrogen—
cobalt distance of 1.95 A. In the second shell, the two argi-
nine residues interact with the oxidized side chains of
Cysl111-SO, and Cys113-SO. The two cysteines were both
modeled in their ionized state, but during optimization of
the reactant structure, a proton was transferred from
Argl57 to the Cysl13-sulfenate (Figure 1, A). This transfer
was also observed in previous NHase active site models,-!?]
and is not likely to influence the obtained results. The sec-
ond-shell Tyr68 residue is ionized and forms hydrogen
bonds with Trp72, Ser112, and the water molecule.

The optimized transition state for the first step of the
acetonitrile hydration in the Co™-NHase model comprises
a concerted attack of water on the nitrile substrate, and a
proton transfer from water to Tyr68 (Figure 1, B). The bar-
rier for this step is computed to 20.6 kcal/mol without sol-
vation corrections (Table 1). At the transition state, the dis-
tance between the attacking water molecule and the nitrile
carbon is 1.85 A. One water proton is partially transferred
to Tyr68 and is located 1.39 A from the water oxygen and
1.08 A from the Tyr68 oxygen (Figure 1, B). The Serl12
side chain interacts with the transient hydroxide ion, thus
stabilizing the transition state. Note that the proposed si-
multaneous transfer of the second water proton to the ni-
trile nitrogen (Scheme 3, 2) sterically is not possible. The
intermediate formed following water attack is thus proton-
ated at the oxygen atom (Figure 1, C) and has one formal
3455
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negative charge on the nitrogen. The protonated Tyr68 in-
teracts with the iminol hydroxy group, but the hydrogen
bond between Serl112 and the iminol oxygen atom has been
broken. The computed energy of this intermediate relative
to the reactant structure is +12.5 kcal/mol without sol-
vation corrections (Table 1).

Table 1. Effect of dielectric constant on the computed energies
(kcal/mol) for nitrile hydration employing a first-shell mechanism
with tyrosine as catalytic base.

Fe''-NHase Co'''NHase
Barrier ~ Reaction energy Barrier Reaction energy
No solvation 19.7 17.9 20.6 12.5
£€=2 18.6 17.2 20.7 14.7
e=4 18.0 16.8 209 16.1
e=38 17.6 16.7 20.9 169
£=20 174 16.6 21.0 17.5
£=280 17.3 16.5 21.0 17.7

We have previously shown that the first step in nitrile
hydration, nucleophilic attack of water on the substrate to
form the iminol intermediate, is the rate-limiting step.['?]
The subsequent steps, involving proton transfer to the inter-
mediate to form the neutral iminol and tautomerization to
the amide, are thus not studied explicitly here.

The mechanism computed for the Co™-NHase active
site model was also studied with the active site model of the
Fe'"NHase. As discussed above, the first- and second-shell
residues included in the two models are identical except for
Trp72, which is replaced by Tyr76 in the Fe'''-NHase. The
optimized reactant of the Fe-NHase active site model is
shown in Figure 2, A. The interactions and distances in the
Fe''NHase model are similar to the Co™-NHase model.
One significant difference is the hydrogen bond formed be-
tween the tyrosinate (Tyr72) and Tyr76. The Tyr76 proton
exhibits an increased bond length (1.06 A) and forms a
strong hydrogen bond with the Tyr72 oxyanion (proton—
oxyanion distance of 1.47 A, Figure 2, A). In the Co'-
NHase, the interaction between the tyrosinate and the
Trp72 side chain is much weaker, with a proton—oxyanion
distance of 1.81 A (Figure 1, A).

The optimized transition state for water attack and pro-
ton transfer in the Fe''-model is very similar to the cobalt
model (Figure 2, B). The critical carbon—oxygen distance is
1.84 A (compared to 1.85 A in the Co™-model). The water
proton is located between the water oxygen and the tyrosin-
ate, with distances of 1.40 and 1.07 A, respectively (Fig-
ure 2, B). The side chain of Serl13 stabilizes the transient
hydroxide, as above. The computed barrier for this transi-
tion state is 19.7 kcal/mol without solvation corrections,
which is also very similar to the Co'™-model (Table 1).

The Fe''-NHase iminol intermediate exhibits a similar
configuration as in the Co"-NHase model (Figure 2C).
The computed relative energy of the Fe''-NHase iminol in-
termediate is 17.9 kcal/mol, which is a few kcal/mol higher
than the corresponding intermediate in the Co'-model
(12.5 kcal/mol, Table 1).

The barriers and reaction energies reported above corre-
spond to the energies computed for the cluster model with-
3456
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out solvent corrections. We have computed the effect of the
protein surroundings on the energetics of nitrile hydration
by employing the conductor-like polarizable continuum
model CPCM.!81 A typical dielectric constant used for pro-
tein modeling is ¢ = 4, which is suggested to roughly corre-
sponds to a mixture of protein (dielectric constant: 2-3) and
water (dielectric constant of 80).['%1 This value was also em-
ployed in our previous studies on the first- and second-shell
mechanism of NHase.['>!41 However, Richards and co-
workers have pointed out that in the X-ray crystal struc-
tures of NHase, the active site is easily accessible to water,
making it likely that it is well solvated.”) They therefore
suggest to employ a somewhat larger dielectric constant of
& = 20 in calculations on NHase.

We have here tested the effect of the dielectric constant
on the barrier for nitrile hydration with the above mecha-
nism (Table 1). For the Fe'-NHase model, the barrier de-
creases from 19.7 kcal/mol without solvation to 18.0 kcal/
mol at ¢ = 4. If ¢ = 20 is used instead, an additional re-
duction of 0.6 kcal/mol is observed. The energy of the inter-
mediate is reduced from 17.9 kcal/mol without solvation to
16.8 kcal/mol at ¢ = 4 and 16.6 kcal/mol at ¢ = 20. In the
Co"-NHase model, the solvent effect increases the barrier
slightly. Employing ¢ = 4, the increase is only 0.3 kcal/mol,
and an additional increase of 0.1 kcal/mol is observed if ¢
=20 is employed. The effect on the reaction energy is some-
what larger in the Co™-model. The energy of the intermedi-
ate changes from +12.5 kcal/mol without solvation to
+16.1 kcal/mol at ¢ = 4 and +17.5 at ¢ = 20. The results
show that the choice of dielectric constant has very little
influence on the barrier for nitrile hydration.

The energies computed for the Fe™-NHase and Co'-
NHase models indicate that the second-shell tyrosine could
act as the catalytic base of nitrile hydratase. The barriers
for both models are somewhat above the experimental value
(estimated to 13—15 kcal/mol), but are in both cases so close
that a mechanism of this kind cannot be excluded. To fur-
ther evaluate the likelihood of this mechanism, we analyzed
the proton affinity of the second-shell tyrosine. This should
indicate if the second-shell tyrosine residue is likely to be
deprotonated in the NHase active site. In addition, we also
studied the energy involved in replacement of a metal-
bound water molecule by the nitrile substrate. This might
be a necessary first step in a first-shell mechanism as the
one studied here.

1V.B. Proton Affinity of the Second-Shell Tyrosinate

The conserved second-shell tyrosine of nitrile hydratase
can function as a base only if it is easily deprotonated prior
to nitrile hydration. The hydrogen-bonding network around
the tyrosine residue could possibly lower its pK, value,
making deprotonation facile. An ionizable group in Co'-
NHase from P thermophila JCM 3095 has an experimen-
tally determined pK, value of 5.8, which has been suggested
to correspond to Tyr68.['2 However, it might also be as-
signed to other ionizable groups, such as the cysteine-sulf-
enic or -sulfinic acid.

Eur. J. Inorg. Chem. 2008, 3452-3459
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We have computed the proton affinity (PA) of the sec-
ond-shell tyrosinate in the two NHase models to evaluate
the likelihood that it exists in a deprotonated form in the
NHase active site (Table 2). The PA for each tyrosinate was
computed by subtracting the energy of an NHase model
with neutral tyrosine residue from the energy of the corre-
sponding model with a tyrosinate residue:

PANHaseTyrosinate = (ENHaseTyrosinute - ENHaseTyrosine)

Table 2. Computed proton affinities (PA, kcal/mol) of free phenol-
ate and the tyrosinate residues in the NHase models.

Model Nosolvation e€=2 =4 =8 =20 =280
Free Phenolate 346.8 010 3076 3008 2967 2946
Fel-NHase

T 3239 3049 2946 2893 2859 2842
T

Co™-NHase 3245 3061 2960 2908 2875 2859
(Tyré8)

The model with tyrosinate corresponds in each case to
the reactant structure shown above, Figure I, A and Fig-
ure 2, A. The Fe'-NHase and Co-NHase models with
neutral tyrosine are shown in Figure 3. The two protonated
structures are similar. However, the water molecule is seen
to occupy slightly different positions in the two models. In
the Fe'-NHase model, it forms an additional hydrogen
bond to Cys112-SO,~ (Figure 3, A). In the Co'-NHase
model, the second-shell tyrosine is positioned somewhat
further away from the metal center and formation of a hy-
drogen bond between water and Cysl11-SO, is thus not
possible in this model (Figure 3B).

To evaluate the effect that the hydrogen-bonding network
around the tyrosinate has on the proton affinity, we com-
pared it to the PA of free phenolate (Table 2). The PA of
the second-shell tyrosinate is found to be significantly lower
than the PA of free phenolate, independently of the dielec-
tric constant employed to compute solvent corrections. This
indicates that the hydrogen-bonding network in the NHase
active site increases the acidity of the second-shell tyrosine.
The two NHase models exhibit similar values (Table 2).

European Journal
of Inorganic Chemistry

The computed proton affinities can be employed to ob-
tain an estimate of the pK, value of the second-shell tyro-
sine. The following relationship is used here:

AE

K, = 2E
PRe = inqoyrr

The relative pK, of the NHase second-shell tyrosine com-
pared to phenol is thus:
AAE
ApK , =pK_ (NHaseTyr)— pK  (Phenol) = —
PK, =pK,(NHaseTyr) — pK, (Phenol) In(10)RT

where:

AAE = (ENHascTymsinatc - ENHascTyrosinc) - (EPhcnolalc - EPhcnol) =
PANHaseTyrosinale - PAPhenolale

An estimate of the pK, of the second-shell tyrosine can
therefore be obtained as follows:

P K (NHaseTyr) =p K (Phenol) + P ANHusclyrmm.’uc - P, Avhcmlmc
‘ ‘ In(10)RT

The experimentally measured pK, of phenol in water is
9.9.°% The computed proton affinity of phenolate em-
ploying a dielectric constant of 80 (corresponding to water)
is 294.6 kcal/mol. These values were employed in the above
relationship in combination with the computed PA values
for the NHase tyrosinates to give an approximate pK, value
for the second-shell tyrosine (Table 3). The results show that
the computed pK, value is highly dependent on the used
dielectric constant. Employing the typical value of ¢ = 4 to
compute solvent corrections for the NHase active site mod-
els results in a pK, value of 9.9 for Tyr72 in the Fe'"-NHase
model and 11.0 for Tyr68 in the Co™-NHase model. How-
ever, employing a dielectric constant of ¢ = 20 reduces the

Table 3. Computed pK, values of the conserved second-shell tyro-
sine in the Fe''-NHase and Co''-NHase models.

Model Nosolvation €¢=2 €=4 €=8 £=20 £=280
Fe"-NHase

314 17.5 9.9 6.0 3.5 23
(Tylrn72)
Co'"'-NHase
(Tyr68) 31.8 183 11.0 7.1 47 3.5

Figure 3. Fe'''-NHase (A) and Co""'-NHase model (B) with neutral tyrosine residue.

Eur. J. Inorg. Chem. 2008, 3452-3459
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pK, of Tyr72 to 3.5 and that of Tyr68 to 4.7. The results
indicate that it is quite likely that the second-shell tyrosine
residue is deprotonated at the NHase active site.

IV.C. Ligand Exchange

An important aspect of the computed first-shell mecha-
nism is the direct coordination of the substrate to the metal
ion in the 6th coordination site. It is not clear what ligand
normally binds in this site and what the energy involved in
displacing it would be. In the inactive form of the iron
NHase, an NO molecule is bound in the 6th coordination
site.’] Upon exposure to light, the bond to NO breaks,?!-27]
but it is not known, what ligand, if any, replaces the NO.
In the X-ray crystal structure of the cobalt NHase a water
(or hydroxide) oxygen is observed in the 6 ligand site.l]
This supports the possibility that water is the 6 ligand.

If water is indeed the sixth ligand of NHase, then it is of
interest to compute the cost of displacing it by a substrate
molecule. Greene and Richards have previously calculated
the cost of exchanging a metal-bound water molecule for
acetonitrile in a quantum-chemical Fe-NHase active site
model.’! A thermodynamic cycle was computed, in which
the acetonitrile substrate was moved from an aqueous envi-
ronment to the active site, where it replaced the metal-
bound water, which was released to the bulk. This replace-
ment has a computed cost of +7.2 kcal/mol (B3LYP/
LACV3P++ energies, including zero-point energies, ther-
mal corrections, and solvation free energies. A dielectric
constant of ¢ = 20 was used for computing solvent correc-
tions for active site models).’!

We have performed similar calculations here for both a
Co"-NHase and an Fe'"-NHase active site model. The
models are slightly smaller than the models discussed above
and do not contain the second-shell tyrosine. The Fe!l-
NHase model employed in the ligand exchange calculations
is shown in Figure 4 (the Co™-NHase model is very sim-
ilar). The cost of ligand exchange was computed by calcu-
lating the energy change in going from an active site model
with water coordinated to the metal ion to an active site

model with nitrile coordinated to the metal (Scheme 4). Sol-
vent corrections were computed with a dielectric constant
of ¢ = 80 for acetonitrile and water, implying that they are
in aqueous solution. For the active site model we tested
different dielectric constants (Table 4).

"
C
H _H 1]
0 N
‘3~ AE i34
/l\lll + CH,CN ——» —/I\I/I + H,0

Scheme 4. Exchange of a metal-bound water ligand with acetoni-
trile.

Table 4. Computed energy (in kcal/mol) of exchanging a metal-
bound water molecule with acetonitrile.

Model Nosolvation e¢=2 ¢e=4 =8 £=20 £=280
Fe''-"NHase 42 0.9 39 5.5 6.5 7.0
Co'"'-NHase -4.5 0.1 2.7 43 5.1 5.6

The results show that the ligand-exchange energy is de-
pendent on the choice of the dielectric constant. As the di-
electric constant is increased, the cost of ligand exchange is
raised. For the Fe'-model it is 3.9 kcal/mol at ¢ = 4 and
6.5 kcal/mol at ¢ = 20. The latter value is similar to the
value computed by Greene and Richards.[”! For the Co'l-
NHase model, the same trend is observed, although the
overall cost is lower. At ¢ = 4, the cost of ligand exchange
is 2.7 kcal/mol, while at ¢ = 20, it has increased to 5.1 kcal/
mol.

The results of the model calculations indicate that the
cost of ligand exchange will be in the range of 3-7 kcal/
mol. If the sixth metal ligand of NHase is indeed a water
molecule, which has to be replaced by the substrate prior
to nitrile hydration, then this energy has to be added to the
overall barrier.

Figure 4. Fe''"-NHase active site model employed in ligand-exchange calculations. A) Model with metal-coordinated water, B) Model

with metal-coordinated acetonitrile.
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V. Discussion and Conclusions

Our result show that a mechanism involving tyrosinate
as base has a barrier that is only a few kcal/mol above the
experimental value. Experimental rate constants indicate a
barrier of 13-15 kcal/mol for NHase (experimental rates are
converted to Dbarriers using classical transition-state
theory).*3131 In our calculations, the barrier for nitrile hy-
dration is between 17 and 21 kcal/mol, depending on the
employed dielectric constant. For systems containing tran-
sition metals, B3LYP has an estimated error on relative en-
ergies of 3-5 kcal/mol.I*l Considering this error margin, the
computed barriers indicate that the second-shell tyrosine of
NHase indeed could be the catalytic base of NHase. How-
ever, a number of considerations need to be taken into ac-
count. First, it is interesting to evaluate the likelihood that
the second-shell tyrosine is in its deprotonated form in the
NHase active site. Despite the fact that our calculated pK,
values are very sensitive to the choice of dielectric constant,
they show that the second-shell tyrosine might be in the
deprotonated state. This would allow the second-shell tyro-
sine to function as catalytic base.

If NHase employs a first-shell mechanism, then a pos-
sible cost for ligand exchange has to be paid to allow the
substrate to coordinate to the metal center. In our calcula-
tions, the computed cost of exchanging a metal-bound
water molecule with acetonitrile in the two active site
models is in the range of 3-7 kcal/mol, depending on the
employed dielectric constant. This energy will contribute to
increase the overall barrier of the reaction. However, the
increase is not so high that a first-shell mechanism of the
kind studied here can be excluded.

The overall results thus do not exclude the possibility
that the second-shell tyrosine is the catalytic base of NHase.
However, an important objection to this proposal has to be
discussed here. Mutation of Tyr68 in P. thermophila JCM
3095 to phenylalanine results in a 126-fold decrease in the
keat for acrylonitrile conversion from 1910 s7! to 15.2 s71.[8
This corresponds to a barrier increase of only 3 kcal/mol,
which is much less than one would expect for mutation of
a catalytic base that acts in the rate-limiting step of the reac-
tion. For conversion of benzonitrile, the reduction of the
keat of the Tyr68Phe mutant is only 17-fold,®! correspond-
ing to a barrier increase of less than 2 kcal/mol. Thus, these
experimental results indicate that Tyr68 is not essential for
NHase-mediated nitrile conversion. The small barrier in-
creases are more consistent with a role as stabilizing residue,
i.e. donation of a hydrogen bond to the substrate or another
catalytic residue. The second-shell tyrosine could also func-
tion as a general acid, promoting protonation of the sub-
strate, for example after formation of a metal-bound inter-
mediate (such as suggested in Scheme 3, 4).
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