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ABSTRACT: Nitrile Hydratase (R. Sp. 771, NHase, EC. 4.2.1.84, CAS registration no.
82391-37-5), the enzyme that plays an important role in the industrial production of
acrylamide, is studied theoretically in this article. For the first time the electronic
structure of the active site of nitrosylated form with a proper oxidation state of the
cysteine ligands is calculated using the density functional theory (DFT) method with the
Becke, Lee, Yang, and Paar (B3LYP)6-31G* functional. The optimized geometries of six
and five coordinated complexes are different, showing that the photodissociation of NO
triggers a substantial relaxation of the NHase active site. The major structural change is
a shift of the position of iron with respect to the four equatorial ligands, which
resembles a heme doming observed in myoglobins. Calculated charge distribution
supports the role of Fe as a possible Lewis acid in catalytic cycle. We found that the
cysteine-sulfinic residue (Cys112) is very strongly polarized in NHase. Sulfur atom S�

Cys112 is predicted to be the most positively charged center. This result gives
independent support to a very recent finding of the critical role of an oxidation in the
position Cys112 for preserving catalytic activity of the enzyme (Endo, I.; Nojiri, M.;
Tsujimura, M.; Nakasako, M.; Nagashima, S.; Yohda, M.; Odaka, M. J Inorgan Biochem
2001, 83, 247). © 2002 Wiley Periodicals, Inc. Int J Quantum Chem 90: 1174–1187, 2002
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Introduction

I n recent years biotechnology has become one of
the strategic areas of the research. Many useful

products may be obtained in a cheap and efficient
way using carefully selected bacteria. Biotechnolog-
ical methods called “enzymation” are based on the
chemical reaction catalyzed by the particular en-
zyme produced within a cell. The interest in cata-
lytic activities of such enzymes stimulates interdis-
ciplinary efforts aimed at elucidation of molecular
mechanisms and their reactivity. The unique spatial
arrangement and electronic properties of the active
site of the protein are the most important factors
determining possible applications of the molecule
in biotechnology.

One of the best examples of the proteins that are
“successful” in large scale chemical synthesis is nitrile
hydratase (NHase, EC. 4.2.1.84, CAS registration no.
82391-37-5) [1]. The reaction catalyzed by NHases is
hydration of nitriles to their corresponding amides.
The example is shown in Figure 1.

Nitrile hydratase was discovered by Asano et al.
in 1980, during their work on microbial degrada-
tion of acetonitrile [2]. In 1985 the industrial pro-
duction of acrylamide using ferric NHase of Rhodo-
coccus sp. N-774 was initiated in Japan (Nitto
Chemical Industry; current name, Mitsubishi
Rayon Co.) [3]. This enzyme was replaced by the
second-generation nitrile hydratase catalyst ob-
tained from Pseudomonas chlororaphis B23. Now
NHase from Rhodococcus rhodochrous J1 (with low
spin Co3� in active site) is being used in large-scale
production (30,000 tons per year) of acrylamide [4,
5]. These enzymes, due to their selectivity toward
aromatic and aliphatic substrates, may be also used
for the synthesis of other useful chemicals. The
enzyme from R. rhodochrous J1, with different prep-
aration of bacteria, serves as a catalytic medium in
the industrial production of nicotinamide from
3-cyanopyridine [5]. New applications of NHase
from Pseudomonas putida in stereoselective synthesis
are anticipated [6]. Moreover, compounds useful in

the pharmaceutical industry may be obtained with
the help of these metalloenzymes [7]. The NHases
are also good potential candidates for environmen-
tal biodegradation of acrylonitrile and nitrile herbi-
cide contaminations [8, 9].

An interesting phenomenon related to enzymatic
activity is photosensitivity of NHases. Some iron-
containing NHases—for example, isolated from
Rhodococcus sp. N-771 (R. sp. N-771) [10] and from
Rhodococcus sp. R312 [11]—lose their activity after
incubation of microorganisms in the dark but re-
cover catalytic abilities upon light irradiation.
Noguchi et al. presented evidence that this light-
controlled switching between an active and the in-
active state is related to the presence of the endog-
enous nitric oxide (NO). Upon irradiation, NO
photodissociates and the enzyme becomes active
[12, 13]. The electronic mechanism of the NO pho-
tolability is not known [14]. The list of photoreac-
tive proteins is rather short, so this phenomenon
stimulates an additional interest in the electronic
structure studies of the NO–NHase complexes. In
the future, such photo-controllable proteins may be
core systems of nanodevices.

The NHases are composed of two subunits, �
and �, with MW around 23 kD each. They contain
one iron atom per �� unit. Iron is 5-coordinated,
exclusively by aminoacids from the � subunit. The
sixth coordination position may be occupied, for
example, by H2O or NO. The active site is located in
a cavity at the subunit’s interface. The first solved
crystal structure of NHase (from Rhodococcus sp.
R312, resolution 2.65 Å) revealed a novel iron center
with a structure not previously observed in pro-
teins, having an S3N2X ligand sphere [15]. Impor-
tant insights were provided by the recent X-ray
study of the structure of NHase–NO complex (R. sp.
N-771) published by Nagashima et al. [16]. The
higher-resolution data (1.7 Å), combined with re-
sults of Fourier transform ion cyclotron resonance
mass spectrometry, indicate that two of three coor-
dinating cysteine residues are posttranslationally
oxidized to cysteine–sufinic acid (Cys112 SO2H)
and cysteine–sulfenic acid (Cys114-SOH) [16]. A
recent study shows that posttranslational modifica-
tion is essential for catalytic activity of NHase [17].

The Electron Paramagnetic Resonance (EPR)
spectra indicated that iron in the nitrosilated NHase
(inactive form) is in the low spin ferric state [18].
The recent EXFAFS (extended X-ray absorption fine
structure) studies of the inactive NHase and of
some model compounds are consistent with this
notion [19]. The low spin nonheme ferric com-

FIGURE 1. An example of the reaction catalyzed by
nitrile hydratase.
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pounds with the NO ligand are rare [20] and were
not studied theoretically.

The goal of the current research was to find out
what structural changes are related to the NO inac-
tivation of NHase. We determined an electronic
structure of low spin Fe(III) states of 6- and 5-coor-
dinated (6c, 5c) models of the N-771 NHase active
site. Changes in the electronic structure induced by
the NO ligation/dissociation were examined. In
particular, the nature of the NO ligand binding to
the iron center model is described. This FeONO
bond is broken by absorption of light, being thus a
localized trigger of the enzymatic activity.

The high-resolution X-ray study [16] revealed in
the R. sp. N-771 NHase active site an unusual tri-
angular arrangement of three oxygen atoms [the
so-called “claw setting”: O� (Ser113), O� (Cys114),
O�1 (Cys112); see Fig. 2]. These oxygens were pos-
tulated to play an important role in the stabilization
of NO bound to NHase [16]. It is worthwhile to note
that the NO–NHase complex is stable (in dark and

anaerobic conditions) for over a year, which is
rather unusual for Fe(III)–NO compounds. We
therefore paid particular attention to possible inter-
actions of these three specifically arranged oxygen
atoms with the NO molecule.

To our knowledge, no electronic structure calcu-
lations of the NHase active site were published so
far. The cysteine–sulphenic (Cys-SOH) and cys-
teine-sulphinic groups (Cys-SO2H) coordinating to
the iron center are also theoretically studied in this
work for the first time. We hope that data presented
here will be helpful in explanation of a mechanism
of the catalytic activity of NHases.

Methods

MODEL STRUCTURE

A model of the enzymatic active site used in the
calculations (NO-coordinated NOsNHase) is pre-

FIGURE 2. The structure of 6c NOsNHase model of nitrile hydratse active site (DFT/B3LYP optimized geometry).
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sented in Figure 2. The central atom is Fe(III) iron.
It is coordinated by the sulfur S� atom of Cys109
(S1), the amide nitrogen of Ser113 (N6), the sulfur
S� atom of cysteine–sulfinic acid (S19, Cys112-
SOH2). Two other coordinating atoms are amide
nitrogen and sulfur, both from cysteine–sulfenic
acid (N27, S30, Cys114-SOH). To perform ab inito
calculations, the number of atoms has to be reason-
ably small. Therefore, in our model, two peptide
bonds from the � subunit polypetide chain have
been cut (X�-Cys112, Cys114-X�) and C and N “ter-
minal” atoms participating in these bonds have
been replaced by the hydrogen atoms H16 and H32,
respectively. The Cys109 residue is reduced to the
SCH3 mercaptide group (see Fig. 2). We call this
model sNHase. The initial structure for the geom-
etry optimization was the same as the recent X-ray
structure of the inactive form of NHase (R. sp.
N-771; pdb code, 2AHJ; resolution, 1.70 Å) by Na-
gashima et al. [16]. In this structure the NO mole-
cule is the sixth ligand, so it was included in the
6-coordinated model, as well (NOsNHase). Hydro-
gen atoms were added using Cerius2 software [21].
Initial orientations of the important O�1OH, O�OH,
and O�OH bonds were set in accordance with a
possible hydrogen bond network reported for en-
zymes studied [22].

Calculations were performed for low spin ferric
complexes, for example, for singlet states of 6-coor-
dinated species and for doublet states of 5-coordi-
nated species. These spin states of R. sp. N-771
enzyme were postulated on the basis of the EPR
spectra [23].

COMPUTATIONAL METHOD

In this density functional theory (DFT) study a
standard 6-31G* basis set as implemented in Gauss-
ian 99 (Rev. A8) software package [24] was used to
represent Kohn–Sham molecular orbitals (KSMO).
The total number of gaussian basis functions
(NOsNHase 6c model) was 388. The hybrid-type
exchange-correlation potential Becke, Lee, Yang,
and Paar (B3LYP) [25, 26], which was used in the
calculations, is defined as

Vxc � �1 � A�*EX
Slater � A*EX

HF � B*EX
Becke � C*EC

LYP

� �1 � C�*EC
VWN (1)

where EX
Slater is the Slater exchange potential, EX

HF is
the Hartree–Fock (HF) exchange, EX

Becke is a gradient
correction to the exchange introduced by Becke

[27], EC
LYP is the Lee–Yang–Parr correlation poten-

tial [28], and EC
VWN is Vosko–Wilk–Nusair correla-

tion potential [29]. Constants A, B, and C were
obtained by fitting the theoretical results to the
experimental heats of formation [25]. The B3LYP
potential has been previously used successfully in
DFT studies of large bioinorganic molecules (see,
e.g., Ref. [30]).

Results and Discussion

The main focus in this work was to study possi-
ble structural rearrangements of the NHase active
site induced by the NO binding/photodissociation.
This reaction is critical for restoring activity of the
enzyme. The optimized geometries of the iron cen-
ter of the active (5c) and the inactive (NO, 6c) forms
are presented in Table I.

It is interesting to estimate binding energy of NO
to the NHase active site model. Because calcula-
tions of full NO binding curves for a system of this
size are computationally very demanding, a simple
estimation was done by a comparison of total en-
ergy of the low spin states of the 6c model
(NOsNHase) with the sum of energies of the 5c
complex (sNHase) and the NO ligand. To avoid
problems with a spin contamination the restricted
open-shell Kohn–Sham B3LYP scheme (RKS) was
used to calculate energies. Results are presented in
Table II.

The total energies of the active site model with
the experimental geometry adopted from the struc-
ture of the whole protein were also calculated (see
Table III). These data give useful estimation of the
energy of the NHase structural “doming” that is
observed after the dissociation of the NO ligand.
For comparison, in both tables the data obtained
with the HF method and Huzinaga’s 2DZP type
basis set (364 Gaussian functions; results are to be
published elsewhere) were also included.

For iron ion, Huzinaga’s set (5333/53/5)/
[533111/521/311] was used [31] together with two
p-type 0.038, 0.118 functions, one d-type flexible
function (� � 0.1133) by Hay [32] and one set of
f-type double � Roos’ augumented-ANO [33]. Ni-
trogen and oxygen of NO were described by (63/
5)[5121/41] plus anion p-type functions proposed
by Dunning and Hay [34] (� � 0.048) and two
d-type polarization functions (N: �1 � 0.412, �2 �
1.986; O: �1 � 0.535, �2 � 2.704) [31]. For C, N, and
O atoms, (63/5)[321/41] sets were used. On the
nitrogen’s atoms coordinated to the iron center, one
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TABLE I ______________________________________________________________________________________________
Optimized geometries of 5c and 6c models of NHase active center.a

5c DFT 6c DFT 6c Exp [16]

Bond lengths in the coordination sphere of iron (in Å)
Fe-N37 (NO) 1.639 1.65
Fe-S1 (S� Cys109) 2.198 2.346 2.30
Fe-S19 (S� Cys112) 2.226 2.300 2.26
Fe-S30 (S� Cys114) 2.367 2.352 2.33
Fe-N27 (Cys114) 1.841 1.926 2.05
Fe-N6 (Ser113) 1.876 1.935 2.09
N37-O38 (NO) 1.161 1.33
S1-C2 (S�-C� Cys109) 1.835 1.828 1.80
S19-O22 (S�-O�1 Cys112) 1.691 1.667 1.51
S19-O23 (S�-O�2 Cys112) 1.481 1.479 1.41
S30-O31 (S�-O� Cys114) 1.693 1.697 1.51
C7-C10 (C�-C� Ser113) 1.546 1.542 1.54
C10-O11 (C�-O� Ser113) 1.421 1.428 1.43
C7-C8 (C�-C Ser113) 1.519 1.525 1.53
C8-O9 (Ser 113) 1.231 1.237 1.23
C8-N27 (C Ser113-N Cys114) 1.371 1.353 1.33
N27-C28 (N-C� Cys114) 1.464 1.455 1.47
C28-C29 (C�-C� Cys114) 1.521 1.523 1.52
C29-S30 (C�-S� Cys114) 1.826 1.845 1.82
N6-C20 (N Ser113-C Cys112) 1.379 1.365 1.32
C20-O21 (Cys112) 1.230 1.236 1.23
C17-C20 (C�-C Cys112) 1.534 1.533 1.51
C17-C18 (C�-C� Cys112) 1.533 1.530 1.52
C18-S19 (C�-S� Cys112) 1.817 1.812 1.83

Selected atom–atom distances (in Å)
O22-N37 (O�1 Cys112-N(NO)) 2.824 2.92
O22-O38 (O�1 Cys112-O(NO)) 3.120 3.05
O31-N37 (O� Cys114-N(NO)) 3.062 2.81
O31-O38 (O� Cys114-O(NO)) 2.973 2.76
O11-N37 (O� (Ser113-N(NO)) 3.137 2.95
O11-O38 (O� Ser113-O(NO)) 3.415 3.31
S30-N27 (S�-N Cys114) 2.883 2.921 2.97
S19-N6 (S� Cys112-N Ser113) 2.979 3.095 3.26
N6-N27 (N Ser113-N Cys114) 2.529 2.580 2.85
S19-S30 (S� Cys112-S� Cys114) 3.229 3.455 3.28

(Oxygen claw setting)
O31-O22 (O�Cys114-O�1Cys112) 2.993 4.153 3.38
O22-O11 (O�1Cys112-O� Ser113) 4.515 5.210 5.432
O31-O11 (O�Cys114-O� Ser113) 5.278 5.950 5.564

Selected bond angles (deg)
Fe36-N37-O38 (Fe-N-O) 161.4 158.6
Fe-S�-C� (Cys109) 102.3 107.1 106.5
S19(S� Cys112)-Fe-N27(Cys114) 152.6 174.9 175.6
S30(S� Cys114)-Fe-N6(Ser113) 164.9 162.0 171.1
Fe-S�-O�1 (Cys112) 100.7 107.7 115.6
O�1-S�-O�2 (Cys112) 107.6 108.3 107.1
Fe-S�-O� (Cys114) 105.6 112.8 107.8

Selected torsion angles (deg)
	1 (Cys112) 50.8 50.7 49.6
	1 (Ser113) 70.5 76.6 68.1
	1 (Cys114) �39.9 �48.12 �55.8
C�-C�-S�-O�1 (Cys112) 146.6 157.1 176.6
C�-C�-S�-O� (Cys114) �68.0 �84.7 �69.1

a Complete optimized geometries of 5c and 6c models may be obtained upon request from the corresponding authors.
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additional d-type polarization function was added
(� � 0.864). For sulfur atoms, sets of (533/
53)[53111/521] and one d-type (� � 0.421) plus
Dunning and Hay anion p-type function (� � 0.041)
[34] were used.

The mechanism of the catalytic activity of NHase
is not known. In the two proposed models [1] iron
plays the role of Lewis acid. The unusually oriented
three oxygen atoms, forming a triangle around the
pathway to the central iron, may also contribute to
the activity of the enzyme. Therefore, it is important
to study a charge distribution in both 5c and 6c
forms. Mulliken charges calculated by the DFT/
B3LYP method are presented in Table IV.

The calculated geometry of the 6c complex is in
agreement with the X-ray structure of the inactive
form of R. sp. N771 NHase [16] (see Table I). The
central FeONO bond length of 1.639 Å obtained by
the DFT method compares very well with the X-ray
value of 1.65 Å. It is also close to the value of 1.68(3)
Å estimated by Scarrow et al. [19] from the analysis
of the iron K-edge X-ray absorption spectrum of the
inactive form of NHase from Rhodoccocus sp. R312.
The optimized FeONOO bond angle (161.4°) is
very close to the experimental value (158.6°, Ref.
[16]).

Calculated FeOS bond distances are from 0.02 Å
(S30, Cys114) to 0.05 Å (S1, Cys109) longer than those

experimentally observed. Larger differences are ob-
served in amide nitrogen-iron bond lengths: calcu-
lated values are 0.12 Å (N27) and 0.15 Å (N6) shorter
than those found in the protein crystal. This finding
suggests a stronger bonding of nitrogen atoms to
Fe(III) in model compounds than that present in the
protein. It is worthwhile to note that our calculated
values of the FeON bond distances (1.926 Å and 1.935
Å) are close to the value of 1.954(2) Å measured in a
low MW complex structure, which was synthesized
recently by Noveron et al. [35] as a model of NHase.
Moreover, the DFT values are not far from the range
of 1.944(4)–2.031(12) Å Fe(III)-Npor distances found in
a series of 23 ferric porphyrins [36].

The differences in the calculated FeON (short)
and FeOS (Cys112, Cys114, long) bond lengths are
expected, because the deprotonated amides are
strong 
 donors, while sulfenic and sulfinic resi-
dues are � donors.

Special attention should be devoted to the calcu-
lated SOO distances in cysteine-sulfinic (Cys112)
and cysteine-sulfenic groups (Cys114), which are
much larger than the experimental ones. The differ-
ence is 0.07 Å for S19-O23 (S�-O�2 Cys112) and 0.16
and 0.19 Å for S19-O22 (S�-O�1 Cys112) and S30-
O31 (S�-O� Cys114), respectively. All these oxygen
atoms appear in the active site region as a result of
the posttranslational oxidation of Cys112 and

TABLE II ______________________________________________________________________________________________
Total energies of the lowest singlet and doublet states—DFT/B3LYP/6-31G* optimized geometries.

Method/basis

Total energy (au) NO binding energy

NOsNHase (6c) sNHase (5c) NOa �E (au) �E (kcal/mol)

HF/basis-Hb �3491.825856 �3362.706274 �129.262659 �0.143077 �89.8 unstable
HF/basis-Hc �3491.825856 �3362.728918 �129.262659 �0.165721 �104.0 unstable
B3LYP/6-31G*b �3502.049765 �3372.117287 �129.8829 �.049578 �33 bound
B3LYP/6-31G*c �3502.049765 �3372.152327 �129.8829 �.0145 �9.1 bound

a The geometry of NO is the same as in the 6c optimized model compound (r(NOO) � 1.16 Å).
b The geometry of sNHase (5c) was not optimized—was taken from the optimized NOsNHase (6c).
c The geometry of both 6c and sNHase (5c) was fully optimized.

TABLE III _____________________________________________________________________________________________
Total energies in (au) of the lowest calculated singlet and doublet states—X-ray (pdb) rigid geometry
of the active site.

Method/basis NOsNHase sNHase NOa �E (a.u.)b �E (kcal/mol)b

HF/basis-H �3491.381451 �3362.360653 �129.199006 �0.178208 �111.8 unstable
B3LYP/6-31G* �3501.614760 �3371.721360 �129.840381 �0.05302 �33.3 bound

a A geometry of NO used is the same as in protein structure (r(NOO) � 1.33 Å pdb).
b �E � ([E5c � ENO])-E6c) denotes an estimation of the bond dissociation energy.
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Cys114 residues. Oxygen atoms O23 and O31 con-
stitute a part (together with O11 from Ser113) of the
so-called “oxygen claw setting.” This triangular ar-
rangement of oxygen atoms was postulated by Na-
gashima et al. [16] to play a role in stabilization of

the NO binding. On one hand, the observed dis-
crepancy between the calculated and observed
bond lengths may be attributed to difficulties in a
proper description of sulfur atoms by a relatively
small 6-31G* basis adapted in current calculations.
On the other hand, this difference may indicate that
the protonation states of residues Cys112 and
Cys114 in the inactive form of NHase are different
from those suggested in the article [16]. Cysteine-
sulfenate and cysteine-sulfinate groups are strong
acids. For example, pKa � 1.50 for cystein–sulfonic
acid [37]. It is therefore probable that one or two
residues are in their anionic forms while in a pro-
tein environment. Therefore the SOO� distances
are expected to be shorter than the SOOH distances
calculated here. In a recently published structure of
an anionic NHase model compound [38], the aver-
age SOO bond distance is 1.472(4) Å, which com-
pares very well with the average value of 1.477 Å
observed in the NHase protein structure [16]. It is
thus possible that negatively charged SO� groups
are instrumental in a mechanism of catalytic activ-
ity of this enzyme.

The covalent bond lengths between heavy atoms
of the polypeptide chain of the 6c sNHase model
are in very good agreement with experimental data.
The average difference for 14 bonds is 0.013 Å. The
largest deviation is observed in N6OC20 peptide
bond, which is 0.05 Å too long.

Bond angles of the organic ligand correspond
nicely to the structure of the active site extracted
from the protein. In general, differences do not
exceed a few degrees. Rather large differences of
8–9° [S� (Cys114)-Fe-N(Ser113), Fe-S�-O�1 (Cys112)]
are perhaps connected with the more open struc-
ture of the oxygen claw setting present in the DFT
6c geometry than those in protein crystal. Also the
calculated torsional angles are in a satisfactory
agreement with the experimental ones, especially
for the side chain orientations determined by the 	1

angles. The largest differences of 20° and 16° are in
C�-C�-S�-O� torsional angles of oxidized cysteine
residues and are related to a notable increase of
distances between the three claw oxygens. For ex-
ample, the optimized O31–O22 distance is 0.77 Å
larger than that observed in the protein. Such relax-
ation was expected, because in our model we did
not include water or any further protein atoms. In
particular, no atoms from Arg56 residue of the �
subunit, which perhaps affect the geometry of the
active site by a network of hydrogen bonds [22],
were present.

TABLE IV _____________________________________
The DFT Mulliken charges on atoms of 6-
coordinated inactive form (NONHase) and 5-
coordinated active form (NHase) of the
NHase models.

Atom 6c 5c �Q � 6c–5ca

1 S �0.152 �0.125 �0.027
2 C �0.589 �0.609 0.019
3 H 0.184 0.187 �0.003
4 H 0.200 0.206 �0.006
5 H 0.208 0.212 �0.004
6 N �0.584 �0.618 0.033
7 C �0.043 �0.040 �0.003
8 C 0.507 0.525 �0.018
9 O �0.512 �0.486 �0.026

10 C �0.029 �0.038 0.008
11 O �0.635 �0.626 �0.009
12 H 0.183 0.182 0.001
13 H 0.146 0.147 �0.001
14 H 0.165 0.170 �0.006
15 H 0.414 0.413 0.002
16 H 0.220 0.224 �0.004
17 C �0.405 �0.417 0.013
18 C �0.486 �0.489 0.003
19 S 0.973 0.921 0.052
20 C 0.536 0.552 �0.016
21 O �0.489 �0.463 �0.026
22 O �0.670 �0.694 0.024
23 O �0.522 �0.524 0.003
24 H 0.195 0.198 �0.003
25 H 0.233 0.237 �0.004
26 H 0.209 0.212 �0.004
27 N �0.564 �0.606 0.042
28 C �0.133 �0.110 �0.024
29 C �0.460 �0.485 0.025
30 S 0.495 0.446 0.049
31 O �0.703 �0.706 0.003
32 H 0.197 0.180 0.017
33 H 0.151 0.187 �0.036
34 H 0.228 0.230 �0.002
35 H 0.205 0.207 �0.003
36Fe 0.492 0.483 0.009
37 N 0.154
38 O �0.203
39 H 0.444 0.442 0.002
40 H 0.440 0.473 �0.032

a Defined as 6c–5c difference and represent a charge reor-
ganization upon NO dissociation from the active site.
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Thus, our data indicate two things: (1) the active
site of NHase possesses a certain level of flexibility,
which probably facilitates the binding of a substrate
or water; and (2) the effect of hydrogen bonds on
the geometry of the oxygen claw setting in 6c com-
plex is not particularly large. However, it would be
interesting to compute the influence of the small
changes in Cys112 (and Cys114) geometry on the
electronic structure of the NHase active site. We
have already initiated such study. One may expect
that intersubunit �–� interactions affect in this way
catalytic properties of NHases. The location of the
active site exactly on the border between two sub-
units offers a possibility for such control. It may be
that the observed architecture of these enzymes is
not accidental.

The closest contact between the oxygen atom of
NO and the oxygen claw setting atoms measured in
the crystal is 2.75 Å (O31, O� from Cys114). In the
optimized 6c structure, the same O31 oxygen re-
mains also to be the closest neighbor to the ligand,
but the distance is 2.97 Å. The proton from the SOH
group (Cys114) points toward the oxygen atom of
NO, making an intramolecular hydrogen bond O�-
H . . . O(NO), which contributes to the observed un-
usual stability of the NO–NHase complex [16].

Our DFT data give an opportunity to study
structural rearrangements of the NHase active site
model after the photodissociation of NO (Table I).
The most pronounced effect in the calculated bond
lengths is shortening of the FeOS1 (S� Cys109)
bond distance from 2.346 Å to 2.198 Å in the 5c
complex (�r � 0.148 Å). This is a clear manifesta-
tion of the strong NO transeffect present in the
system. The same distance measured in the crystal
in dark (NO attached) and light conditions (NO
“dissociated” but located close to Fe, r(Fe-NO) �
1.66 Å) decreases from 2.30 Å to 2.25 Å [22]. Exper-
imental study [20] shows that positional differences
in coordination sphere of the active center does not
change more than 0.2 Å between light and dark
conditions. Except for the FeOS1 distance, which
was discussed above, the changes in the bond
lengths in our model do not exceed 0.1 Å. In our
opinion, some further relaxation of the 5c NHase in
solution may be required to restore its enzymatic
activity.

Despite similar bond distances, the 6c (inactive)
and 5c (active) structures are different. The main
reason is a large shift in the position of the iron
upon the dissociation of the NO ligand. This struc-
tural change may be qualitatively compared to the
heme doming effect, typically observed in hemo-

globins and in myoglobins [39] when the FeOO2
ligand bond the active site of the heme protein is
broken. In fact, in the 6c optimized structure, the
position of the iron atom is slightly above the (N6,
N27, S19, S30) plane (“negative doming”). In the 5c
model, the iron is clearly located below this plane.
This effect is schematically presented in Figure 3,
where the two nearly perpendicular cross-sections
of the sNHase optimized structures are shown. The
shift in the position of iron is 0.6 Å. This value is
close to the values of iron displacements observed
in heme proteins (0.4–0.6 Å [39]). However, such
correlation is accidental, because one should note
that in heme ferrous complexes, two factors play a
role. The first part of doming is induced by the
change of spin of iron from the low-spin state (sin-
glet or doublet in 6c hemes) to the high-spin one
(quintet in deoxy forms) and the other part by a
strain from the proximal side protein helix. In our
model of NHase we do not include any protein
pull, and the spin state changes only from singlet to
doublet.

Unfortunately, the structure of the so called “ac-
tive” form of Rhodococcus sp. R312 NHase by Huang
et al. [15] cannot be used to argue for the support of
this theoretically predicted important structural
change. The reason is its low resolution (2.65 Å). It
is even possible that the data of Huang et al. were
collected from the 6c structure, where the sixth
ligand is water or OH� hydroxide ion. Therefore,
further high-resolution structural studies of
NHases are highly desirable.

The catalytic properties of NHase are related to a
particular electric field in the active side. Theoreti-
cally calculated charge distributions, despite their
known shortcomings, are helpful in a qualitative
discussion of the mechanism of the catalysis. The
Mulliken charge distributions in 5c and 6c forms
are presented in Table IV. In 6c species both amide
nitrogens coordinated to Fe have almost the same
negative charges, of �0.56–�0.59 (in e units). The
axial Cys109 sulfur, also a 
 donor, is less nega-
tively charged (�0.15). Two carbonyl groups,
C8-O9 and C20-O21, are strongly polarized (�0.5,
�0.5). Their oxygen atoms interact with the protein
surrounding and may form the hydrogen bonds.
All three oxygen claw setting atoms: O11 (O�

Ser113), O22 (O�1 Cys112), and O31 (O� Cys114)
exhibit large negative charges. The charge of the
Ser113 side group oxygen O11 (�0.64) is slightly
lower than that of the cysteine–sufinic and cys-
teine–sulfenic residues (�0.67 and �0.70, respec-
tively). The DFT Mulliken charges of protons
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bound to these oxygen atoms are similar, so no
preference for a dissociation of a particular proton
was found in our calculations.

The sulfur atom from cysteine-sulfenic residue
(S30, Cys114) is moderately positively charged
(�0.5), but charge depletion on the sulfur from the
cysteine–sulfinic group (S19, Cys112) is as large as
�0.97. Such strong polarization of this oxidized
cysteine residue indicates its role in catalytic activ-
ity of the NHases. It is interesting to note that a
recent study by Endo et al. [42] on recombinant
NHases suggests that the modification of �-Cys112
into Cys-SO2H is essential for the catalytic activity
of Fe-type NHase. Mutations of Arg56 in � subunit

decrease substantially the activity of the enzyme
[43].

It has been proposed (see, e.g., Ref. [19]) that
the iron ion may play the role of Lewis acid
during the catalytic cycle. The DFT Mulliken
charges close to �0.5 found on the central Fe ion
(formally Fe�3) only partially support this conjec-
ture. One should note, however, that Mulliken
charge distribution is basis-set– dependent and
only changes in these numbers have more quali-
tative predictive value. We compared those
charges calculated in 6c and 5c models. The
changes are not large. In 6c complex, a negative
charge on S1 (Cys109) is 0.03 larger than in 5c

FIGURE 3. Schematic representation of major structural differences between optimized structures of NOsNHase
(6c) and sNHase (5c) observed in the two nearly perpendicular planes: S19-Fe-N27 (a) and S30-Fe-N6(b). The NO
ligand is located in plane (b).
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complex, while the negative charge on N6 de-
creases by 0.03. On both S19 and S30, positive
electronic charges decrease by 0.05 upon NO pho-
todissociation. Interestingly, the Fe DFT charge is
almost unaffected by the change of coordination.

The net charge on the NO ligand calculated by
DFT/B3LYP method in the optimized complex is
�0.05, indicating that the FeONO (neutral) model
of bonding is adequate. Note however, that the
NOO distance observed in the protein structure is
1.33 Å and not 1.16 Å, as found here. Our calcula-
tions (data not shown) performed for such X-ray
geometry resulted in �0.25 charge on the NO li-
gand. Only a substantial � backdonation and a
negative-ion type of ligation to the ferric iron atom
may justify such an unusually large NOO bond
length. Indeed, as we show below, even in this
structure with the shorter NO bond, the backdona-
tion is observed.

The selected KSMOs are presented in Figures 4
and 5 (contour level 0.05 was used for Molden [40]
graphical display). For the purpose of further dis-
cussion, the molecular frame axes are defined ap-
proximately as follows: x: Fe-SCys112; y: Fe-
SCys114; z: S109-Fe. Frontier electron spin density
distribution in 5c sNHase doublet state is the fol-
lowing: Fe 0.80, S1 0.09, N6 0.03, N27 0.02. Thus, in
the 5c system, a single electron is localized on the
iron atom, which indicates that the iron atom is an
active site. The singly occupied molecular orbital
[SOMO; Fig. 4(b)] is an antibonding combination of
Fe dyz and S1 (Cys109) py atomic orbitals, indicat-
ing that �-type interaction is preferred in the course
of the reaction with this iron ion.

The HOMO of this complex [Fig. 4(c)] is delocal-
ized and has several main components: S1py, Fe
dyz � NO �*�, and a nonbonding type fragment
localized on atoms N6-C20-O21, which form a pep-
tide bond between Cys112 and Ser113 residues.
Some contributions from p orbitals of the oxygen
claw setting atoms O11(Ser113) and O31(Cys114)
are also present. The lowest unoccupied molecular
orbital (LUMO) of the 5c system presented in Fig-
ure 4(a) clearly has an S1OFe antibonding 
 char-
acter.

In the interpretation of the low-lying, low-inten-
sity 710-nm band of the active form of NHase, a
charge transfer S 3 Fe character is often proposed
[41]. If our 5c system is an adequate model of this
protein, then the axial Cys109 is probably involved
in this electronic transition. However, the SOMO3
LUMO excitation would lead to a charge transfer
from Fe to S, so perhaps a low-energy band has a

HOMO3 LUMO nature. Symmetry Adapted Clus-
ter-Configuration Interaction (SAC-CI) calculations
on the electronic spectrum of model compounds
should be helpful in clarifying this issue. Such cal-
culations are under way.

Main features of HOMO of the 6c system are
similar to those of 5c. The largest contribution
comes from the nonbonding type MO of the
Cys112–Ser 113 peptide bond atoms N6-C20-O21.
We observe also [Fig. 4(f)] a bonding contribution
to HOMO from Fe dyz and NO �*� orbitals. The
LUMO and LUMO1 [Fig. 4(e)] are clearly composed
of NO �*
 � Fe dxz and NO �*� � Fe dyz antibonding
combinations. Also, LUMO2 shown in Figure 4(a)
has a clear antibonding character with respect to all
Fe-ligand bonds, including NO. This set of low-
lying MOs, having strong antibonding character
along the Fe-NO axis, may explain a particularly
large photolability of NHase NO complexes [10].
Recent experiments show that not only R. sp. N771
is photoactivated, but also other enzymes from this
family, for example NHase from Comamonas testos-
teroni NI1, easily lose NO upon light irradiation
[11].

The nature of the S1OFe bond is illustrated in
Figure 5(a)–(c). An orbital #94 illustrates the 
–

donation from S1 to Fe. The �S–�Fe donation is
shown in Figure 5(b). An interaction that we would
classify as “nonbonding” is presented in Figure 5(a)
(HOMO1). One of the initial goals of this study was
to search for electronic structure arguments for
large stability of NO–ferric complexes. Thus, in Fig-
ure 5(d)–(f) the FeONO bonding is shown in detail.
The main contribution to the NO bonding comes
from a 
 bond [MO #64, Fig. 5(f)]. This KSMO is of
type 3
(pz) NO � Fe dZ2. It is worth noting the
stabilization, which comes from the H-bond to the
O� fragment of Cys114. From the shape of the MO
#65, one may expect that O�1 of Cys112 helps to
keep the NO molecule in place by a delocalization
of the NO �*
 molecular orbital. An interesting
phenomenon is illustrated in Fig. 5(c). In MO #101
a backbonding from Fe ��(dyx) to �*� NO is clearly
seen. Again, a large contribution from the Ser O�
oxygen may help to stabilize NO in this complex.
This effect leads to an enlargement of the NOO
bond of NO.

In Table II, total energies of optimized models of
active 5c form (sNHase) and inactive 6c form
(NOsNHase) are presented. The HF method pre-
dicts that the sum of NO energy and sNHase is
lower by 90 kcal/mol than that found for the
NOsNHase complex. On the other hand, the DFT/
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FIGURE 4. Contours of selected KS orbitals of NOsNHase (6c) and sNHase (5c).
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FIGURE 5. Contours of selected KS orbitals of sNHase (5c) showing the bonding between Fe and S1 (Cys109) (a,
b, c) and the NOOFe bonding in NOsNHase (6c) (d, e, f). HOMO1 denotes occupied MO next to HOMO. For details
see the text.
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B3LYP method gives a value of 9 kcal/mol as an
estimate of the binding energy when the optimized
geometry of the 5c complex is used. For the rigid
X-ray structure (Table III) or for the rigid 6c opti-
mized structure, the NO binding energy is esti-
mated as 33 kcal/mol. No experimental data on NO
binding energy in the enzyme are available yet.
However, given the large stability of the NO com-
plex in dark anaerobic conditions (over 1 year), one
can conclude that the calculated value is an under-
estimate of the real binding energy. These data
indicate, however, that the inclusion of correlation
energy is essential in a qualitative description of the
energetics of the NHase active site.

Using data from Table II, it is possible to estimate
the amount of energy released during “NHase
doming” observed in the 5c optimized structure.
The relaxation from 6c DFT optimized geometry to
the fully optimized 5c geometry gives 24 kcal/mol.
One may expect that the protein active site is more
rigid than molecular models used in the present
study, but this large value indicates the possibility
that the binding process of NO (or nitrile substrate)
is not barrierless.

Conclusions

The geometry and electronic structure of low-
spin ferric models of nitrile hydratase R. sp. N771
has been studied. For the first time, cysteine amino
acids oxidized to cysteine–sufenic (Cys-SOH) and
cysteine–sufinic acids (Cys-SO2H) were included in
the models. We found that DFT/B3LYP/6-31G* op-
timized geometry of the complex of sNHase with
NO as the sixth ligand is close to the structure
observed in protein crystal. The polypeptide chain
structure is described very well by the DFT method.
The largest differences were found in sulfur bonds.
This element is difficult to describe theoretically, so
in future studies, perhaps larger basis sets should
be used on these atoms.

Our data indicate that the NO photodissociation
triggers a substantial relaxation of the NHase active
site. The major structural change is a shift of the
position of iron with respect to the four equatorial
ligands (see Fig. 3). This structural change resem-
bles the heme doming observed in 5c myoglobins
upon NO photodissociation. This structural trans-
formation is an important finding, because if such
rearrangement is experimentally confirmed it
would open the way for regulation of the enzymatic
activity of NHases by making mutations on the

“proximal” side of the iron (residues 109, 108, and
those with close contacts).

Calculated charge distribution corroborates the
role of Fe as a possible Lewis acid in the catalytic
cycle of the enzyme. We found, however, that the
cysteine–sulfinic residue (Cys112) is very strongly
polarized in this system. Sulfur atom S� Cys112 is
predicted to be the most positively charged center.
This result supports well a recent finding of the
critical role of an oxidation in the position Cys112
for preserving catalytic activity of the enzyme [42].

Nitric oxide binding to the Fe�3 center is based
on a classical [3
(pz)NO-dZ2 Fe] 
 bond and a
substantial Fe d�-NO�* backdonation. Low-lying
(LUMO, LUMO1) NO-Fe antibonding orbitals may
explain an easy photodissociation of this ligand
from the NHase active site. It would be interesting
to calculate the electronic structure of cobaltous
NHases and to compare it with the present data,
because such NO-inactivated enzymes do not ex-
hibit photosensitivity. The DFT calculated binding
energy of NO is at least 9 kcal/mol. The unusual
stability of the NO-NHase complex is related more
to a good steric shielding by the three oxygen claw
setting atoms than to a particularly strong chemical
bond to the ferric nonheme iron center.

The protonation state of the oxidized cysteine
residues is still an open issue, so in the future,
theoretical data for charged models will be pre-
sented. Such a study is in progress in our labora-
tory.
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