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ABSTRACT Nitrile hydratase (NHase) is an enzyme used in the industrial biotechnological production of acrylamide. The
active site, which contains nonheme iron or noncorrin cobalt, is buried in the protein core at the interface of two domains, a and
b. Hydrogen bonds between bArg-56 and aCys-114 sulfenic acid (aCEA114) are important to maintain the enzymatic activity.
The enzyme may be inactivated by endogenous nitric oxide (NO) and activated by absorption of photons of wavelength l, 630 nm.
To explain the photosensitivity and to propose structural determinants of catalytic activity, differences in the dynamics of light-
active and dark-inactive forms of NHase were investigated using molecular dynamics (MD) modeling. To this end, a new set of
force field parameters for nonstandard NHase active sites have been developed. The dynamics of the photodissociated NO
ligand in the enzyme channel was analyzed using the locally enhanced sampling method, as implemented in the MOIL MD
package. A series of 1 ns trajectories of NHases shows that the protonation state of the active site affects the dynamics of the
catalytic water and NO ligand close to the metal center. MD simulations support the catalytic mechanism in which a water
molecule bound to the metal ion directly attacks the nitrile carbon.

INTRODUCTION

Biotechnology shows great promise for new ways of carrying

out chemical reactions. A good example of the advantages of

using microorganisms in chemistry is the synthesis of acryl-

amide (1). Since 1985, Japanese companies have used bacteria

(Rhodococcus sp.) for the routine production of 30,000 ton/per
year of this commodity (2–4). In this process bacterial enzyme

nitrile hydratase (NHase) catalyses the hydration of nitriles to

the corresponding amides (Fig. 1). Moreover, NHases are

useful for the utilization of toxic pollutants and the production

of pharmaceuticals, such as nicotinamide (vitamin PP) (4).

Nowadays NHase from Pseudomonas chlororaphis B23 is

applied in the production of acrylamide, which is widely used

as a soil conditioner and in the production of paper, diapers,

paints etc. (2). Conventional chemical synthesis of this com-

pound, involving copper salts, leads to the formation of toxic

by-products. In contrast, the microbial enzymatic synthesis is

very safe and efficient (99.9% yield) (3,4). Unfortunately, the

mechanism of the catalytic activity of NHases is not known

(5–7) yet. To explain its activity, observed stereoselectivity,

and photoactivation (8), a good understanding of NHase dy-

namics at the molecular level is required. The main obstacle in

theoretical studies of NHases was the lack of reliable classical

models, because the NHase active site is composed of non-

standard amino acids.

There are two types of NHases: iron and cobalt-containing

NHases (Fe-type and Co-type NHase, respectively) (2,9,10).

An interesting phenomenon is the photosensitivity of Fe-type

NHases, which lose their activity after microbial incubation

in dark conditions. In darkness the endogenous nitric oxide

(NO) molecule is bound to the nonheme active center. The

enzyme recovers its catalytic ability upon light irradiation

(11,12). In dark conditions the Fe-N (NO) bond is extremely

stable (12). Light irradiation not only breaks the Fe-N co-

valent bond but also induces local structural changes around

the iron center (13). In particular, the arrangement of the so-

called ‘‘oxygen claw setting’’ differs between active and

inactive NHase forms (8). This phenomenon provokes an

additional interest in NHases’ properties.

All knownNHases are composed of two subunits, a and b,
and contain one metal atom (Fe or Co) per ab unit. (6,14–

18). The metal center is located in the interior of a large cavity

situated at the interface between the two subunits (6,14–18).

A wide channel leads to this buried catalytic center. In the

high resolution x-ray structure, only three water molecules

located near the catalytic site are visible (15,19). The water

molecules present at the interface of the two subunits and in

the channel significantly contribute to the ab heterodimer

formation (19). The water molecule (or a hydroxide ion) was

proposed to participate in the catalytic reaction (14,19–21).

Whether the catalytic water molecule is directly bound to the

metal is still a matter of debate (5–7).

The crystal structure of Fe-typeNHase fromRhodococcus sp.
R312 (2.65 Å), first solved byHuang et al. (14), revealed a novel

iron center with a structure of the ligand field composed of three

sulfur atoms from cysteine residues (aCys-109, aCys-112, and
aCys-114) and two amino nitrogen atoms from the protein

backbone (aSer-113 and aCys-114). The next, x-ray structure

(1.7 Å) has been resolved for NHase from Rhodococcus sp.
N-771 by Nagashima et al. (15). These data, combined with the

results of Fourier-transform ion cyclotron resonance mass spec-

trometry (FT-ICR MS) and high performance liquid chroma-

tography (22), indicated that two coordinating cysteine residues

are posttranslationally oxidized to the cysteine sulfenic and

doi: 10.1529/biophysj.107.116665

Submitted July 23, 2007, and accepted for publication December 31, 2007.

Address reprint requests to Wieslaw Nowak, E-mail: wiesiek@fizyka.umk.

pl; web site: http://www.phys.uni.torun.pl/;wiesiek.

Editor: Steven D. Schwartz.

� 2008 by the Biophysical Society

0006-3495/08/05/3824/15 $2.00

3824 Biophysical Journal Volume 94 May 2008 3824–3838



cysteine sulfinic acids, aCys-114-SOH (aCEA114) and

aCys-112-SO2H (aCSD112), respectively. It has been shown
that aCys-112 and aCys-114 are oxidized by atmospheric

oxygen and that this posttranslationalmodification is essential

for the catalytic activity of NHase (23). Furthermore, the

oxygen atoms from aCys-112, aSer-113, and aCys-114
protrude from the plane containing the iron atom by 1.5 Å and

form the oxygen claw setting (15). The structural function of

this strange arrangements of atoms (Fig. 2) is still elusive. By

the end of 2007, 16 x-ray structures of Fe andCo-typeNHases

had been solved (6,14–18).

There are a few proteins containing posttranslationally oxi-

dized cysteines in the active site, such as reduced nicotinamide

adenine dinucleotide peroxidase (24–26), peroxiredoxins

(27–31), protein tyrosine phosphatase 1B (32), malate syn-

thase (33), and cysteine sulfinic acid decarboxylase (34,35);

but only NHases possess both Cys-SOH and Cys-SO2H in

the catalytic center. The biological role of such modifications

is not explained yet. Both the inactive Fe-type NHase (12,21)

and light active NHase (9,36) are in the low spin ferric state.

In the active site of Co-type NHase, a low spin Co(III) ion is

present (37,38).

Although several mimetic systems of the NHase active site

have been investigated (39–45) and some theoretical models

have been studied (13,46–55), the mechanism of hydration is

unknown. The most often discussed are three alternative

mechanisms proposed by Huang et al. (14). The metal acts as

a Lewis acid in all these hypotheses. In the first mechanism

(M1), a nitrile is directly coordinated to the metal. In the next

step, a nucleophilic attack of water on the nitrile carbon oc-

curs. In the other mechanisms (M2 and M3), it is postulated

that a hydroxide ion is bound to the metal and then OH�

either attacks the nitrile carbon (M2) or activates some in-

termediate water, which in turn attacks the nitrile (M3). The

distributions of waters in the NHase active site are important

and so far have not been studied using dynamical methods.

Static information on available water positions may be ob-

tained from the recent nitrile/amide docking calculations

performed by Peplowski et al. (56).

The second poorly understood phenomenon is the photo-

sensitivity of the Fe-type NHase. This question was previously

investigated by Nowak et al. (13) using Density Functional

Theory (DFT) method, but only a comparison of the DFT-

optimized structures of 5- and 6-coordinated NHase active site

modelswas presented. Substantial structural changes uponNO

ligand binding to the iron center (‘‘inverted doming’’) may

indicate that some mechanical signals are sent upon NO

photodissociation. The photoactivation of NO-NHase requires

that the blocking NO ligand leave the active site pocket. No

NO transport routes in this enzyme interior have been de-

scribed so far.

Here, for the first time, to our knowledge, classical mo-

lecular dynamics (MD) simulations for models of light-active

(5-coordinated, L) and dark-inactive (6-coordinated, D) Fe-
type NHase are presented. This is the first example, to our

knowledge, of simulations for proteins containing such oxi-

dized cysteines. Moreover, the locally enhanced sampling

(LES) method (57) is used to determine NO diffusion paths

in NHase. Since the protonation states of aCSD112 and

aCEA114 residues seem to be crucial for the catalytic

mechanism and NHase photosensitivity (13,48,56,58,59), we

prepared classical trajectories for fully protonated (LH2,
DH2) and doubly deprotonated (L, D) active site models.

In the doubly deprotonated model (i.e., L or D), hydrogen
atoms from both aCSD112 and aCEA114 side chains were

dissociated.

The results here help in the understanding of the dynamical

features of NHase and set some constrains on possible catalytic

mechanisms, suggesting that awatermolecule is directly bound

to the iron ion. The dynamics of the active site channel, NO

diffusion paths, and water molecules positions are key com-

ponents in the functioning of this important industrial enzyme.

METHODS

The MD models of NHase active site

The novel models of NHase were constructed in the following way. The

crystal structure of an inactive form isolated from Rhodococcus sp. N-771

FIGURE 1 Reaction catalyzed by NHase.

FIGURE 2 Structure of the BFE residue. Dissociating hydrogen atoms are

indicated by arrows; residues forming the active site model are labeled.
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(2AHJ) (15) was obtained from the Protein Data Bank (60). All minimiza-

tions, heatings, equilibrations, and dynamics runs were performed using the

MOIL package (61). The MOIL force field, constructed as a hybrid of

CHARMM, AMBER, and OPLS force fields, is well suited for protein

simulations (62–64). The results were analyzed using MOIL-View (ver. 9.0)

(65) software and the VMD code (ver. 1.8.3) (66). The active site of NHase

(Fig. 2) contains four residues:aCys-109,aCSD112 (Cys-SO2H),aSer-113,

and aCEA114 (Cys-SOH). The central ion, Fe(III), is coordinated by the

sulfur atoms of aCys-109, aCSD112, and aCEA114 and by the amide ni-

trogens of aSer-113 and aCEA114. The sixth coordinating position is oc-

cupied by NO, when present (forms D, DH2). To perform MD simulations a

new, nonstandard ‘‘residue’’ called BFE was prepared as this active site

model (Fig. 2). This fragment represents an extended environment of the Fe-

type active site of NHase, so our model ‘‘BFE residue’’ additionally contains

aVal-108, aSer-110, aLeu-111, and aThr-115.

It was necessary to add 68 new atom types to the standard MOIL force

field (61). We used all the relevant properties of those atoms, e.g., masses,

charges, and van der Waals parameters. To construct from them the BFE

residue, the parameters for 76 bond lengths, 114 bond angles, 85 torsions,

and 32 improper torsions were defined. The masses and van der Waals pa-

rameters of the atoms were the same as used in the MOIL force field. The

atomic charges of aVal-108, aSer-110, aLeu-111, and aThr-115 were also

standard. The geometry and charges of aCys-109, aCSD112, aSer-113, and

aCEA114 residues were obtained from published (13) and additional DFT

calculations performed at the level of B3LYP/6-31G(d,p) theory. Two cases

were studied: fully protonated (LH2, DH2) and double-deprotonated (L, D)
active site models. Deprotonation was realized by deleting hydrogen atoms

from each of the CSD and CEA side chains. Detailed results of DFT/B3LYP/

6-31G(d,p) calculations will be presented elsewhere. The DFT charges on the

OH side group of aSer-113 were, however, lowered by 40% in the BFE

model. This approach allowed us to reproduce the geometry of the active site

observed in the crystal structure (15). The structure of the newly created BFE

residue is shown in Fig. 2, and MOIL parameters for BFE are available in the

Supplementary Material (Fig. S0 in Data S1).

The locally enhanced sampling method

The LES method developed by Elber and Karplus (57,67) is based on the

assumption that the phase-space density of the molecular system can be

written as a product of two parts:

rðP;Q; tÞ ¼ rSðPS;QB; tÞrBðPB;QB; tÞ; (1)

where rS is the density of a small subsystem (NO ligands) and rB is the

density of the big subsystem (NHase protein).R¼ (P,Q) denotes the location

of the system in the phase space of momenta P and space coordinatesQ. It is

also assumed that the probability density of the protein can be written as

rBðPB;QB; tÞ ¼ dðPB � P0BðtÞ;QB � Q0BðtÞÞ; (2)

and the enhanced subsystem’s density (N copies of NO ligand) can be written

as

rSðPS;QS; tÞ ¼ +
N

k¼1

wkdðPS � P0SðtÞ;QS � Q0SðtÞÞ; (3)

where w is a weight function (here 1/N), and a complete set of Dirac d

functions is used for the expansion of densities. From these assumptions the

equations describing motions of the protein and the copied system defined by

Hamiltonian H are derived (67):

@Q0Sk

@t
¼ @HðP0Sk;Q0Sk;P0B;Q0BÞ

@P0Sk

@P0Sk

@t
¼ �@HðP0Sk;Q0Sk;P0B;Q0BÞ

@Q0Sk

(4)

@Q0B

@t
¼ +

N

k¼1

wk

@HðP0Sk;Q0Sk;P0B;Q0BÞ
@P0B

@P0B

@t
¼ � +

N

k¼1

wk

@HðP0Sk;Q0Sk;P0B;Q0BÞ
@Q0B

: (5)

The LES method as formulated in Elber and Karplus (57) has some

drawbacks (68–72), i.e., temperatures of copies of the ligand may have

been too high. However, we do not consider this a real problem in our study,

since no thermodynamic quantities are calculated and a ligand heating in

exploratory studies of conformational subspaces of proteins is an accepted

technique (73,74). In our LES simulations a careful thermalization by

velocity scaling was always assured.

The MD protocol

Hydrogen atoms were added using the puthmodule of MOIL (61). Then the

protein was inserted into a 58 Å 3 65 Å 3 58 Å water box. All water

molecules (.200) found in the x-ray structure were retained. The systemwas

subjected to 10 ps water equilibration at 300 K (the protein was frozen) and

then 3000 steps of minimization by the Powell method (75). Subsequently,

the heating (10–300 K) step was carried out over 20 ps, followed by an

equilibration at 300 K for 80 ps. Data were collected each 100 steps

throughout the 1.0 ns period of the dynamics simulation. The temperature

was held constant at 300 K by velocity scaling, and periodic boundary

conditions were used. Cutoff distances for electrostatic and van der Waals

interactions were 12 Å and 9 Å, respectively. To increase the time step to 1 fs,

all bonds in the protein and all bonds and angles in water molecules were kept

fixed by the SHAKE protocol (61). Since the solvent was explicitly intro-

duced in the model, the dielectric constant was equal to one. In all 1 ns LES

simulations, five copies of NO were employed.

RESULTS AND DISCUSSION

NHase stability

All calculations were performed for four models of NHase: a

light-active fully protonated (LH2), a doubly deprotonated

form (L), and the same two protonation states for the dark-

inactive protein (DH2, D). First, the quality of our newly

parametrized model of the active site (residue BFE) was

checked. The root mean-square (RMS) deviation values be-

tween the crystal and minimized structures for the four

models of NHase are listed in Table 1. The small RMS dis-

tances suggest that the protein structure is well preserved.

However, the RMS value calculated for the residue BFE

alone seems to be rather high. This number reflects a slightly

modified orientation of aSer-113 side chain in the BFE

model with respect to the conformation observed in the 2AHJ

crystal. The Og atom forming the oxygen claw setting moves

outward by ;1.5 Å, since it is stabilized by the hydrogen

bond with the aThr-115 (data not shown). The presence of

new hydrogen bonds, especially in the active site, indicates

that aSer-113 may easily switch its orientation. Besides that,

a small shift of iron ion of 0.2–0.3 Å toward the oxygen claw

setting in all studied models is observed.

In all trajectories, the RMS plots level off after the initial

phase of conformational changes; the protein does not lose its

structure in the course of simulations. In the case of L and

LH2 forms, the average RMS values in the 1 ns trajectory are
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noticeable smaller than are those for D and DH2 NHases

(Fig. 3, and Fig. S1 in Data S1). Computer graphics analysis

showed that the considerable contribution to the RMS dis-

tance comes from the relative motion of NHase subunits, the

movement of the long N-terminal arm of the b-subunit, and
conformational changes in the bPro-102–bVal-125 loop re-

gion. The mobility of this loop is fully understandable due to

its position on the protein surface and is visible in the cal-

culated fluctuations (see below). It is worth noting that the

RMS distance calculated for the complete BFE residue in the

L model is the lowest (Fig. 3, and Fig. S1 in Data S1) and

equals 0.7 Å, so perhaps this is the preferred form of the

enzyme.

Analysis of fluctuations

Time average fluctuations of atoms belonging to the same

residue were calculated from the formula

fluck ¼ +
N

i¼1

ðr~i
k � Ær~i

kæTÞ2; (6)

where r~i
k is the position of atom i in residue k and Ær~ikæT is the

time-averaged position.

Large values of fluctuations correspond to flexible regions

of the enzyme. The data calculated for the protein backbone

in the 1 ns MOIL trajectories for the L, D and LH2, DH2
models of NHase are presented in Fig. 4 and Fig. S2 in Data

S1, respectively. The analysis of fluctuations contributes to

the understanding of NHase architecture andmay be linked to

its catalytic function.

It is observed that the NO inactivation of the protonated

enzyme model (i.e., a transition from LH2 to DH2) leads to
increased fluctuations (red line). The average fluctuations of
LH2 and DH2 enzymes are ;0.611 Å2 and 0.855 Å2, re-

spectively. The most flexible regions in the inactive DH2
enzyme form are aGlu-48, a region from aAla-176 to aSer-
182, bMet-69, bPhe-28, and a fragment bAsp-93–bPro-102;
but in the LH2 active NHase model only bVal-16 and bAsp-
23 exhibit large fluctuations. The relatively high flexibility of

the residues bVal-16, bAsp-23, and bPhe-28 is related to

their location in the N-terminal arm of the b-subunit, rather
than to some special functional role. Residues aAsp-37 and

aGlu-48 belong to short helices H1 and H2, respectively.

Fluctuations of;1.8 Å2 are probably affected by the absence

of the first 13 residues in the model.

Significant fluctuations are observed in the loop region

aPro-173–aSer-182: the difference between LH2 (black
line) and DH2 (red line) of ;1 Å2 is probably not related to

NO dissociation since this loop is far away from the catalytic

center. Further differences between fluctuations of the LH2
andDH2models are in the bMet-69 and bAsp-93–bPro-102
regions. bMet-69 is located in the short loop connecting two

surface helices, H3 and H4. These helices surround the

channel entry, and their mobility probably reflects the relative

subunit motions. Such motions were noticeably larger in the

case of the DH2 form of the enzyme (Fig. 3, and Fig. S2 in

Data S1).

The side chain of aTyr-132 is located close to aVal-108,
i.e., the first amino acid forming the BFE residue. In the LH2

TABLE 1 RMS values (in angstroms) between crystal and

minimized structures of four models of NHase active site

Protonated models Deprotonated models

Selection LH2 DH2 L D

Whole protein 0.39 0.38 0.43 0.42

Backbone only 0.26 0.26 0.30 0.30

Residue BFE 0.60 0.64 0.64 0.64

FIGURE 3 RMS distances in the 1 ns trajectories ob-

tained for L (a) and LH2 (b) models. Minimized structures

were taken as the reference. The RMS distance for the

protein backbone (black line) and the complete BFE residue

(shaded line) are shown.
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form the fluctuations of aTyr-132 are 0.897 Å2, and in DH2
fluctuations are only 0.303 Å2. The distance between aVal-
108 and aTyr-132 side chains in DH2 is ;4 Å and remains

constant during the 1 ns trajectory. In contrast, in the case of

the LH2 enzyme that distance varies from 5 Å to 10 Å. Such

an effect could be induced by changes in the active site ar-

rangement after the NO photodissociation.

Except for the H1 and H2 helices, the secondary structure

elements are very well conserved. Generally, the fluctuations

in the regions of a-helices and b-sheets of LH2 andDH2 are
;0.2–0.3 Å2. An examination of the catalytically important

residues, bArg-56 and bArg-141 (76), shows that their po-

sitions are quite stable (fluctuations vary from 0.2 Å2 to 0.4

Å2). Also the fluctuations of the BFE residue were quite small

in both protonated models.

A similar analysis was performed for deprotonated L and

D models (Fig. 4). Average fluctuations of the protein

backbone were smaller than those in the protonated models:

for L they were equal to 0.472 Å2 and for D, 0.552 Å2. The

largest differences in the L and D flexibility were observed

for the Asp-37, aLys-45, aArg-70, aTyr-84, bPro-26, bGly-
113, bArg-171–bAla-174, and bGly-191 residues. In the

regions of rather high fluctuations—aSer-153, aGly-177–
aGly-180, aVal-203, bVal-10–bHis-18, and bLeu-95–
bAla-99—the values calculated for L and D forms were

similar. Such large values were expected: residues aSer-153
and aGly-177–aGly-180 are located in loops, aVal-203 caps
the sequence of the a-subunit, and bVal-10–bHis-18 belong
to the long bN-terminal arm. Amino acids bLeu-95–bAla-99
form the flexible helix H5. Again, also in deprotonated

models, crucial arginine residues (76) are very rigid: their

fluctuations are in the range of 0.13–0.26 Å2.

In general, fluctuations are not much affected by the pro-

tonation state of oxidized cysteines from the active site. Both

forms have fluctuations that are well correlated with experi-

mental temperature B-factors measured for inactive form

2AHJ (green line in Fig. 4, and Fig. S2 in Data S1). However,
the deprotonated model exhibits better correlations with ex-

perimental data shown in Fig. 4; so perhaps a deprotonated

active site, as discussed in our earlier work (13), is present in

the crystal (58).

Channels leading to the active sites in proteins are either

‘‘tailor made’’ or have rather random architectures and/or

composition (77). The channel in Fe-NHase, lying at the

interface between a- and b-subunits, is composed of 12

amino acids: aGln-90, aGlu-92, aTrp-117, aGlu-165,
aArg-167, bMet-40, bPhe-41, bVal-44, bVal-52, bArg-56,
bArg-141, (14,15), and bTyr-76. It is rather narrow, is ;12

Å long, and is located approximately along the axis perpen-

dicular to the aCSD112, aCEA114, aSer-113 and Fe plane.

It is rather hydrophilic: only 4 (out of 11) channel residues are

hydrophobic. We have noticed that the channel structure is

more rigid than the other fragments of NHase. The average

fluctuations calculated for the channel residues are 52%,

66%, 39%, and 51% of the average fluctuations calculated for

the LH2, DH2, L, and D forms, respectively. This obser-

vation indicates that the NHase channel architecture is pro-

tected. The rigidity comes mainly from the b-subunit, in
which over 80% of amino acids forming channels are in

a-helices (bH1, bH2). In the protonated forms, fluctuations

of the channel residues are noticeably higher than in the

deprotonated ones. We hypothesize that the lack of

H-bonds—aCEA114-bArg-56/bArg-141 and aCSD112-
bArg-141—increases flexibility of the ab-subunit interface,
which manifests itself in larger fluctuations of LH2 andDH2
forms in the channel region.

Fluctuations show that the presence (or absence) of an NO

molecule in the studied system doesn’t significantly affect the

FIGURE 4 Average fluctuations in 1 ns tra-

jectories calculated for deprotonated (L and D)
models of the NHase active site. Values ob-

tained for L are indicated in black and for the D
form in red. The stand out and the crucial

residues are labeled BFE; bArg-56 and bArg-

141 residues are indicated by arrows. B-factor

calculated from the crystal structure is indicated

in green.
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dynamics of residues forming the channel. However, the

modeling of NO dissociation slightly affects the structure of

the BFE residue embedded in NHase. The conformation

change upon the NO photodissociation is shown in Fig. 5.

Low fluctuations of newly built, large residue BFE suggest

that our selection of MOIL force field parameters was rea-

sonable.

Functional hydrogen bonds

In the crystal structure of inactive NHase, several function-

ally important hydrogen bonds were observed in the catalytic

center (14,15,76,78). We were able to identify the same in-

teractions in our models and to check their role in the enzyme

dynamics. It was found that the presence of these interactions

depends on the protonation state of the NHase active site. For

theLH2 andDH2models, the oxygen atoms from aCSD112
and aCEA114 side chains did not participate in the hydro-

gen-bond interactions with either bArg-56 or bArg-141.
However, in the 1 ns trajectory of the L form, the hydrogen

bonds—Od (aCEA114)–bArg-56 and Od1 (aCSD112)–
bArg-141—were extremely stable (Fig. 6). These bonds

were not affected by the NO binding in theD form (Fig. S3 in

Data S1). Moreover, in the D model of NHase another very

stable hydrogen bond was identified: Od2 (aCSD112)–
bArg-141 (Fig. S3 in Data S1). Thus, our data confirm that a

reconstruction of experimentally observed spatial arrange-

ment of hydrogen-bond forming atoms (14,15,76) in the

NHase active site is possible for the deprotonated forms. We

expect that during catalysis both, or at least one (58),

aCSD112 and/or aCEA114 oxygen atoms are deprotonated.

It is worth noting that the observed donor-acceptor dis-

tance in the hydrogen bond is somewhat larger than a typical

value. This is a feature of the MOIL force field. Hydrogen-

bond distances and angles typical for theMOIL force field are

summarized in Table 2.

Since oxygen atoms Og (aSer-113), Od1 (aCSD112), and
Od (aCEA114) form the oxygen claw setting (12,15), their

geometries were monitored. In all trajectories, the distance

between oxygen atoms Od1 (aCSD112) and Od (aCEA114)
oscillated between 3.5–4.5 Å and was quite close to the

distance of 3.4 Å measured in the crystal structure (15).

However, the distances Od1–Og and Od–Og were ;2–3 Å

longer than in the crystal (data not shown). This is connected

with aSer-113 side-chain conformation change. This side

chain deviates from its crystal orientation relative to the

equatorial plane of the iron ion and is stabilized by a hy-

drogen bond with aThr-115.

NO dynamics

Tracing small ligands that travel inside a protein matrix

provides data on transient cavities (57,79–81). The LES

technique, despite some of its drawbacks (68–72), is partic-

ularly practical for this type of study, since energy barriers are

lowered due to an approximate character of the Hamiltonian

of the system under study. For LH2 and L models, the dif-

fusion of photodissociated NO within the NHase interior was

monitored using a standard MD protocol (1 ns) and the LES

approach with five copies of NO ligand (LES5). To some

extent the NO molecule may be regarded as a very simplified

model of NHase’s natural ligand (acrylonitrile).

We observe that on a relatively short timescale of 5 ns (1 ns3
5 LES copies) the NO molecule can penetrate the active site

cavity and the main NHase channel, but it does not leave the

protein interior, except for one copy in the LES5 simulation

(Fig. 7 a). In standard MD the sampling is more limited (Fig.

7 b). Despite the fact that the NO molecule is small, only one

major diffusion path in the NHase interior was observed in

our simulations.

In the initial phase, the qualitative picture of NO diffusion

depends on the protonation state of the active site model. As

shown in Fig. 8, the Fe-NO distance is larger in the LH2 than
in the L model. In the LH2 trajectory after 500 ps, the NO

molecule moves from the close vicinity of the active center to

a transient docking site in the region of aGln-90, bMet-40,

bVal-52, and bTyr-76 (Fig. 8 a). In the Lmodel NO remains

close almost the whole time to aTrp-117, bTyr-37, bMet-40,

and bTyr-76, ;7 Å from the iron ion (Fig. 8 b).
It was postulated that the oxygen atoms from the oxygen

claw setting (aCSD112, aSer-113, aCEA114) stabilizes the
NO molecule in the inactive NHase form and probably plays

an important role in the catalytic reaction (12,13,58,59). In

our MD simulations, in both L and LH2 models, the NO

molecule leaves this pocket very easily. We do not observe

any particular stabilization by the oxygen atoms. X-ray data

suggested that positions of oxygen atoms from the post-

translationally modified cysteines are stabilized by hydrogen

FIGURE 5 Changes in the catalytic center structure (deprotonated model)

upon the NO photodissociation. The overlaid L and D models are indicated

by red and blue, respectively. The NO molecule is not shown. The iron ion

displacement is 1.48 Å, the Od (aCEA114) is 1.78 Å, the Od1 atom

(aCSD112) is 1.06 Å, the Od2 atom (aCSD112) is 0.95 Å, and the sulfur

atom from aCys-109 residue is 1.69 Å.
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bonds with bArg-56 and bArg-141 (14,15). Such H-bonds

are also observed in our L and D trajectories.

The analysis of NO-protein atom collisions identifies the

residues which may strongly affect ligand diffusion in NHase.

If the distance measured between the nitrogen atom of NO

molecule and any atom of the protein was smaller than 2.5 Å,

the event was classified as a collision. Results are presented

in Fig. 9 and Fig. S4 in Data S1. The strongest influence on

NO mobility in the L model is from aGln-90, bTyr-37,

bArg-56, and bTyr-76 and in the LH2 model aGln-90,

aTrp-117, bTyr-72, and bTyr-76 (Fig. S4, a and b, in

Data S1). The same qualitative results were obtained for

LES5 trajectories (Fig. 9). The listed residues form the

channel (aGln-90, aTrp-117) or stabilize the channel (bTyr-

37, bTyr-72) (19) or the active site (bArg-56) (14,76). It is

worth noting that in all studied models the collision counts

with bTyr-76 were the highest (except for some water mol-

ecules). This observation points to the bTyr-76 residue as a

probable steric determinant of NHase catalytic activity. Very

FIGURE 6 Hydrogen-bond interactions observed

during 1 ns trajectories for the L NHase model: (a)

aCEA114 (Od): bArg-56 (NH), and (b) aCSD112
(Od1): bArg-141 (NH). Distances hydrogen: ac-

ceptor (black), donor: acceptor (gray), and angles

are shown.

TABLE 2 Average distances (angstroms) and bond angles

(degrees) of the a-helices’ and b-sheets’ hydrogen bonds in the

MOIL force field observed during the 1 ns trajectories for NHase

Parameter

Distance

H-acceptor

Distance

donor-acceptor

Angle

donor-H-acceptor

Literature (75) 1.80 2.7–3.1 180

Structure

a-helix 1.97 2.91 156

b-sheet 1.97 2.87 160

Total 1.97 2.89 158
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FIGURE 7 Trace of NO molecule in the NHase matrix for the L/LES5 model (a) and the LH2 model (b). Subunit a is indicated by cyan, subunit b by

orange, residues from a- and b-subunit forming the channel walls are shown as blue and red CPK (Corey, Pauling, and Koltun atom representation),

respectively. They are also labeled, as well as the N- and C-terminal ends of subunits. Iron ion is indicated by purple van der Waals sphere, active site as CPK

colored by atom type (carbon atoms are cyan, nitrogen are blue, oxygen are red, hydrogen are white, and sulfur are yellow).
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recently Mitra and Holtz (5) pointed out that the motif

YYE(H/K)(W/Y) is strictly conserved among all known Co-

NHases. In this region (b72–b76, in 2AHJ numbering) a sim-

ilar motif YYERY for Fe-NHase is observed. Our bTyr-76
residue corresponds to the bTrp-72, a member of the aSer-
112-bTyr-68-bTrp-72 catalytic triad postulated by these au-

thors (5). This problem is investigated in our research group.

The noticeable collision count of bArg-56 indicates that

this residue, known to be critical for the catalytic activity of

NHase (76), may play a role in the proper orientation of the

substrate. In pH conditions typical for the catalysis, the side

chain of this residue is protonated (53). The nitrile has a

strongly polarized �C[N group, and its negative end prob-

ably interacts with the NH1
3 group from bArg-56. Thus the

nitrile substrate is oriented exactly above the Fe-OH catalytic

unit.

Collision histograms, presented in Fig. 9, and Fig. S4 in

Data S1, clearly show that NO mainly contacts water mole-

cules that are present in the channel. The most frequent

collisions occur with ‘‘crystallographic’’ waters: for model

L, TIP409-3000, for model LH2, TIP402-1200. Since in

LES5 simulations NO travels closer to the bulk solvent,

collisions with TIP3392 dominate in the L/LES5 model

(1100); but for the LH2/LES5 system again collisions with a

crystallographic water molecule, TIP473, dominate (4000).

Water dynamics and catalytic mechanism

The mechanism of catalytic activity of NHases is not known

yet (5–7). There is consensus that the hydration reaction

occurs near the metal ion center. The main difference in

various hypothetical schemes is the location of the nitrile

ligand (11). Some authors claim (5,9,44,82) that the nitrile is

directly bound to the metal ion (M1) during catalysis,

whereas others (6,20,51) assume that the substrate is rather

localized above the oxygen claw setting and water is coor-

dinated to the metal (M2, M3).

Spectroscopic data suggest that the sixth ligand in the free

enzyme is either water (2,3,9,83) or hydroxide ion (20).

There are experimental arguments that the sulfur coordina-

tion modulates the acidity of the metal-bound water and that

perhaps metal-bound hydroxide is responsible for the hy-

FIGURE 8 Distance between NO ligand and the center

of the NHase active site observed in 1 ns trajectory for LH2
(a) and L (b) models. Capitals indicate A, space up of active

site; B, space surrounded by aGln-90, bMet-40, bVal-52,

bVal-55, and bTyr-76; C, entrance from the channel; and

D, space surrounded by aTrp-117, bTyr-37, bMet-40, and

bTyr-76.
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dration of nitriles (51,84,85). The alternative mechanism, in

which nitriles coordinate to the metal by replacing water and

subsequently are hydrolyzed, is not supported by studies of

mimetic systems for the Co-NHase active site (51). Recent

Fe-NHase (Rhodococcus erythropolisAJ270) x-ray structure
indicates that a water molecule occupies the sixth ligand

position even when the nitrile molecule is present (6).

On the other hand, studies on the synthetic Fe-NHase

mimetic systems indicate that nitriles can reversibly bind to

iron (44). This work lends validity to the proposed mecha-

nismM1 in which the nitrile C[N bond activation occurs via

a coordinated Fe-NCR complex, since ligand exchange in a

system resembling that of NHase is rapid (44).

Piersma et al. (76) have shown that the bArg-56Lys mu-

tant has only 1% of catalytic activity of the native enzyme

and bArg-56Glu and bArg-56Tyr variants are not active at

all. The side chain of bArg-56 forms hydrogen bonds with

aCEA114 (Fig. 10). In aGln-90Glu and aGln-90Asn mu-

tants of Fe-NHase, kcat, the kinetic constants, decreased to

24% and 5% of its wild-type value, respectively (78). These

effects have been linked to the reorganization of the hydro-

gen-bond network involving water molecules (78). Based on

mutational studies, Miyanaga et al. suggested that bTyr-68 of
Co-NHase (corresponding to bTyr-72 of Fe-NHase) is pro-

bably involved in the stabilization of the imidate intermediate

(18). The same Co-NHase from Pseudonocardia Thermo-

FIGURE 9 Histogram of the NO molecule

collisions during the 1 ns trajectory obtained for

LES trajectories for L (a) and LH2 (b) form

NHase active site models.
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philia JCM3095 was studied kinetically by Mitra and Holtz

(5), who proposed that aSer-112-bTyr-68-bTrp-72 form the

catalytic triad in that enzyme. In Fe-NHases the same roles

might be played by aSer-113-bTyr-72-bTyr-76 residues.

Interestingly in the Monte Carlo conformational study of

acrylonitrile located in the Fe-NHase active site, Desai and

Zimmer (82) found that bTyr-76 is one of the residues having
the closest contacts with the nitrile.

Quantum-chemical studies have provided only limited in-

formation on a possible mechanism of the NHase catalytic

activity (7,13,46,49,50,53,55). The most recent DFT/B3LYP

calculations demonstrated that a simple coordination of the

nitrile to the iron center does not sufficiently activate the ligand

toward a nucleophilic attack of water (7). The low spin Fe31

iron center is weak Lewis acid. The activation of water by the

deprotonated aCEA114 residue leads to the first-shell mech-

anism with the energy barrier of 20.2 kcal/mol (7), which is

still above experimental estimates of 13–15 kcal/mol (18,78).

The role of water in the catalytic mechanism is widely

discussed (5,6,14,20,44,47,58,78). There is evidence that a

fewwater molecules are present in the closest neighborhood of

the active center (9,19,58). However, only static locations of

hydrogen-bonded water molecules have been considered so

far. We have investigated water dynamics in the NHase active

and inactive form interiors. All water molecule-Fe31 distances

were monitored and analyzed. Our results suggest that water

molecules can easily get into the active site from the bulk

solvent. For example, out of 20–25 water molecules present in

the NHase channel or active site cavity, some 6–7 molecules

snaked in from the bulk during 1 ns of MD. We also observed

multiple water molecule exchanges in the main channel. In

general, our observations that the water molecules easily pen-

etrate the NHase channel and fill the space located close to the

metal ion are in agreement with the composition of this region:

out of 11 amino acids 5 are charged, i.e., strongly hydrophilic.

Internal water molecules seem to be organized in several

‘‘layers’’ (inset in Fig. 10). In the active NHase modelsL and

LH2, the sixth coordination position is occupied most of the

time by a water molecule which had arrived from the exterior.

In the range of 6 Å from the Fe31 ion ;10 water molecules

are located. Usually 1–2 water molecules are easily ex-

changeable. Other water molecules stabilize aCys-109,
aLeu-111 (hydrogen bonds to amide nitrogen atoms),

aCEA114, or aThr-115 residues (hydrogen bonds to car-

bonyl oxygen atoms). The hydrogen-bond network is closely

related to that described by Takarada (78). Near bTyr-76, a
cluster of three water molecules was observed in all trajec-

tories (Fig. 10). These water molecules are quite labile and

probably define a path for the water to reach the active site.

Searching for a water molecule which might attack a nitrile

substrate and/or exchange positions with the catalytic water,

we analyzed NO-water collision counts (Fig. 9 and Fig. S4 in

Data S1). In this analysis, we assumed that the NO molecule

is a crude model of the nitrile. In our standard MD trajecto-

ries, water TIP402 (no. 195 in 2AHJ), located close to aGln-
90, participates in over 50% of NO-water collisions in LH2
and is the probable candidate for the hydration water. In

LES5 trajectories this molecule also has a high collisions

count (Fig. 9). The other candidate is water TIP408, which is

located mainly in the central part of the oxygen claw setting,

5–6 Å away from Fe31 or bound to bTyr-76 and bTyr-72.
The maxima in collision counts observed in Fig. 9 a

FIGURE 10 Water shell in the L
model of the NHase active site. The

iron ion is indicated by the purple van

der Waals sphere; the active site and the

most important residues (labeled) are

shown as CPKs colored by atom type.

Six water molecules creating the first

water shell are also shown as CPKs; and

two water molecules that are candidates

for reactant waters (Tip408 and Tip409)

are shown as van der Waals spheres and

labeled. The aGln-90 residue is located

above aThr-115. Distributions of water

oxygen-Fe distances are shown in the in-

set. The purple box corresponds to chan-

nel waters.
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(TIP3302) and Fig. 9 b (TIP473) correspond to water mole-

cules coordinated directly to the Fe31 ion. We found that in

the absence of a substrate the catalytic water belongs to the

first water shell (mechanism M2).

Candidates for catalytically important waters are shown in

Fig. 10. It is worth noting that the TIP409 water, located in

the second ‘‘layer’’ of waters, is quite localized due to steric

interactions with bMet-40 and bTyr-76. One can see from

Fig. 9 a that such a molecule blocks an exit of NO from the

cavity and has a good chance to react with an activated nitrile,

if the nitrile was bound directly to the Fe center (step 1 in

mechanism M1 proposed in Huang et al. (14)). On the other

hand, the position of water TIP408 (Fig. 10) suggests that this

molecule may participate in a nucleophilic attack on the ni-

trile activated by the Fe-bound hydroxide ion (M2) or

smoothly replace any hydroxide ion bound to the Fe ion (a

step required in mechanisms M2 and M3 (14)).

Interestingly, in the LH2 model a NO-water exchange

phenomenon was observed. At 448 ps one of the water

molecules moved toward the iron ion from;6 Å to;2 Å. At

the same moment the NO molecule left the closest neigh-

borhood of the iron ion (Fig. 11). This exchange suggests that

the endogenous NO molecule bound to the iron in the inac-

tive form of NHase may easily photodissociate, thus acti-

vating the enzyme (12). There are no mechanical obstacles

preventing such reactions.

Preliminary amide/nitrile docking studies have provided

support for the mechanism M2, in which metal activated

water (or hydroxide ion) performs a direct attack on the nitrile

carbon (56). Our data on the water dynamics further support

this hypothesis. However, the presence of an imidate inter-

mediate is suggested by recent quantum chemical DFT cal-

culations of reaction paths (7,86).

CONCLUSIONS

NHases from Rhodococuss sp. and related bacteria are key

‘‘workhorses’’ in the green production of amides. Once their

catalytic activity is fully understood, NHases may be geneti-

cally tuned for safe and cheap production of other useful

chemicals. The parametrization of the Fe-NHase active site for

theMOIL force field (61) has been developed, which made the

FIGURE 11 Exchange of the water and NOmolecules in the 1 ns trajectory calculated for light-active NHase with the protonated active site. (a) The distance
Fe-N (NO) (black) and the Fe-water molecule (gray). (b) Arrangement of the NO and water molecule (in respect to the iron ion) before exchange (446.8 ps) and

(c) after exchange (448 ps).
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MD studies of a new group of enzymes possible. Moreover,

for the first time, to our knowledge, MD parameters for post-

translationally oxidized cysteines have been proposed. Such

residues have been discovered recently (24–35) in many en-

zymes, so the new parameters open the way for their modeling.

The MD simulation of an active NHase (L form) and NO

inactivated (D form) with a deprotonated active site provided

insights into the characteristics of the NHase catalytic center,

the main channel stability, the NO diffusion process, and

water dynamics. The effects of protonation states of CSD and

CEA residues on NHase dynamics were studied. In the pro-

tonated forms, fluctuations of the channel residues are higher

than in the deprotonated ones. The lack of H-bonds

aCEA114-bArg-56/bArg-141 and aCSD112-bArg-141 in

LH2 and DH2 increases flexibility of the ab-subunit inter-
face. Analysis of fluctuations (1 ns trajectories) shows that

the main ligand’s entry/exit channel is stiffer than the average

regions of NHase. Calculated fluctuations correlate well with

the experimental temperature B factors, supporting the good

quality of our model.

The photodissociated NO, according to 1 ns simulations

with the LES method, shows that only one way outside is

possible through the main channel. The NO collisions count

analysis indicated residues bTyr-76 and bArg-56 as possible
steric factors in nitrile/amide diffusion. The oxygen claw

setting (14) does not stabilize free NO, but its structure is

affected by the propensity of aSer-113 for H-bond formation

with aThr-115. If it is not an artifact, this effect should be

further studied. The kinetics of NO photodissociation is

currently being investigated within the Landau-Zener model

(87,88) using the newly developed parameters.

MD simulations show that both in the channel and in

proximity to the active site there are two water layers. We

found that the exchange of water positions is easy. On a 1 ns

timescale, even exchange of water with NO trapped in an

oxygen claw setting is possible. The water flow is particularly

intensive in the region of bTyr-76. The dynamical spatial

arrangement of water molecules in the Fe-NHase active site,

the NO diffusion paths, and the hydrogen-bonds network and

its relation to mutational studies’ data support the catalytic

mechanismM2 proposed by Huang et al. (14). In this scheme

the hydroxide ion coordinated to Fe31 activates nitrile, and

the second layer of water performs a nucleophilic attack on

the nitrile carbon. This reaction may go through the imidate

intermediate (7,56). The proper arrangement of nitrile is

probably warranted by electrostatic interaction with the

bArg-56 residue. That is why bArg-56 is so important for

NHase activity. Further studies with nitriles and Car-Parinello-

type quantum dynamics calculations are needed to completely

rule out other alternatives.
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