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Abstract

Characteristic features of a photoreactive nitrile hydratase (NHase) from Rhodococcus sp. N-771 were introduced. We
have found a new biological function of nitric oxide (NO) that controls the photoreactivity of NHase by association with the
non-heme iron active center and photoinduced dissociation from it. We have elucidated the crystal structure of NHase in the
nitrosylated state at 1.7 A resolution. A unique structure of the photoreactive catalytic center of the enzyme was revealed;
the center consists of the non-heme iron atom coordinated with the sulfur atoms from three cysteine residues (aCys109,
aCysl112 and aCysl14) and two amide nitrogen atoms in the main chain of «Ser113 and «Cys114. Two out of the three
cysteine residues are post-translationally modified into cysteine sulfinic («Cys112-SO,H) and -sulfenic (aCys114-SOH)
acids. The two oxygen atoms of «Cys112-SO,H and «Cys114-SOH form a unique structure, Claw setting, together with
the oxygen atom, form «aSerl13. We have also studied the roles of the hydration water molecules in the enzyme. The
hydration water molecules stabilize the catalytic center and the tertiary and quaternary structures of the enzyme. The detailed
hydration structure around the active center is also discussed. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction and B) with the basic stoichiometry of «,3,M;

(M, Fe*" or Co®") [7]. Both subunits have a

Nitrile hydratase (NHase), which hydrates
various aiphatic and aromatic nitriles to their
corresponding amides [1], is important for the
industrial production of acrylamide (more than
30,000 tons/year) [2—4]. The enzyme is a solu-
ble metalloenzyme containing a non-heme iron
[5] or a non-corrinoid cobalt [6] atom at the
catalytic center and consists of two subunits («

* Corresponding author. Tel.: +81-48-467-9311; fax: +81-48-
462-4658.
E-mail address: endo@cel.riken.go.jp (1. Endo).

molecular weight of approximately 23 kDa
Their primary sequences are well conserved
while there are no apparent homology between
the two subunits [2].

NHase from Rhodococcus sp. N-771 belongs
to the Fe-type NHase family and is known to
have a unique photoreactivity [8,9]. In vivo, the
activity of this enzyme disappears during aero-
bic incubation in the dark for 16 h, but is almost
completely recovered by light irradiation (Fig.
1). Interestingly, the photoactivated enzyme
cannot be inactivated by darkness in vitro [9].
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Fig. 1. The dark inactivation and the photoactivation of NHase in
Rhodococcus sp. N-771. Cells were washed with fresh broth and
resuspended with fresh broth at the concentration of 2.0 mg dry
cell /ml. The cell suspension was irradiated with white light for 30
min just before incubation in the dark. At each indicated time, cell
suspension was sampled, and the activity of hydration of propioni-
trile to propionamide was assayed in the darkness and after light
irradiation. A unit of the activity is defined as the amount of
enzyme which produces 1 wmol of propioamide per minute and
the specific activity is expressed as units per milligram dry cell.

Similar results have been observed in other
NHases from Rhodococcus sp. N-774 [10] and
R312 [11].

Photoactivation induces UV—visible absorp-
tiona changes in NHase (Fig. 2) [9,12]. The
inactive NHase shows two absorption peaks at
280 and 370 nm; upon light irradiation, the
370-nm peak amost disappears. Instead, a
shoulder at around 400 nm and a small but
broad peak at 710 nm appear. Flash photolysis
studies show that these spectral changes occur
within 50 ns [12]. Spectral changes of electron
spin resonance (ESR) [13] and those of
Mossbauer [14] were also accompanied by pho-
toactivation. These results mean that the non-
heme catalytic center functions as the photore-
active site.

2. New biological function of nitric oxide
(NO)

Fourier transform infrared (FT-IR) difference
spectra of NHase between before and after pho-
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toactivation show large negative bands at around
1850 cm ™, where biochemical compounds do
not usually show any signal [15]. The sugges-
tion that NO was responsible for this result was
confirmed by its isotope shift using >N labeling
[15]. To prove this hypothesis more clearly, we
examined nitrosylation of NHase by NO gas
(Fig. 3) [16]. The photoactivated NHase was
transformed into the inactive state by binding of
exogenous NO and, in turn, the nitrosylated
enzyme was re-activated by light irradiation.
Besides this result, the interaction between NO
and the non-heme iron has been detected di-
rectly by resonance Raman spectroscopy [17].
These results indicate that the NO molecule
bound to the non-heme iron center is released
upon photoactivation, and that the activated
NHase can be reconverted to the inactive form
by NO binding. The amount of NO release from
NHase upon photoactivation has been esti-
mated, using NO scavenger, to be about one NO
molecule per enzyme molecule [16]. The quan-
tum yield of the photoactivation has been esti-
mated to be 0.48 by laser flash photolysis stud-
ies [16].

It is well known that NO plays various im-
portant roles in biological systems; in higher
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Fig. 2. UV-visible spectra of the photoreactive NHase. NHase is
dissolved in 50 mM Hepes—KOH, pH 7.5, containing 20 mM
n-butyric acid at a concentration of 1.3 mg/ml. The absorption
spectra were measured before and after light irradiation for 15 min
onice.
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Fig. 3. The effects of exogenous nitric oxide and photoirradiation
on FT-IR spectra of NHase. From the top row, inactive NHase,
active NHase, active NHase+ NO, active NHase+ NO (after pho-
toirradiation).

animals such as mammals, these include blood
pressure control, neurotransmission and the im-
mure response [18,19]. Also, NO binds to vari-
ous heme and non-heme iron proteins with high
affinity and regulates their biological functions
[20—-22]. For instance, the activity of guanylyl
cyclase is regulated by NO binding to its heme
iron [21,22]. Thus, we believe that the finding

— that NHase activity is regulated by NO in
combination with light in bacteria — provides a
new aspect of hiological function of NO. Fi-
nally, we could picture the activation and inacti-

@@ ©on

Fig. 4. Scheme of the activity regulation of the photoreactive
NHase from Rhodococcus sp. N-771 by NO.

i

vation mechanisms of this NHase associated
with photoirradiation and NO binding as it was
shown in Fig. 4.

3. X-ray crystallographic analysis revealed a
unique structure of the active center

The crystal structure of NHase in the inactive
state was determined by the authors at a resolu-
tion of 1.7 A [23]. In particular, it was revealed
that photoreactive catalytic center consists of
the non-heme iron atom coordinated with the
sulfur atoms from three cysteine residues (a Cys
109, aCysl12 and aCysl14) and two amide
nitrogen atoms in the main chain of o Ser113
and aCysl14. In the inactive state, an endoge-
nous NO molecule occupies the sixth coordina-
tion site. The structure around the active center
was shown in Fig. 5. As shown by electrospray
mass spectrometry of a tryptic peptide around
the iron center isolated from the photoactivated
enzyme [24], «Cysl12 was post-tranglationally
modified to a cysteine sulfinic acid (Cys-SO, H).
Moreover, the crystal structure demonstrated that
aCysll4 was also post-trandationally modified
to a cysteine sulfenic acid [23]. This modifica-
tion of «Cysll4 was verified by using Fourier
transform ion cyclotron resonance mass spec-
trometry (FT-ICR-MS) against the active center

Fig. 5. The ""claw setting'’ of the nitrosylated NHase. The carbon
atom, the nitrogen atom, the oxygen atom, the sulfur atom and the
iron ion are indicated by a gray sphere, a blue sphere, a magenta
sphere, a green sphere and a yellow sphere, respectively.
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peptide prepared from the inactive enzyme [23].
We note that the X-ray crystal structure analysis
is not always sufficient for precise determina
tion of a novel structure having post-transla
tional modifications in a protein. In these cases,
confirmation by other investigations such as
FT-ICR-MS is ultimately important. The two
oxygen atoms of the cysteine sulfenic and
aulfinic acids form a unique structure — claw
setting — together with the oxygen atom from
a Ser113 [23]. The structure of the active center
is suitable for persistently capturing an endoge-
nous NO molecule.

4. Roles of hydration water molecules in the
NHase

In the crystal structure analysis of NHase in
the inactive state, we identified more than 800
water molecules both in the interior and at the
exterior of the enzyme [25]. These hydration
water molecules worked as glue to stabilize the
catalytic center, the of heterodimer and the
(aB), heterotetramer. Seventy-six hydration
water molecules mediated the intersubunit inter-
actions, and 30 out of 76 molecules filled the
cavities between two subunits. In addition, we
also found that hydration water molecules neu-
tralized the negatively charged surface of the
B subunit, and thus enabled the association of
the two subunits having the different electro-
static properties at the surfaces.

The distribution of hydration water molecules
at the interface was prominent around the active
center; 20 hydration water molecules were
spanned in a network around the center (Fig. 6).
Networks of 57 hydrogen bonds were addition-
ally formed at that interface around the center
by the hydration of water molecules, while only
six direct hydrogen bonds were observed within
protein atoms of the a and B subunits alone.
The roles of these hydration water molecules
were categorized into three groups with respect
to the partner of their hydrogen bonds. (i) Three
of them (2, 6 and 17 in Fig. 6; red circles)
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Fig. 6. Schematic diagram for the extensive networks of hydrogen
bonds formed around the active center. The atoms forming hydro-
gen bonds are indicated beside the residue numbers (O: the
oxygen atom of main chain amide; OD: the 8 oxygen atom of
Asp, Cys-SOH or Cys-SO2H; OE: the & oxygen atom of Glu;
OG: the vy oxygen atom of Ser; N: the nitrogen atom of main
chain amide; NE: the e nitrogen atom of Arg; NH: the m nitrogen
atom of Arg; NZ: the { nitrogen atom of Arg; SG: the vy sulfur
atom of Cys). Possible hydrogen bonds are indicated by dotted
lines. The black dotted lines are hydrogen bonds formed between
hydration water molecules and protein atoms, and the red ones are
those between the polar protein atoms alone. Hydration water
molecules are indicated with circles. Colors of the circles corre-
spond to the categories of hydration water molecules described in
the text. The residues forming the active center are indicated with
red boxes. The residues with green boxes are conserved among six
Fe-type and Co-type NHases. Those underlined are the members
of the aromatic cluster.

directly interacted with the atoms in the active
center. (ii) Three of them (7, 13 and 14 in Fig.
6; black circles) mediated the hydrogen bond
networks between the two subunit. (iii) Thirteen
of them (1, 3, 4, 8, 9, 10, 11, 12, 15, 16, 18, 19
and 20 in Fig. 6; blue circles) stabilized the
conformation of each subunit. Two hydration
water molecules (6 and 17 in Fig. 6) in the first
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group are likely to determine the conformation
of the side chains of «Cys112-SO,H and
a Serl113. Six hydration ones (8, 10, 11, 12, 14
and 19 in Fig. 6) greatly contributed to neutral-
izing the negatively charged surface of the
B subunit. Four molecules (8, 10, 11 and 13 in
Fig. 6) fixed the conformation of the side chains
of BArgl4l and BArg56, which stabilized di-
rectly the claw setting structure [23]. Thus, the
roles of the hydration water molecules in the
subunit interface are summarized as follows: (1)
extension of the hydrogen bond networks con-
necting the two subunits, (2) increasing the
complementarity of the surface shape of the two
subunits; and (3) moderation of the surface
charge of B subunit. We note that the 17 amino
acid residues around the active center (shown in
Fig. 6) are highly conserved among all known
Fe-type [26—-29] and Co-type NHases [30,31]
and even in the homologous enzyme, thio-
cyanate hydrolase [32], suggesting structura
conservation of the hydration water molecules
in the NHase family.

5. Concluding remarks

We have introduced some recent findings on
NHase from Rhodococcus sp. N-771. This is
the first enzyme whose photoreactivity is con-
trolled by NO. Also, the enzyme is the only
metalloenzyme that has the post-trandlationally
modified cysteine ligands in its metal site in a
native protein. The detailed roles of these modi-
fied residues in the photoreaction and the catal-
ysis remain unknown. However, recent mutant
studies suggested that these modified side chains
were essential for the catalytic activity [33]. The
studies on the novel metal active center may
provide a new insight for biological functions of
post-trandationally oxidized cysteine residues.
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