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ABSTRACT. Nitrile hydratase (NHase) froiRhodococcusp. N-771, which contains a non-heme iron center

in the catalytic site, has been known to be activated by light illumination. Recently, endogenous nitric
oxide (NO) was found in this enzyme by FTIR spectroscopy [Noguchi et al. (1BEBS Lett 358

9—-12]. In order to directly detect the bonding between NO and the iron atom and the reaction of NO
upon photoactivation, resonance Raman spectra of the NHase were measured with 413 nm excitation at
85 K. Two prominent bands at 592 and 570 ¢rwere observed in the inactive form, and both of them
were completely lost upon photoactivation. Upon subsequent introductiéiNGf, the active NHase

was converted to the inactive form again and the above two bands were restored with downshifts by 10
and 12 cm?, respectively. Also, the excitation profiles of these bands in the-380 nm region mostly
followed the absorption spectrum arising from the iron center. From these isotopic shifts and the excitation
profiles, the two Raman bands were assigned to theN&@ stretching and bending vibrations that are
probably coupled with each other. The results provided solid evidence that NO is bound to the non-
heme iron in the inactive NHase and its photodissociation activates the enzyme.

Nitrile hydratase (NHasé&)s an enzyme found in micro- et al., 1993). Very recent X-ray absorption (Scarrow et al.,
organisms, which catalyzes hydration of nitriles to corre- 1996) and resonance Raman (Brennan et al., 1996) studies
sponding amides (Kobayashi et al., 1992). The NHase from have confirmed this conclusion and detailed analysis of the
Rhodococcusp. N-771 consists of the and/ subunits and EXAFS spectra has showais coordination of the two
contains a non-heme iron center in the active site that residescysteine ligands, histidine side chains as the nitrogen ligands,
on thea-subunit (Odaka et al., 1996). This NHase has been and water or hydroxide as the oxygen ligand (Scarrow et
known to show unigue reactivity to light (Nagamune et al., al., 1996). On the other hand, the mechanism of photoac-
1990a,b); the NHase that is in the inactive form in the dark tivation has been investigated by “BBbauer, magnetic

is activated by light illumination (photoactivation), and is susceptibility, EPR (Honda et al., 1992a,b), and time-resolved
inactivated by aerobic incubation in the dark (dark-inactiva- absorption spectroscopy (Honda et al., 1994). Although
tion). This dark-inactivation occurs onin vivo, whereas oxidation of the iron atom by an unknown electron acceptor

photoactivation occurs botim vizo andin witro. Similar has been proposed as a possible mechanism (Honda et al.,
photoreactivity has been observed also in NHases from1992a, b), a clear answer must await further investigations.
Rhodococcusp. N-774 (Nakajima et al., 1987) afhodo- A breakthrough has been provided by our recent discovery

coccussp. R312 (formerlyBrevibacteriumsp. B312) (J.  of endogenous nitric oxide (NO) in the dark-adapted NHase
Honda, unpublished observation). These NHases are probty means of Fourier transform infrared (FTIR) spectroscopy
ably identical to the one frorR. sp. N-771 because of the  (Noguchi et al., 1995). NO was also found in tesubunit
same amino acid sequences (lkehata et al., 1989; Mayauxsolated in the dark (Odaka et al., 1996). This NO, which
et al., 1990; Honda et al., 1992a). The structure of the iron is a radical species in itself, was first proposed as a candidate
center of the NHase in its active form has been investigatedfor the electron acceptor in the photoactivation process
by means of EPR (Sugiura et al., 1987), EXAFS (Nelson et (Noguchi et al., 1995). More recently, however, we have
al., 1991), resonance Raman (Nelson et al., 1991), andfound that introducing extrinsic NO gas into the photoacti-
ENDOR (Jin et al., 1993). The ligand donor set ofHO vated NHase can inactivate the enzyme (Odaka et al.,
has been proposed for active NHase frBrsp. R312 (Jin  submitted). This process was monitored by FTIR, EPR,
UV —vis absorption, and flash photolysis, and it was sug-

+This research was supported by grants for Biodesign Researchgested that photodissociation and association of NO control

Program and for Photosynthetic Sciences at The Institute of Physical the activity of NHase (Odaka et al., submitted). Since NO
and Chemical Research (RIKEN) given by the Science and Technology has high affinity for metal ions (Tsai, 1994) and free NO is

Agency (STA) of Japan. very unstable under the physiological condition, it is assumed
* Author to whom correspondence should be addressed. that the NO f d in the NH is b dto th h
* Photosynthesis Research Laboratory, RIKEN. . at the oun _'n € asg 'S_ ound to the ”9”' eme
s Chemical Dynamics Laboratory, RIKEN. iron. However, evidence for this view should be given by
" Saitama University. direct detection of the FeNO bond. To achieve this

U Biochemical Systems Laboratory, RIKEN. ;
® Abstract published ildvance ACS Abstract®ecember 1, 1996. purpose, in the present study, resonance Raman (RR)

L Abbreviations: FTIR, Fourier transform infrared; NHase, nitrile  SPECtroscopy was employed. RR spectroscopy can selec-
hydratase; NO, nitric oxide; RR, resonance Raman. tively detect metatligand vibrations by using a laser line

S0006-2960(96)01562-0 CCC: $12.00 © 1996 American Chemical Society



16778 Biochemistry, Vol. 35, No. 51, 1996 Noguchi et al.

resonant to a specific electronic transition. With the aid of
isotopic substitution, we have identified the-A8O vibra-
tions in the NHase and clearly shown that photodissociation
of NO from the iron atom activates this enzyme.

inactive form

......................... active form

MATERIALS AND METHODS

Absorbance

R. sp. N-771 cells were cultured as described by Tsujimura
et al. (1995). NHase was converted to the inactive form by
aerobic incubation of cells in the dark (dark-inactivation)
and purified as described also by Tsujimura et al. (1995).
The isolated NHase in the inactive form was dissolved in a
buffer containing 50 mM Hepes-KOH (pH 7.5) and 20 mM 400 s00 500 700 800
n-butyric acid. For activation, this inactive NHase was Wavelength / nm
illuminated for 30 min on ice with white light60 mw/ Ficure 1: Absorption spectra of NHase in the inactive form (solid

cn?) from a halogen lamp through a heat-cut filter (photo- jine) and in the active form (dotted line). The arrow indicates the
activation). NHase activity was assayed by measuring the wavelength of the laser line (413.1 nm) used for resonance Raman

activity of hydration of propionitrile to propionamide at 0 measurements.
°C (Tsujimura et al., 1995). A unit of the activity was
defined as the amount of enzyme which producgsbl of 592
propionamide per min, and the specific activity was ex-
pressed as units per mg of protein. 570

Introduction of'>NO gas (Shoko Co. Ltd., 99%) into the
NHase was performed as follows. The photoactivated NHase
solution was placed in a glass tube connected to a vacuum
line. After degassing the solution in vacuulO gas was
introduced into the solution at about 200 Torr. The reaction
mixture was vigorously shaken for-2 min, and then the
solution was degassed again to remove ex¢#ds.

RR spectra were measured with a JASCO TRS-600/S
single monochromater equipped with an 1800 groove/mm
grating. A 413.1 nm line from a Kr ion laser (Coherent,
Innova 90-K) was used for excitation, and Raman scattering
was collected perpendicular to the laser beam. Rayleigh
scattering was removed with a holographic Notch filter
(Kaiser Optical Systems, Inc.). The dispersed Raman
scattering was detected with a CCD detector (Prinston
Instruments, Inc., LN/CCD-1100PBUVAR). The NHase
samples £40 mg/mL) were directly mounted on an alumi-
num holder and frozen with liquid Nand then the sample
temperature was kept at 85 K in a cryostat (Oxford DN1704)
with a temperature controller (Oxford ITC502). The laser
power was 40 mW at the sample point and the laser beam
was slightly defocused to avoid heating the sample. The
accumulation time for each Raman spectrum was 20 min.
The buffer spectrum was subtracted from NHase spectra so
as to cancel the ice bands in 32800 cnt?!. For obtaining
excitation profiles of the Raman bands of inactive NHase, F'GURE 2: Resonance Raman spectra of NHase measured at 85 K.
laser lines of 406.7 and 413.1 nm from a Kr ion laser, 363.8 %RIOlnie;](;gvt%ef(;rgi.ve(g)o)rrﬁctlve form. (c) After introduction of
and 488.0 nm from an Ar ion laser (Coherent, Innova 90-

4), and 441.6 nm from a He-Cd laser (Kimmon IK5651R- ReSULTS

G) were used, and the Raman band at 990'dnom SQ;,

which was added into the sample solution with concentration An absorption spectrum of the NHase in inactive form
of 0.2 M, was used as an internal standard. For wavenumberexhibits a typical band at 370 nm with a gentle shoulder in
correction, spectra of carbon tetrachloride and toluene 400-500 nm (Figure 1, solid line). In the active form, this
measured at room temperature were used. Spectral resolutioand is mostly lost leaving a weak band near 400 nm and a
was 8 cnTt. new band is observed at 710 nm (Figure 1, dotted line). A

FTIR spectra were measured with a JEOL JIR-6500 laser line at 413.1 nm, which is resonant to these near-UV
spectrophotometer at room temperature with a spectram’ansitions, was selected to obtain the RR spectra of both
resolution of 4 cml. The NHase samples were placed the inactive and active NHase.
between a pair of Bafplates with an aluminum foil spacer Figure 2 shows the RR spectra of the NHase samples
(~10 um). The buffer spectrum was subtracted form each measured at 85 K. The NHase in inactive form (activity
of the NHase spectra to correct the base line. was 6.5 units/mg), which was prepared from dark-adapted
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cells, showed the spectrum having two prominent bands at

592 and 570 cm' and several bands in 46350 cn1?, i.e., 6x10°
the bands at 452, 399, 372, and 352 ér(Figure 2a). In

the active NHase (activity was 831 units/mg), which was
produced by illumination of the inactive NHase at@©, the
bands at 592 and 570 crhwere completely lost but the
lower frequency bands at 452, 399, 374, and 350 'cm
remained with altered relative intensities (Figure 2b). From
these apparent differences in spectral features between the
inactive and active NHases, it is clear that the inactive form
did not convert to the active form by the incident laser beam
at this cryogenic temperature of 85 K.

We have recently shown that when extrinsic NO is 0- .
introduced into the active NHase, it is converted to the ' ' y ' T '
inactive form again (Odaka et al., submitted). This NO- 1880 1860 1840 1820 1800 1780
introduced NHase (inactive form) recovered 86% of the Wavenumber / cm™
original activity after subsequent photoactivation (Odaka et
al., submitted). In the present experiment, we introduced
15NO into the photoactivated NHase instead 4flO to
observe the isotopic shift. In the RR spectrumefO-
introduced NHase (activity was 0.0 units/mg), the prominent
two bands were restored at 582 and 558 £mith down-
shifts by 10 and 12 cmi, respectively (Figure 2c). The
lower frequency bands at 452, 398, 371, and 352'cnere
basically identical to those of the original inactive NHase
(Figure 2a). The downshifts of the 592 and 570 ¢imands
by >NO binding are more clearly shown in Figure 3b.

FTIR spectra in the NO stretching region of the original
inactive NHase and theNO-introduced NHase (Figure 3a)
confirm that the exchange of NO indeed took place by the ; T T T T T 7
5NO introduction after illumination. It is noted that since 640 620 600 580 560 540 520
the exces$°NO gas in the solution was evacuated in vacuum Wavenumber / cm’!

(see Materials and Method), the observed bands originatedrgyre 3: FTIR spectra in the NO stretching region (a) and
only from the NO molecules strongly attached to the protein. resonance Raman spectra in the-R®© stretching and bending
The main peak at 1853 crh and the lower-frequency  region (b) of the native inactive NHase (solid line) and tH¢O-
shoulder at 1844 cn downshifted by 35 crrit to 1818 cntt introduced NHase (dotted line).

and 1809 cm?, respectively. The higher-frequency shoulder
at 1865 cm? remained at the same position. In fact, only
this NO band was left when the inactive NHase was
illuminated to produce its active form (Odaka et al., . |
submitted). . o © 570 cm

Figure 4 shows excitation profiles of the RR bands at 592, ° o 4 399 cm’
570, 399, and 372 cm of the inactive NHase. Although A A 372 cem’
some scatter was seen, the excitation profiles of these bands
mostly followed the absorption spectrum in the 3%5DO0
nm region that originates from the iron center of inactive
NHase.

1853 1818
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|
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DISCUSSION

It has been known that metahitrosyl complexes show
the M—NO stretching and bending modes in 65800 cn1?!
(Quinby-Hunt & Feltham, 1978; Nakamoto, 1986). A larger ' ' ' ' '
5N isotopic shift is usually seen in the bending mode than 350 400 450 500 550
in the stretching mode (Quinby-Hunt & Feltham, 1978). Wavelength / nm
From the observed®N isotopic shifts of the 592 and 570  Fgure 4: Excitation profiles of the resonance Raman bands at
cm! bands (Figure 3b), it is clear that these two bands 592 (closed circle), 570 (open circle), 399 (closed triangle), and
correspond to the FeNO vibrations. Since the stretching 372 (open triangle) cnt of the inactive NHase.
and bending modes are often coupled with each other
(Nakamoto, 1986) and in fact the shifts of the two bands profiles of the 592 and 570 crhbands obtained in the 350
were about the same (10 and 12¢rfor the 592 and 570 500 nm region confirm the assignments of these bands to
cm! bands, respectively), these bands may have charactershe Fe-NO vibrations. Since the absorption bands in this
of both stretching and bending vibrations. The excitation region are due to the iron center (Tsujimura et al., 1996;
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Odaka et al., 1996), the agreement of the Raman excitationThe intensity of this NO band is strongly dependent on the
profiles with the absorption spectrum indicates that these storage condition of the sample, and increases upon exposure
vibrational modes are related to the iron-ligand vibrations. to NO gas (Odaka et al., submitted) and sometimes upon
This result also excludes the idea that the above Nf@ illumination (Noguchi et al., 1995). The observation that
bands are due to contaminated NO in the NHase sampleno Fe-NO band remained in the RR spectrum after
The presence of the F&NO bands in the inactive NHase illumination (Figure 2b) supports our recent interpretation
indicates that the NO molecule, which has been found in that this NO is non-specifically bound to the protein and
NHase by detecting the NO stretching model 850 cn?) not essential to the photoreaction (Odaka et al., submitted).

by FTIR (Noguchi et al., 1995), is indeed bound to the iron  The RR spectra of active NHase measured by Nelson and
center. . coworkers (Nelson et al., 1991; Brennan et al., 1996) with
In FTIR measurements two photosensitive NO bands have gycitation at 640 and 714 nm showed bands in the-300

been observed at 1855 and 1847 €im the inactive NHase  5og cnrt region. It was shown b¥*S labeling that these

at 250 K (Noguchi et al., 1995). These bands were observedpands arise from Fe-cysteine modes coupled with cysteine
at 1853 and 1844 cm at room temperature and showed  sjde-chain deformations (Brennan et al., 1996). The bands
downshifts to 1818 and 1809 cth respectively, by ex-  4; 452 399, 374, and 350 cin the spectrum of active
changing'*NO for *NO (Figure 3a). Although these tWo  NHase obtained in this study by 413 nm excitation (Figure
NO bands were first interpreted as reflecting the presencespy may be interpreted in the same way. Some of the bands
of two NO molecules attached to a di-iron center (Noguchi may originate from the modes identical to those with
etal., 1995), the recently revised Fe stoichiometry (one Fe/ aycitation into the 710 nm band. Little frequency change
enzyme) (Odaka et al.,, 1996) and the strong temperaturepetyeen the inactive and active forms (Figure 2) indicates
dependence of relative intensities of the two NO bands (T. that the structural change upon photoactivation is rather small

Noguchi, unpublished data) favor another interpretation that it respect to the FeS structure of the iron center.
one NO molecule is present in inactive NHase and two

slightly different states of the NO binding are thermally
equilibrated. However, the two RR bands at 592 and 570
cm~! may not correspond to these two NO binding states;
no N-sensitive band was found except for the 592 and 570
cm~! bands in the 308700 cnt?* region (Figure 2) and one
Fe—NO bond should have two modes of stretching and
bending vibrations. The above view was supported by the
RR measurement of the isolatedsubunit of NHase: two
RR bands were observed at 588 and 570 cidata not
shown) comparable to the bands at 592 and 570'@fithe

The results of excitation profiles for the 592 and 570 ¢m
bands assigned to the FBIO vibrations and for the 399
and 372 cm! bands probably arising from the &
vibrations (Figure 4) indicate that the electronic band at 370
nm and the shoulder in 466600 nm of inactive NHase are
due to the transitions including both theFRO and Fe-S
charge transfer characters. Also, enhancement of the RR
bands in 356-460 cnt! with active NHase by 413 nm
excitation (Figure 2b) indicates that the weak electronic band
around 400 nm of active NHase (Figure 1) may be due to

native NHase, whereas the FTIR spectrum ofdagubunit the Fe—S charge transfer transition as well as the 710 nm

showed only one NO band at 1852 chiOdaka et al., 1996). band.

Probably the difference between the two NO-binding states In conclusion, the RR measurements provided solid

has rather minor effect on the F8&O vibrations and hence ~ €vidence that endogenous NO is bound to the non-heme iron
was not resolved in the present RR spectra (8 %cm inthe inactive NHase and its photodissociation activates the
resolution). enzyme. It was further demonstrated that association of

The loss of the FeNO bands in the active form (Figure €xogenous NO with the iron atom inactivates the enzyme
2b) indicates that the NO molecule is released from the iron @gain. Although the NO production system has not been
atom upon photoactivation. This disappearance of the Fe identified yet inR. sp. N-771, a bacterial NO synthase has
NO bands is not due to the change in the resonance conditiorPeen recently found iNocardiasp. (Chen & Rosazza, 1994,
caused by the movement of the absorption band from 3701995) that is closely related ®hodococcugGoodfellow,
to 710 nm upon photoactivation (Figure 1); The RR spectra 1986). It is possible that this bacterium has a similar NO
of active NHase previously measured by using 640 and 714synthase. Dark-inactivation of NHase, which takes place
nm laser lines (Nelson et al., 1991; Brennan et al., 1996), only in vivo by aerobic incubation of cells, is likely caused
which are resonant to the 710 nm transition, also did not by this NO producing system. Thus, the photosensitive
show the FeNO bands. The fact thafNO was replaced ~ NHase inR. sp. N-771 is a novel enzyme whose activity is
with 2NO by introducing!®NO after illumination (Figure  controlled by combination of NO and light.

3) confirmed that the NO release indeed took place upon
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