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Nitrile hydratase (NHase) from Rhodococcus N-771 is a novel enzyme that is inactive
in the dark due to an enodogenous nitric oxide (NO) molecule bound to the non-heme
iron center, and is activated by its photodissociation. FTIR spectra in the NO stretch-
ing region of the dark-inactive NHase were recorded in the temperature range of 270-
80 K. Two NO peaks were observed at 1854 and 1846 cm™! at 270 K, and both frequen-
cies upshifted as the temperature was lowered, retaining the peak separation of 8-9
cm™l. The relative intensity of the lower-frequency peak increased with decreasing
temperature up to ~120 K, whereas it was mostly unchanged below this temperature.
This observation indicates that two distinct conformations with slightly different NO
structures are thermally equilibrated in the dark-inactive NHase above ~120 K, and
the interconversion is frozen-in at lower temperatures. The intensity ratio of the NO
bands changed gradually upon increasing the pH from 5.5 to 11.0, but no specific pK,
value was found. This result, together with the comparison of the light-induced FTIR
difference spectra measured at pH 6.5 and 9.0, suggests that the protonation/deproto-
nation of a specific amino acid group in the active site of NHase is not a direct cause
of the occurrence of the two conformations, although several protonatable groups in
the protein may influence the energetics of the two conformers. From the previous
observation that the isolated « subunit of NHase exhibited a single broad NO pealk, it
is suggested that interaction of the p subunit forming the reactive cavity is essential
for the double-minimum potential of the active-site structure. The frequencies and
widths of the two NO bands changed upon addition of propionamide, 1,4-dioxane, and
cyclohexyl isocyanide, indicating that these compounds are bound to the active
pocket and change the interactions of the iron center or the dielectric environments
around the NO molecule. Thus, the NO bands of NHase can also be a useful probe to
monitor the binding of substrates and their analogues to the active pocket.
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Nitrile hydratases (NHases) are bacterial enzymes that
catalyze the hydration of nitriles to the corresponding
amides. They have been used in the industrial production
of acrylamide and nicotinamide, and are also important
for bioremediation in which nitriles in industrial waste
and toxic herbicides can be degraded (I-3). NHases con-
sist of a and B subunits and contain either a non-heme
iron(IIT) or a non-corrinoid cobalt(III) atom at the cata-
lytic center (3).

Some of the Fe-type NHases, those from Rhodococcus
N-774, N-771, and R312, exhibit a characteristic phe-
nomenon of photoactivation: they are inactive in the dark
and activated by light illumination (4). Clarification of
the photoactivation mechanism was accelerated by the
finding of endogenous nitric oxide (NO) attached to
NHase by Fourier transform infrared (FTIR) spectros-
copy (5). Resonance Raman (6) and ESR spin trapping (7)
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measurements further proved that photodissociation of
the NO molecule bound to the non-heme iron activates
the enzyme. It was also shown that the Fe-type NHase
from Comamonas testosteroni NI1, which did not exhibit
photosensitivity originally, was inactivated by exogenous
NO and reactivated by subsequent light illumination (8).

The X-ray crystal structures of NHase in the light-
active (9) and dark-inactive (10) forms revealed that the
protein ligands of the iron center are three S atoms of
cysteine side-chains and two nitrogen atoms of backbone
amides, being consistent with earlier spectroscopic
results (11-16). Furthermore, it was shown that two of
the three cysteine ligands, aCys112 and aCysl114, are
post-translationally modified to cysteine-sulfinic (Cys-
SO,H) and cysteine-sulfenic (Cys-SOH) acids, respec-
tively (10, 17, 18). Our recent FTIR study showed that
the sulfinic acid and most likely sulfenic acid exist as
deprotonated Cys-SO,~ and Cys-SO- forms, respectively
(19). These Cys-SO,~ and Cys-SO- interact with BArg56
and BArgl41, forming a reactive cavity at the interface of
the a and B subunits (10).

© 2004 The Japanese Biochemical Society.
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The reaction mechanism of nitrile hydration in NHase
is still controversial (3, 9). One view is that a nitrile sub-
strate is attached to the non-heme iron, which works as a
Lewis acid to activate the nitrile, and the activation is fol-
lowed by the nucleophilic attack of a water molecule on
the nitrile carbon. Another view is that a metal-bound
water or hydroxide ion either attacks the nitrile carbon or
activates a water molecule, which in turn can act as a
nucleophile. To clarify the catalytic mechanism of NHase,
detailed information about the active site, including the
hydrogen-bonding and electrostatic structures and the
interactions of substrate in its binding pocket, is essen-
tial. The vibrations of NO and CO molecules have been
extensively used to probe the active site structure in met-
alloenzymes like myoglobin (20-24). Their frequencies
are sensitive to the hydrogen bonding interaction and
dielectric environment as well as the electronic structure
of the metal center. Analogously, the NO molecule that is
endogenously bound to the non-heme iron center in the
dark-inactive NHase should provide important informa-
tion about the active-site structure.

In this study, we have investigated the structure of the
active center of NHase using the NO vibration as a probe.
To do so, we measured FTIR spectra in the NO stretching
region at various temperatures and pHs. In addition, the
effects of chemical compounds that are expected to bind
to the active cavity of NHase were studied. It was found
that two distinct conformations with slightly different
NO structures are in thermal equilibrium in dark-inac-
tive NHase.

MATERIALS AND METHODS

Sample Preparation—Dark-inactive NHase was puri-
fied from R. N-771 cells as described previously (25) and
dissolved in 50 mM Tris/HC] buffer (pH 7.5). The buffer
was replaced with 1 mM Tris/HCI buffer (pH 7.5) and the
sample was concentrated to 50 mg/ml using Microcon-50
membranes (Amicon). An aliquot of sample (6 pl) was
deposited on a CaF, plate (13 mm ¢) and lightly dried
under N,-gas flow. The sample was then dissolved in 1.5
ul of 50 mM buffer at an intended pH and covered with
another CaF, plate with a piece of aluminium foil (~15
pm in thickness) as a spacer. The buffers used were citric
acid/NaOH (pH 4.0), Mes/NaOH (pH 5.5 and 6.5), Tris/
HCI (pH 7.5 and 9.0) and glycine/NaOH (pH 11.0). The
sample temperature was controlled in a cryostat (Oxford
DN-1704) using a temperature controller (Oxford ITC-5).
All procedures were performed under dim red light.

FTIR Measurements and Data Processing—FTIR spec-
tra were recorded using a JEOL JIR-6500 spectropho-
tometer equipped with an MCT detector IR-DET101). A
Ge filter (OCLI LO2584-9) was placed in front of the sam-
ple to cut a He-Ne laser beam from the interferometer. In
measurements of the NO stretching region, spectra were
obtained with 200 scans (100 s). The spectrum of buffer
was subtracted from a sample spectrum to eliminate a
steep baseline due to water absorption. Further baseline
correction was done in the DX software system provided
by JEOL.

Light-induced FTIR difference spectra were measured
at 250 K as described in ref. 5 except for the pH values of
6.5 and 9.0 instead of 7.5. Illumination was performed for
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Fig. 1. FTIR spectra in the NO stretching region of dark-inac-
tive NHase in a pH 7.5 buffer measured at 270 (a), 205 (b), 165
(c), and 80 (d) K. Dotted curves are two Gaussian functions fitting
to the NO bands.

10 s by continuous white light from a halogen lamp
(Hoya-Schott HL150) with an intensity of 60 mW/cm? at
the sample surface. All FTIR spectra were measured
with a resolution of 4 cm.

Band fitting was performed using the Igor Pro 4 pro-
gram (WaveMetrics, Inc.). Two Gaussian functions with
the same bandwidth were assumed to fit the two NO
bands of each spectrum. This assumption provided more
reasonable data than the assumption of independent
bandwidths, by which the lower-frequency shoulder
observed at a higher pH was sometimes fitted with an
unreasonably broad band.

RESULTS

Temperature Dependence of the NO Bands—Figure 1
shows the NO stretching region of the FTIR spectra of
dark-inactive NHase at pH 7.5, measured in the temper-
ature range of 270-80 K. Two NO bands with a wavenum-
ber separation of 8-9 ¢cm! were observed at all tempera-
tures. The peaks were detected at 1854 and 1846 cm™ at
270 K, and both frequencies progressively increased as
the temperature was lowered. Throughout this tempera-
ture range, the higher-frequency peak exhibited a
stronger intensity than the lower-frequency peak,
although the relative intensities became more even at
lower temperatures.

The ratio (o) of the intensity of the higher-frequency
peak (Ij;,) to that of the lower-frequency peak (/),,) (o =
Lyg/ly) was estimated by band fitting using two Gaus-
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Fig. 2. The logarithm of the intensity ratio (a) of the higher-
frequency NO band with respect to the lower-frequency
band as a function of 103/T. Data were obtained at 270, 205, 165,
130, 110, 90 and 80 K at pH 7.5. The dotted line is the regression
line of the data between 130 and 270 K.

sian functions (Fig. 1, dotted lines). The logarithm of o is
plotted as a function of 103/T in Fig. 2. The In o values
changed linearly above ~120 K, whereas they were
mostly unchanged below this temperature.

The observation of temperature-dependence suggests
that there are two distinct conformations in the dark-
inactive NHase, and they exist in thermal equilibrium
above ~120 K but the interconversion is frozen-in below
~120 K. The two conformers with higher and lower NO
frequencies are hereafter designated as NHasey;, and
NHase,,,, respectively. From the regression line of the
data above 130K in the In o versus 1/T plot (Fig. 2,
dotted line), the AH and AS values between NHase,y,
and NHasey,,, were estimated to be 1.24 kJ mol-! and
13.5 J mol! K1, respectively. NHasey,,, has a higher pop-
ulation than NHase,,, above ~120 K because of its lower
free energy level, which is ascribed to the larger contribu-
tion of the —TAS term than the AH term. It is noted that
since the buffer used in this work does not include a cryo-
protectant such as glycerol, the observed phase transi-
tion at ~120 K may not be attributed to solvent freezing
but rather to glass transition of the protein (26, 27). It is
also noted that the frequencies of the two NO peaks pro-
gressively changed with decreasing temperature and did
not exhibit a phase transition at ~120 K. This observa-
tion suggests that the frequency shifts do not originate
from the structural perturbation of the protein induced
by the temperature change, but rather from anharmonic
coupling with a low-frequency mode (28).

Band-splitting by Fermi resonance can be excluded as
a possible mechanism for the presence of two NO peaks,
because two similar NO peaks were previously observed
at downshifted frequencies upon both uniform 1N labe-
ling of NHase and ’NO substitution (5, 6). Attachment of
another NO molecule to the protein moiety other than
the non-heme iron center can also be excluded, because
both peaks are similarly bleached upon photoacticvation
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Fig. 3. The NO bands of dark-inactive NHase at pH 4.0 (a), 5.5
(b), 6.5 (¢), 7.5 (d), 9.0 (e), and 11.0 (f). The spectra were meas-
ured at 270 K. Dotted curves are two Gaussian functions fitting to
the NO bands.

of NHase (5) and because this view is not consistent with
the temperature-dependence of the intensity ratio of the
NO peaks (Figs. 1 and 2).

pH Dependence of the NO Bands and of the Light-
Induced Difference Spectrum—To examine whether pro-
tonation/deprotonation of a certain amino acid group is
responsible for the presence of two conformers in NHase,
pH dependence of the NO bands was studied. Figure 3
shows the NO bands measured at 270 K in buffers at pH
4.0 (a), 5.5 (b), 6.5 (¢), 7.5 (d), 9.0 (e), and 11.0 (f). At pH
5.5-11.0, two NO peaks were conserved, and the inten-
sity of the 1846 cm™! peak relative to that of the 1854 cm!
peak decreased with increasing pH, basically without
changing the peak positions. At pH 4.0, however, only one
broad NO band was observed at 1852 cm™!, which is very
similar to that of the isolated o subunit measured at 278
K (29), and hence, it seems likely that NHase is dena-
tured and dissociated into the o and p subunits at this
low pH. In Fig. 4, the population of NHase,,,, estimated
as the relative intensity of the low frequency peak with
respect to the total intensity of the two peaks, I}, /(Z;,, +
I,,.), was plotted against pH. This plot shows that the
population of NHase,, gradually decreases, without a
specific inflection point, as the pH is changed from pH 5.5
to 11.0.

To further study the involvement of specific amino acid
groups at the active site in the observed pH dependence,
light-induced FTIR spectra were measured at different
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Fig. 4. The pH dependence of the relative intensity of the
lower-frequency NO band with respect to the total intensity
of the two NO bands [1,,,/(Ij;p, + Ij,y,)]- The band intensities were
obtained from the spectra in Fig. 3 measured at 270 K.

pHs. A light-induced FTIR difference spectrum of NHase
reveals structural changes of the protein, especially in
the active site, upon photo-conversion from the dark-
inactive to the light-active form (5). Figure 5 shows FTIR
difference spectra of NHase at pH 6.5 (a) and 9.0 (b). The
large signals at (1154, 1148)/1126 and (1040, 1034)/1019
cm! have recently been assigned to the asymmetric and
symmetric stretching vibrations, respectively, of the
deprotonated SO, group of aCys112-sulfinic acid by %S
isotope labeling and density functional theory calcula-
tions (19). Note that the two negative doublets at 1154
and 1148 cm! and at 1040 and 1034 cm™! were attributed
to band splitting by Fermi resonance (19). In addition, a
relatively small signal at 915 cm™! has been assigned to
the stretching vibration of the deprotonated SO~ group of
0Cys114-sulfenic acid (19). These SO,~ and SO~ bands
were basically unchanged by the pH difference between
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Fig. 5. Light-induced FTIR difference spectra of NHase at pH

6.5 (a) and 9.0 (b). The spectra were measured at 250 K. Intensities
of the two spectra were normalized to the NO peak at 1855 cm™1.
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Fig. 6. NO stretching bands of dark-inactive NHase in 50 mM
Tris buffer (pH 7.5) without any addition (a), and in the pres-
ence of 200 mM propionamide (b), 200 mM 1,4-dioxane (c),
and 200 mM cyclohexyl isocyanide (d), and 20 mM n-butyric
acid (e). The spectra were measured at 165 K.

pH 6.5 and 9.0. Their intensities were rather larger at pH
6.5 than at pH 9.0, suggesting that protonation of these
groups at lower pH did not take place in this pH range. In
other spectral regions, no significant difference was
observed between the two spectra except for the band
intensities in the amide I (1700-1600 cm™1) and amide 11
(~1550 ecm™1) regions, which drastically decreased at a
higher pH. Since bands in these regions represent
changes in the secondary structures of a protein (30), this
result suggests that at least some overall changes in the
protein structure occur in NHase by the pH change.

Effects of the Compounds Bound to the Active Pocket—
The effect of chemical compounds, which are expected to
interact with the active pocket of NHase, is shown in Fig.
6. The spectra were measured at 165 Kin a pH 7.5 buffer.
In the presence of a relatively high concentration (200
mM) of propionamide (Fig. 6b), which is a product of a
substrate, propionitrile, the NO signal exhibited clear
changes: the higher- and lower-frequency peaks down-
shifted by 1 and 6 cm!, respectively, and the higher-fre-
quency band was rather broadened. Note that addition of
propionitrile resulted in the same spectrum as Fig. 6b,
probably because the active form of NHase contaminat-
ing the dark-inactive NHase converted propionitrile to
propionamide.

The X-ray crystallographic study of the dark-inactive
NHase showed that 1,4-dioxane is bound to the cavity
above the NO-Fe center (10, 31). The NO bands in the
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presence of 1,4-dioxane (Fig. 6¢) were observed at 1860
and 1853 ecml, frequencies upshifted by 2 and 4 cm™
from the untreated ones, with a higher relative intensity
of the lower-frequency peak. Cyclohexyl isocyanide is a
substrate analogue that was also detected to be bound to
the active-site cavity by a recent crystallographic study
(Nojiri et al., unpublised data). Upon addition of
cyclohexyl isocyanide, the higher- and lower-frequency
peaks downshifted by 7 and 8 em™, respectively, with
band broadening and a change in the relative intensities
(Fig. 6d).

n-Butyric acid has been used as a protein stabilizer for
the active form of NHase (32), whereas it also acts as a
competitive inhibitor of nitrile hydration (33). Upon addi-
tion of 20 mM n-butyric acid (Fig. 6e), however, features
of the two NO bands, including the frequencies, band-
widths and relative intensities, were unchanged from
those without any addition (Fig. 6a). This concentration
(20 mM) of n-butyric acid should be high enough to
inhibit the enzyme, which has a K; value of 0.9 mM at pH
7.2 (33), although measurements with a higher concen-
tration of butyric acid were not performed because of the
difficulty of pH control in a 50 mM Tris buffer (pH 7.5).
The above result suggests that n-butyric acid does not
interact with the NO-Fe center in NHase, being consist-
ent with the previous EPR results in which butyric acid
interacts only with the active form (33, 34) but does not
bind to the dark-inactive form (35).

DISCUSSION

The FTIR measurements of the NO stretching bands of
dark-inactive NHase at various temperatures (Fig. 1)
showed that NHase exists as two distinct conformers in
solution, NHasey;,, and NHase,,,, which have higher and
lower NO frequencies, respectively. These two conformers
are in thermal equilibrium above ~120 K with a lower
free energy in NHasey,,. The frequency difference
between the two NO peaks of 8-9 cm™! indicates that the
structure and interaction of the NO molecule at the iron
center are somewhat different between NHasey,,;, and
NHase,,,. For instance, differences in the electrostatic
and/or hydrogen-bonding interactions of NO in the bind-
ing pockets will affect the NO frequency, as has been
extensively discussed for carbonmonoxy or nitrosyl
myoglobin (20-24). Regarding the hydrogen-bonding
interactions, however, both of the NO frequencies exhib-
ited only slight downshifts (<1 cm™) by H,0/D,0 exchange
(T. Noguchi, unpublished result), suggesting that the NO
molecule forms only a weak hydrogen bond in both con-
formations. From a general correlation between the NO
frequency and M-N-O angle in nitrosyl complexes (36,
37), it is also possible that the Fe-N-O angle is slightly
smaller in NHase,,, than in NHase,;,;,- Such an angle dif-
ference could result from a change in the extent of n back
donation from the iron atom (36) induced by the slight
structural changes of other ligands.

It could be further assumed that the two conformers
originate from protonation/deprotonation of a certain
amino acid group interacting with the non-heme iron
center or forming the active-site cavity. Candidates for
such amino acid groups are aCys112-SO,~ and aCys114-
SO-, which provide sulfur ligands to the iron atom (10)
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and exist basically in deprotonated form at pH 7.5 (19).
Examination of the pH dependence of the NO bands,
however, did not provide a straightforward result: the rel-
ative intensities of the two NO peaks changed gradually
with the pH change from 5.5 to 11.0 (Fig. 3), but a clear
pK, value was not observed in this pH region (Fig. 4).
Also, in the light-induced difference spectra (Fig. 5), the
intensities of the SO, stretching bands at (1154, 1148)/
1126 and (1040, 1034) /1019 cm™! and the SO~ band at
915 cm™ (19) were even slightly higher at pH 6.5 than at
pH 9.0, contrary to what would be expected as a result of
protonation of either of these groups at a lower pH. Other
protonatable amino acid residues forming the active site
are PArgh6, BArgldl, oArgl67, BTyr72, BTyr76 and
BTyr37 (10, 31), none of which can be responsible for the
observed pH dependence at neutral and acidic pHs (Fig.
4). Histidines (BHis5, BHis139) and carboxylic amino
acids (aAspl61, aGlul65, BAsp53, BGlu60) are involved
in the hydrogen-bond network around the active center
31D, but are located rather far from the iron center (>7.5
A). Thus, it seems unlikely that the presence of the two
conformers directly originates from the protonation state
of an amino acid group at the active site. Rather, we pre-
fer the view that protonation states of several amino acid
residues in the protein indirectly affect the energetics of
the two conformers without changing the active-site
structures and cause the observed pH dependence. In
fact, band intensities in the amide I and II regions in the
light-induced difference spectra became smaller upon the
pH increase (Fig. 5), indicating the presence of some per-
turbation of the overall secondary structure of the protein.

Previous FTIR measurements of the isolated o subunit
showed a single broad NO band at 1852 cm™! (29). This
broad NO band indicates that the o subunit itself has a
protein conformation with a single potential minimum
but with large structural fluctuation. Thus, two confor-
mations with a double minimum potential may be intro-
duced by the attachment of the B subunit, which pro-
duces the reactive cavity through the interactions of
0Cys112-SO,~ and oCysl114-SO- with BArgh6 and
BArgl41 (10). The previous observation that the NHase
mutant in which BArg56 was replaced with Lys showed a
single NO peak at 1856 cm™ (38) is consistent with this
view.

Addition of propionamide, 1,4-dioxane, and cyclohexyl
isocyanide drastically affected the NO bands (Fig. 6). In
contrast to the case of pH change, these treatments
changed not only the relative intensities but also the
peak frequencies and the bandwidths. Since the NO mol-
ecule is bound to the iron atom, these compounds cannot
bind directly to the iron center. As for 1,4-dioxiane (10,
31) and cyclohexyl isocyanide (Nojiri et al., unpublished),
X-ray crystallography showed that they are bound to the
space above the NO-Fe center. Binding of these com-
pounds may change the electrostatic and hydrogen-bond-
ing interactions in the active site and also the secondary
structures of the protein, hence affecting the characters
of the NO bands. It is worth noting that the NO frequen-
cies were shifted in the opposite directions by binding of
dioxane and cyclohexyl isocyanide: dioxane uphifted the
NO peaks by 2 and 4 em™! (Fig. 6¢), whereas cyclohexyl
isocyanide downshifted them by 7 and 8 cm™ (Fig. 6d).
Since the cyclohexyl and dioxane rings occupy basically
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the same position in the pocket and the isocyanide group
is directed to the opposite side of the NO molecule, these
results suggest that the electrostatic repulsion between
the oxygen atoms of dioxane and NO may substantially
contribute to the upshifts of NO frequencies. Propiona-
mide, which is a product of propionitrile, also seemed to
bind to the active pocket, judging from the downshifts of
the NO frequencies (Fig. 6b). The lower-frequency band
exhibited a relatively large shift of -6 ¢cm™ compared
with a small shift of -1 em™ in the higher-frequency
band. Significant broadening of the latter band (Fig. 6b),
however, indicates that propionamide was actually bound
to NHasey;,;. The different behaviours in the NO shifts
upon binding of propionamide between NHasey;; and
NHase,,, may indicate that the active-site structures of
these two conformers, such as the NO angle or the posi-
tion of some protein group in the cavity, are indeed
different.

The X-ray crystal structure of dark-inactive NHase at
1.7 A resolution (10) did not reveal the presence of two
conformations at the non-heme iron site. This may be
because (1) only one of the two conformations is preferred
in the crystal state and the thermal equilibrium is real-
ized only in solution, or (2) the structural difference caus-
ing the NO frequency change is not large enough to be
recognized at the 1.7 A resolution. In the latter case, the
observed crystal structure can be an average structure of
the two conformers.

The finding of two conformations in the dark-inactive
NHase does not necessarily indicate the presence of two
conformations in its light-active form. However, unless
the occurrence of two conformations is directly caused by
NO binding, it is possible that the light-active NHase
also has two conformations. Further detailed studies
using various spectroscopic methods are expected to
detect such conformations in the active form.

In conclusion, we have found by FTIR measurement of
the NO stretching bands that there are two distinct con-
formations in photosensitive NHase, at least in its dark-
inactive form. These two conformations are in thermal
equilibrium in solution, and the relative population is
affected by pH. To identify the direct origin of the two
conformations, however, further studies including the
FTIR measurements of various site-directed mutants
and X-ray crystallography at a higher resolution are nec-
essary. It was also found that binding of chemical com-
pounds in the active pocket affects the NO frequencies
and bandwidths, and thus, the NO bands can be a useful
probe to monitor the binding of substrates and their ana-
logues.

This study was supported by a Grant-in-Aid for Scientific
Research (No. 14540607) from the Ministry of Education, Cul-
ture, Sports, Science and Technology of Japan and by a grant
from the Special Research Project “NanoScience” at the Uni-
versity of Tsukuba.
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