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ABSTRACT: The Râ dimer of active nitrile hydratase fromRhodococcussp. R312 contains one low-spin
ferric ion that is coordinated by three Cys residues, two N-amide groups from the protein backbone, and
one OH-. The enzyme isolated from bacteria grown in the dark is inactive and contains the iron site as
a six-coordinate diamagnetic Fe-nitrosyl complex, called NHdark. The active state can be obtained from
the dark state by photolysis of the Fe-NO bond at room temperature. Activation is accompanied by the
conversion of NHdark to a low-spin ferric complex, NHlight, exhibiting anS) 1/2 EPR signal withg values
of 2.27, 2.13, and 1.97. We have characterized both NHdark and NHlight with Mössbauer spectroscopy.
Thez-axis of the57Fe magnetic hyperfine tensor,A, of NHlight was found to be rotated by∼45° relative
to the z-axis of theg tensor (gz ) 1.97). Comparison of theA tensor of NHlight with the A tensors of
low-spin ferric hemes indicates a substantially larger degree of covalency for nitrile hydratase. We have
also performed photolysis experiments between 2 and 20 K and characterized the photolyzed products by
EPR and Mo¨ssbauer spectroscopy. Photolysis at 4.2 K in the Mo¨ssbauer spectrometer yielded a five-
coordinate low-spin ferric species, NHA, which converted back into NHdark when the sample was briefly
warmed to 77 K. We also describe preliminary EPR photolysis studies that have yielded new intermediates.

Nitrile hydratases are bacterial metalloenzymes that cata-
lyze the hydration of nitriles to amides (1). Members of a
subclass of these enzymes contain iron and are present in
an inactive form in cells grown in the dark (2). Purification
in the dark leads to a purified inactive enzyme (NHdark)1 (3).
Exposure of NHdark to near-UV light at room temperature
results in the production of an active enzyme (NHlight) (4).
It has been shown that NHdark contains a diamagnetic iron-
nitrosyl complex and that the NO ligand dissociates from
the active site of the enzyme in the process of activation
(5-8). Treatment of NHlight with nitric oxide in the dark
results in regeneration of NHdark, which then can be
reactivated by exposure to light (7, 8). This reversible
conversion has been suggested to be a regulatory mechanism
for nitrile hydratase in its environment, but supporting

evidence for such biological relevance is lacking. NHlight is
metastable, but catalytic activity can be maintained in the
presence of butyric acid, a competitive inhibitor that sig-
nificantly alters the spectroscopic properties of the iron (9).

The active form of the iron-containing nitrile hydratases
contains a low-spin (S ) 1/2) ferric complex in an unusual
N, S, O coordination environment that has been characterized
extensively by EPR, ENDOR, resonance Raman, and
EXAFS spectroscopies (10-15). The 2.65 Å crystal structure
of NHlight from Rhodococcussp. R312 shows three cysteine
thiolate ligands in afacial orientation and two peptide amide
N-donor ligands; the sixth coordination site appeared to be
vacant (16). However, ENDOR spectroscopy on frozen
solution samples provides evidence for the coordination of
a hydroxide ligand in the sixth coordination site of the Fe3+

in NHlight samples containing butyric acid (13). A 1.7 Å
crystal structure of NHdark is consistent with a nitrosyl ligand
in the sixth coordination site of the iron in that state (Figure
1) and suggests that the three cysteine ligands occur in
different oxidation states, namely, as a thiolate (Cys109), as
a sulfinic acid (-SOH, Cys112), and as a sulfenic acid
[-S(O)OH, Cys114] (17).

The resonance Raman spectra of NHdark are similar to those
of NHlight in the low-energy, metal-ligand stretching region
(6, 14). For the latter, it has been demonstrated that the
Raman spectra arise in large part from coupling between
Fe-S stretches and the side chain vibrations of the associated
cysteine residues. Thus, it appears that the sulfur ligands
coordinated at the iron maintain their oxidation state
throughout the photoactivation-inactivation process. In the
simplest model for the mechanism of activation of nitrile
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hydratase, the difference between the iron complexes in
NHlight and NHdark, consistent with the crystal structures and
the spectroscopic data, is that a hydroxide ligand in NHlight

is substituted for a nitrosyl ligand in NHdark. The inactivity
of NHdark, then, supports the notion that either the nitrile
substrate binds to the iron at the sixth coordination position
by substitution of the OH- ligand or the coordinated
hydroxide is a reactant in the catalytic nitrile hydration (16).

The mechanism of the photoactivation reaction in nitrile
hydratase has been the subject of several spectroscopic
investigations. Originally, it was suggested that photoacti-
vation involved electron transfer from a mixed-valence diiron
cluster to an electron acceptor on the protein (4, 18). This
was an attempt to reconcile Mo¨ssbauer spectroscopic data
showing a mixture of ferrous and ferric iron in NHdark with
magnetic susceptibility data showing that this state was
diamagnetic. The presence of a binuclear cluster is in conflict
with both of the crystal structures that are now available for
the protein (16, 17). More recently, FTIR and resonance
Raman studies suggested that photoactivation involves pho-
tolysis of nitric oxide from a diamagnetic Fe3+-NO complex
(5, 6). This, however, is difficult to reconcile with the
published Mo¨ssbauer data. To resolve that discrepancy, we
have studied nitrile hydratase in both the NHdark and NHlight

states with Mo¨ssbauer spectroscopy. We have also il-
luminated NHdark at cryogenic temperatures and obtained
evidence for additional states of the enzyme that form under
these conditions. We suggest that these states may be
intermediates in the photoactivation process, with one (NHA)
representing a state in which the Fe-NO bond is broken
but the NO is still “caged” in the vicinity of the active site.
Our Mössbauer and preliminary EPR spectra suggest that
these additional states are different from the previously
characterized active form of nitrile hydratase, NHlight, and
that most or all are five-coordinate complexes obtained by
photolyzing the Fe-NO bond. These complexes exhibit EPR
and Mössbauer properties typical for low-spin ferric sites,
which are rarely observed for five-coordinate ferric com-
plexes.

MATERIALS AND METHODS

Nitrile Hydratase Purification. NHdark was purified from
Rhodococcussp. R312 cells grown in the dark (19) and
assayed as described previously (14). Unless stated otherwise,
samples of NHlight were prepared by exposing samples of
NHdark on ice to ambient light for 30-60 min. Aliquots were
taken for assay, and the activation was deemed complete
when there was no further increase in enzyme activity.
Protein samples were prepared in 0.1 MN-(2-hydroxyethyl)-

piperazine-N-2-ethanesulfonic acid (HEPES) with 0.04 M
sodium butyrate adjusted to pH 7.0 (at room temperature),
and were diluted into glycerol for particular experiments as
stated.

EPR Spectroscopy. EPR spectra of NHlight and NHC were
obtained as previously described (14). Samples of NHC were
generated at DuPont by exposing a sample of NHdark in the
EPR cryostat to broad-spectrum light generated by a Cermax
LX300UV xenon illuminator with a total output of approxi-
mately 0.05 W/nm over the range from 300 to 800 nm. The
light was filtered through 6 cm of circulating tap water to
filter IR radiation. EPR illumination experiments were carried
out at Carnegie-Mellon by illuminating for 30 min an EPR
sample of NHdark (200µL, 0.2 mM) maintained at≈2 K in
the cavity of the spectrometer. The light from a projector
lamp (150 W) was directed on the lateral opening of the
cavity through a round-bottom flask filled with water (4 cm
diameter, for filtering the IR radiation). All EPR spectra were
analyzed using a software package written by M. P. Hendrich
at Carnegie Mellon University.

Mössbauer Spectroscopy. Mössbauer spectra were re-
corded with constant acceleration spectrometers. The samples
were inserted into Janis Research, Inc., helium dewars
equipped with sensors that allow the temperature of the
sample to be controlled from 4.2 to 200 K. One cryostat
houses a superconducting magnet, and magnetic fields of
up to 8.0 T can be applied parallel to the observed
γ-radiation. For the second spectrometer, a magnetic field
of 450 G was applied with a permanent magnet placed
parallel or perpendicular to the observedγ-radiation. Isomer
shifts are quoted relative to Fe metal at 298 K. Unless stated
otherwise, protein samples were prepared by freezing the
sample in liquid nitrogen in a plastic Mo¨ssbauer cuvette.

For the Mössbauer photolysis experiments, the buffered
enzyme was mixed with glycerol (50:50 v/v,57Fe concentra-
tion ≈ 1 mM) and filled into a cylindrical Lucite cuvette (9
mm diameter× 6 mm). The cuvette was mounted in the tail
section of a helium cryostat in a brass assembly at the end
of a vertical suspension system. The brass assembly was
equipped with heater wires and temperature sensors. The
main part of the suspension system consisted of a 1 cm
diameter Lucite rod 120 cm in length. This rod served both
as a mechanical support for the brass assembly and as a pipe
for guiding the light from a 300 W slide projector to the
sample cuvette. The top of the rod, approximately 30 cm
above the top flange of the cryostat, had a conical Lucite
extension piece for light collection glued to the suspension
rod by dissolving the surfaces with dichloroethane. A water-
filled round-bottom flask (≈6 cm diameter) was placed

FIGURE 1: Divergent stereoview of the structure of the iron site in NHdark prepared from Protein Data Bank entry 2AHJ. Amino acids
providing iron ligands are as indicated. NO occupies an axial coordination position opposite of Sγ from Cys109. Atom colors are as
follows: light gray, carbon; blue, nitrogen; red, oxygen; yellow, sulfur; dark gray, iron.
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between the projector and the conical top of the Lucite light
pipe for focusing and filtering of IR radiation.2 The Möss-
bauer spectra were analyzed using the software package
WMOSS (WEB Research, Edina, MN).

RESULTS

Mössbauer Study of NHlight. As reported previously (10),
active nitrile hydratase contains a low-spin (S ) 1/2) ferric
ion characterized by an EPR spectrum with the followingg
values: gx ) 2.27 gy ) 2.13, andgz ) 1.97 (Figure 2A).
Figure 3 displays 4.2 K Mo¨ssbauer spectra of NHlight recorded

in a 0.05 T magnetic field applied perpendicular (Figure 3A)
and parallel (Figure 3B) to the observedγ-radiation. The
spectra reveal two distinct components. One component,
accounting for 16% of the iron in the sample, contributes a
sharp doublet with a quadrupole splitting,∆EQ, of 1.47 mm/s
and an isomer shift,δ, of 0.03 mm/s. This species is
diamagnetic and represents NHdark (see below) resulting from
incomplete photoactivation. The second component exhibits
paramagnetic hyperfine structure and belongs to the low-
spin ferric ion of NHlight. Figure 3C shows a 4.2 K Mo¨ssbauer
spectrum recorded in an 8.0 T applied field; we have
subtracted the contribution of the NHdark (16%) from the raw
data for clarity.

The observation of magnetic hyperfine structure in the
spectrum of NHlight in parts A and B of Figure 3 implies
that the electronic spin relaxation is slow (<106 s-1) on the
Mössbauer time scale. At 150 K, however, the electronic
spin relaxes sufficiently fast that the magnetic hyperfine
interactions are averaged out to a large extent (Figure 4).
The two outermost lines in the spectrum of Figure 4A belong
to NHlight (∆EQ ≈ 2.8 mm/s andδ ≈ 0.25 mm/s at 150 K).
The quadrupole doublet seen in the 4.2 K spectrum of Figure
3 and assigned to NHdark is also present in the high-
temperature data and indicated by the solid line in Figure
4A.

We have analyzed the low-temperature spectra of NHlight

(Figure 3) using theS ) 1/2 spin Hamiltonian

where all quantities have their conventional meanings,η )
(Vx′x′ - Vy′y′)/Vz′z′ is the asymmetry parameter of the electric
field gradient (EFG) tensor, and the primed coordinates refer
to the principal axis system of the EFG tensor (20). The solid
lines drawn through the data of Figure 3 are theoretical
curves generated from eq 1 using the parameters listed in
Table 1. Our simulations show that the largest component
of the electric field gradient (Vz′z′) is collinear with the largest
component of the magnetic hyperfine tensor (Az′z′). The
values for∆EQ of -2.85 mm/s andδ of 0.25 mm/s (at 4.2
K) are consistent with the known low-spin ferric configu-

2 This assembly was designed for studies of hydrogenase. Major ideas
in the conception of this setup were contributed by S. Albracht of the
University of Amsterdam (Amsterdam, The Netherlands), whose help
is greatly appreciated.

FIGURE 2: EPR spectra of NHlight. (A) Sample containing57Fe in
natural abundance (2.2%). (B) Sample containing57Fe enriched to
>90%. Experimental conditions: temperature, 40 K; microwave
frequency, 9.46 GHz; modulation amplitude, 1 mT; microwave
power, 2 mW.

FIGURE 3: Mössbauer spectra of NHlight recorded at 4.2 K in 50
mT fields applied perpendicular (A) and parallel (B) to the incident
γ-beam, and a parallel 8.0 T applied field (C). The quadrupole
doublet outlined above the spectra belongs to NHdark. The solid
lines drawn through the spectra are theoretical curves representing
the sum of two spectral components: a paramagnetic (S ) 1/2)
component (NHlight; 84% of the total Fe) and the diamagnetic
component of NHdark (16% of the total Fe). The data in panel C
were obtained by subtracting the contribution of NHdark from the
8.0 T spectrum. The theoretical spectrum of NHlight was generated
from eq 1 using the parameters listed in Table 1.

FIGURE 4: The 150 K Mössbauer spectra of NHlight (A) and NHB
(B). (A) The spectrum of NHlight (same sample as in Figure 3) was
recorded at 150 K in a parallel magnetic field of 50 mT. The solid
line indicates the contribution of NHdark. (B) NHdark was illuminated
for 15 min at 150 K, and the spectrum was recorded for 20 h at
this temperature. The quadrupole doublet attributed to NHB is drawn
above the data.

H ) âS‚g‚B + S‚A‚I - gnânB‚I +

(eQVz′z′/12)[3Iz′
2 - 15/4+ η(Ix′

2 - Iy′
2)] (1)
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ration of the iron in active nitrile hydratase, but stand in
contrast to values for∆EQ of 0.36 mm/s andδ of 0.31 mm/s
reported by Honda and co-workers for this form of the
enzyme (18).

Theg tensor of the ferric ion in NHlight is quite isotropic.
Therefore, the spatial correlation of theg and A tensors
cannot be obtained from frozen solution Mo¨ssbauer spectra.
However, because the magnetic hyperfine tensor is very
anisotropic, some relevant information regarding the spatial
correlation of theA andg tensors can be obtained from the
EPR spectrum of Figure 2B. It can be seen that thegz )
1.97 resonance of the EPR spectrum is split into a doublet
by 57Fe (I ) 1/2) magnetic hyperfine interactions. The
observed splitting of approximately 1.4 mT corresponds to
an A value of 40 MHz; i.e., the component ofA along the
electronicz-axis is smaller than the largest principal com-
ponent of theA tensor,Az′ ≈ -56 MHz (Table 1), showing
that the principal axis frames of theA and g tensors are
rotated relative to each other. AnA tensor component of
∼40 MHz along the direction ofgz indicates that thez′-axis
of the A tensor is rotated by∼45° relative to the direction
defined by thegz ) 1.97 resonance. Ignoring the low
symmetry indicated by the observation that theg and A
tensors have different principal axis frames (i.e., assuming
a symmetry not lower than rhombic), we have employed the
model developed by Griffith (21) and its extension to
Mössbauer spectroscopy by Oosterhuis and Lang (22) to
assess the ligand field parameters of the ferric ion in NHlight.3

As elaborated on elsewhere (21-26, 32), the tetragonal and
rhombic ligand field parameters∆/λ andV/λ can be obtained
from the experimentalg values (λ is the spin-orbit coupling
parameter,λ ≈ -400 cm-1). For NHlight, we obtain aV/∆
of ≈0.7 and ak of 1.1 for the “orbital reduction factor”;
values ofk above unity indicate that the assumptions of the
model (namely, ignoring contributions from eg orbitals) are
not fully justified (24). The 57Fe magnetic hyperfine tensor
can be computed with the knowledge of aV/λ of -8.1 and
a ∆/λ of -11.7. For this computation, two additional
parameters are required:κ, a parameter characterizing the
isotropic contact contribution, and the scaling factorP )
2âân〈r-3〉N2, whereN2 is a covalency factor.P accounts for
the radial distribution of the valence electrons of the ferric
ion, and its reduction can be attributed to covalency effects
(for details, see refs22, 26, and32).

Mössbauer data for low-spin ferric heme proteins, which
have been analyzed extensively with the Griffith model, have
been fitted well with aκ of 0.35 and aP of ≈85 MHz (26,
32). We were able to reproduce the experimentalA values
of NHlight with a κ of 0.35 and a value ofP reduced to 68
MHz, yieldingAx ) 10 MHz,Ay ) 1.3 MHz, andAz ) -57.6
MHz, in good agreement with the experimental data of
NHlight listed in Table 1.

Mössbauer Study of NHdark. Figure 5 shows Mo¨ssbauer
spectra of NHdark recorded at 4.2 K in zero field (A) and in
an applied field of 6.0 T (B). The major species of the zero-
field spectrum, representing 85% of the iron, consists of a
sharp doublet with a∆EQ of 1.47 mm/s and aδ of 0.03
mm/s. The spectrum in Figure 5B demonstrates that this
doublet represents a diamagnetic site (see the figure caption),
and the small value ofδ is consistent with NO coordination
(see below).

These data are very different from the Mo¨ssbauer spectra
originally published for NHdark (18, 27). In that work, two
components with approximately equal intensity were ob-
served, one most likely the same as the dominant component
we observe (∆EQ ) 1.49 mm/s andδ ) 0.02 mm/s) and
one with a∆EQ of 0.31 mm/s and aδ of 0.31 mm/s, similar
to what was seen for NHlight in the previous study, but unlike
any component we have observed in any of our samples of
the enzyme.

Irradiation of NHdark at Cryogenic Temperatures. (a)
Mössbauer Studies. Figure 6A shows Mo¨ssbauer spectra of
a sample purified in the dark, exposed to NO on ice to reduce
the fraction of NHlight present, and diluted 1:1 with glycerol.
The only spectral component present is NHdark. This sample
was illuminated with white light in the Mo¨ssbauer spec-
trometer at 4.2 K for 1 h; after the light was turned off, the
spectrum in Figure 6B was recorded for a period of 30 h.
Illumination at 4.2 K resulted in the appearance of a
paramagnetic component, NHA, that accounts for 65% of the
absorption (Figure 6B). The spectrum in Figure 6C was
obtained by subtracting the spectrum of the dark enzyme
(Figure 6A) from that shown in Figure 6B. Figure 6D
compares the spectra of NHA and NHlight. Although the two
spectra have the same general features, the hyperfine
structures of the two enzyme forms are clearly distinct.

After the spectrum in Figure 6B had been recorded, the
sample temperature was increased to 70 K and kept at that

3 For symmetries lower than rhombic, the magnetic hyperfine
interactions can acquire an antisymmetric component (22). To our
knowledge, such a component has not yet been observed experimentally,
presumably because the resolution of the spectra is insufficient.

Table 1: Mössbauer Parameters for NHlight, NHA, and NHdark at 4.2
Ka

δ (mm/s) ∆EQ (mm/s) η
Ax

(MHz)
Ay

(MHz)
Az

(MHz)

NHlight (S) 1/2) 0.25 -2.85 0.4 11 -5 -56
NHA (S) 1/2) 0.12b -3.1 0.8 20 0 -47
NHdark (S) 0) 0.03 1.47 0 - - -

a Thez′-axis of theA tensor of NHlight is tilted by≈45° (â) relative
to thez-axis of theg tensor, defined bygz ) 1.97. For NHA, the largest
component of the EFG tensor,Vz′z′, is tilted by≈30° (â) relative to the
z′-axis of the A tensor; we have no information about the spatial
orientation ofA andg for NHA. b Uncertainty ofδ is (0.1 mm/s.

FIGURE 5: The 4.2 K Mössbauer spectra of NHdark recorded in a
zero magnetic field (A) and in a parallel magnetic field of 6.0 T
(B). The solid line drawn through the data of spectrum B is a
theoretical curve (85% of the total Fe) for NHdark assumingS) 0,
∆EQ ) 1.47 mm/s, andη ) 0. The spectra also contain a fraction
(15%) of NHlight; this contribution is outlined separately in spectrum
B.
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temperature for 15 min before the sample was cooled again
to 4.2 K; the Mössbauer spectrum subsequently recorded was
the same as that of Figure 6A.

We have also performed Mo¨ssbauer illumination studies
at 150 and 180 K. After illumination of a sample of NHdark

for 15 min at 150 K, we recorded the spectrum of Figure
4B (hatch marks). This spectrum exhibits two quadrupole
doublets, namely, a majority species (∼60%) belonging to
NHdark and a new doublet (species NHB), asymmetrically
broadened by relaxation, with a∆EQ of 2.6 mm/s and aδ
of 0.23 mm/s at 150 K. The same spectrum was obtained at
180 K after further illuminating the sample at 180 K for 2
h. The observation of doublet NHB, distinct from that of the
doublet of NHdark, suggests that NO escapes from the active
site at>150 K. Moreover, the absence of NHlight from the
high-temperature spectra indicates that in this experiment
NHdark was not transformed into NHlight while maintaining
the protein at 180 K for∼24 h. Because the Mo¨ssbauer
spectra of NHA (and NHB) differ from those of NHlight, and
because ENDOR studies of NHlight indicate an OH- ligand
in the sixth coordination position of the Fe3+ ion, our results
suggest that NHA ions (and perhaps NHB) are low-spin, five-
coordinate ferric complexes formed by photodissociation of
the nitrosyl ligand at 4.2 K (note that the sample of NHlight

studied by ENDOR spectroscopy was prepared by illumina-
tion at 4°C prior to freezing).

(b) EPR Studies. Prior to the Mössbauer illumination
studies, we had obtained EPR spectra of cryogenically
irradiated NHdark at DuPont. Illumination of NHdark at 20 K
using a xenon arc lamp resulted in a new EPR spectrum
(Figure 7A) with g values at 2.21, 2.11, and 2.01. This
species corresponds most likely to Mo¨ssbauer component
NHA. Warming this sample to 77 K followed by cooling to
20 K led to the disappearance of the spectrum, in agreement
with the results obtained by Mo¨ssbauer spectroscopy. Double
integration of the signal of Figure 7A gave≈0.5 spin/Fe;

however, spin concentrations as high as 0.9 spin/Fe were
obtained by illumination at 4 K, although those samples
contained additional (minor) spectral components. All of
these enzyme samples were fully active after photoactivation
at 4 °C.

The EPR spectrum of NHC was also obtained when NHdark

was irradiated at 20 K in the presence of either butyric acid
or phenylhydrazine at concentrations that would be sufficient
to inhibit the enzyme at room temperature; the presence of
these inhibitors of nitrile hydration does induce significant
perturbation of the EPR spectrum of NHlight (10, 28). In
contrast, the presence of isobutyronitrile, another inhibitor
of nitrile hydration, effectively prevented formation of NHC.
These results suggest that butyric acid and phenylhydrazine
do not bind to NHdark under these conditions, even though
they are competitive inhibitors of NHlight, while isobutyro-
nitrile does appear to bind to NHdark and prevent photo-
dissociation of NO.

On the basis of the observation that rebinding of NO
occurs at 77 K for both NHA and NHC, we suspect that they
are identical species. This species is probably a five-
coordinate ferric complex formed by photolysis of the Fe-
NO bond, and the reappearance of NHdark after warming to
77 K indicates rebinding of NO at that temperature. Complete
rebinding of NO within 15 min at 77 K would require that
NO be sequestered in the vicinity of the iron site. This
suggested to us that one should be able to obtain EPR
evidence for the presence of an NO radical, either as an
independent species or as a species interacting with the low-

FIGURE 6: Cryogenic illumination experiments of nitrile hydratase.
(A) Zero-field Mössbauer spectrum of NHdark. (B) The 4.2 K
spectrum recorded after illuminating NHdark for 1 h at 4.2 K. (C)
Spectrum of NHA obtained by subtracting the spectrum of NHdark
(35%) from spectrum B. The solid line is a theoretical curve for
NHA generated from eq 1 using the parameters listed in Table 1.
The solid line in spectrum B is the same theoretical spectrum plus
a 35% contribution from NHdark. (D) Comparison of the experi-
mental spectra of NHA and NHlight (solid line, same spectrum as in
Figure 2A).

FIGURE 7: EPR spectra of nitrile hydratase following illumination
at cryogenic temperatures. (A) Spectrum of NHA ()NHC) obtained
by illuminating in the cavity of the EPR spectrometer at 20 K for
30 min with a xenon arc lamp. The spectrum was recorded at 20
K with a microwave power of 0.01 mW, a modulation amplitude
of 1mT, and a frequency of 9.46 GHz; the sample did not contain
glycerol. (B) Spectrum recorded at 25 K after illuminating a
different sample at≈2 K for 30 min with white light from a
projector lamp. The sample contained 50% glycerol. The smooth
line is a spectral simulation assuming equal contributions from two
species with the following values:gx ) 2.205 (13.2),gy ) 2.11
(8.25), andgz ) 2.008 (7.42) andgx ) 2.133gy ) 2.225, andgz )
2.00 [line widths (gauss), in parentheses, are the same for both
species]. (C) Spectrum obtained at 25 K after the temperature of
the sample used to record spectrum B was raised to≈77 K where
it was kept for 1 h. (D) Spectrum of the sample used to record
spectrum C after storage in liquid nitrogen for 3 days (see the text).
Experimental conditions for spectra B-D: temperature, 25 K;
frequency, 9.62 GHz; modulation amplitude, 0.98 mT; microwave
power (B) 1, (C) 1.6, and (D) 2 mW. Spectrum A was redrawn to
be correct for 9.62 GHz for purposes of comparison.
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spin ferric ion. EPR spectral simulations indicated that dipolar
interactions between the radical and the iron should be
detectable if the two species were closer than∼12 Å.
However, such interactions are not apparent in the spectra;
for example, see Figure 7A. It is conceivable that the
photodissociated NO binds at multiple sites in a nonspecific
manner, producing distributedg values that give rise to broad
EPR features not readily detected at the low NO concentra-
tions used in the experiments described here. Broad, ill-
defined EPR spectra arising from distributed binding sites
have been reported for nitric oxide adsorbed in zeolites (29).
We have also considered the remote possibility that the NO
signal was not detected because its spin relaxes rapidly at
∼20 K. However, the EPR spectra of the Fe(III) site exhibit
severe passage effects atT < 15 K, indicating very slow
relaxation; spectra recorded down to 2.2 K did not reveal
any features that could possibly be attributed to NO.

We were intrigued by the lack of EPR evidence for the
NO radical that should have been produced by the photolysis,
so we carried out an additional EPR illumination experiment
(Figure 7B-D). It should be noted that that this sample
contained 50% glycerol, as did the Mo¨ssbauer sample of
Figure 6, in contrast to the sample studied at DuPont (Figure
7A) which was studied in glycerol-free buffer. By illuminat-
ing the species at∼2 K, we obtained the spectrum of Figure
7B. The major species that is observed is the same as that
seen in Figure 7A. However, the sample exhibits a second
species withg values at 2.22, 2.13, and 2.00. The smooth
solid line drawn in Figure 7B is a spectral simulation for
which we assumed that the two species are in a 1:1
concentration ratio. The spectrum also contains a feature
around g ) 1.98 that is reminiscent of dissolved NO.
Moreover, there are features betweeng ) 2.15 and 2.20 for
which the simulation does not account. The appearance of
multiple species in EPR spectra of samples irradiated at the
lowest temperatures studied,e4 K, is consistent with
previous results obtained at DuPont. However, increasing
the sample temperature to 77 K, and maintaining that
temperature for 60 min, led to the conversion of these signals
to a new spectrum withg values at 2.23, 2.14, and 1.99
(Figure 7C, spectrum recorded at 25 K), rather than to the
expected disappearance of the signals. After the spectrum
of Figure 7C was recorded, the sample was removed from
the EPR dewar and transferred into a liquid nitrogen dewar
used for sample storage. Even though the transfer process
takes less than 15 s, the sample can experience a temperature
excursion up to 130 K (measured by placing a thermistor
into a water-filled EPR tube). After storing the sample in
the dark for 3 days under liquid nitrogen, we recorded the
EPR spectrum again at 25 K. To our surprise, the iron center
had converted to NHlight (Figure 7D). Note that the EPR
spectra of Figure 7B-D each represent about 0.1 spin/Fe,
indicating a much lower illumination yield than those
obtained with EPR at DuPont or with Mo¨ssbauer spectros-
copy.

DISCUSSION

The role of nitric oxide in the photoactivation of nitrile
hydratase has been demonstrated previously (8) by irradiation
of the inactive form, NHdark, at 0°C. The active form of the
enzyme (NHlight) obtained in this way is characterized by an
EPR signal withg values around 2.27, 2.13, and 1.97 (10).

We have studied the Mo¨ssbauer and EPR spectra of both
NHdark and NHlight forms of nitrile hydratase, together with
those of some species trapped following the illumination of
the NO-bound enzyme at low temperatures.

Our Mössbauer spectra differ significantly from those
reported previously by other investigators (18, 27). Honda
et al. associated a quadrupole doublet with a∆EQ of 0.36
mm/s and aδ of 0.31 mm/s with the active enzyme (Figure
2 in ref 18). This assignment cannot be correct for the
following reasons. There is general agreement that theS )
1/2 EPR signal withg values near 2.27, 2.13, and 1.97
originates from the active form of the enzyme. Therefore,
the Mössbauer spectrum associated with this form of the
enzyme must exhibit paramagnetic hyperfine structure at low
temperatures. The species labeled B in refs18and27exhibits
a quadrupole doublet at 9 K (Figure 2 in ref18), rather than
a magnetically split spectrum. For a sample of the inactive
enzyme, which lacked an EPR signal (Figure 2 in ref27),
these authors observed two quadrupole doublets: doublet B
and a doublet with the same parameters as we report for
NHdark. Because the two doublets seemed to have equal
intensities, Nagamune et al. proposed that nitrile hydratase
contained a binuclear iron site. This hypothesis has been
dispelled by subsequent crystallographic studies. While we
do not have an explanation for the previously published
Mössbauer results, we note that nothing in our data for NHdark

or NHlight is inconsistent with other published studies of the
enzyme.

The quadrupole splitting and isomer shift of NHlight that
we observe are typical of low-spin Fe3+ complexes. Fits to
the Mössbauer spectra of NHlight with eq 1 and analysis of
the parameters with the Griffith model (22, 23) gave a scaling
constant for the magnetic hyperfine interactions (P )
2âân〈r-3〉N2 ) 68 MHz) that is considerably smaller than
theP of ≈85 MHz generally found for low-spin Fe3+ hemes,
but similar to aP of 67 MHz observed for Fe(III) bleomycin
(30). The low value obtained forP indicates significantly
higher covalency for the low-spin iron of nitrile hydratase.
Our studies have also shown that the ligand field of NHlight

has lower than rhombic symmetry, as revealed by the
observation that theA tensor is significantly rotated relative
to theg tensor. Mössbauer spectroscopy of frozen solution
samples is not well suited to determining the orientation of
the A tensor relative to a ratherisotropic g tensor, and
therefore, we have combined Mo¨ssbauer spectroscopy with
EPR to gain information about the spatial relation between
theg tensor and the57Fe magnetic hyperfine tensor. However,
to gain more precise data on the relative orientation of the
two tensors, techniques such as ENDOR should be employed.

The metal center in NHdark comprises a formal Fe3+-NO
complex, consistent with the photodissociation of a neutral
NO species to yield the low-spin ferric complex of NHlight.
There are few characterized examples of such{Fe-NO}6

complexes [nomenclature of Enemark and Feltham (31)], and
those that have been studied by Mo¨ssbauer spectroscopy have
parameters similar to those observed here. For instance,
Wieghardt and co-workers (32) have reported fortrans-
[(cyclam)Fe(NO)Cl]2+ values forδ of 0.04 mm/s,∆EQ of
2.05 mm/s, andη of 0 that compare very well with values
for δ of 0.03 mm/s,∆EQ of 1.47 mm/s, andη of 0 obtained
here for NHdark. Given that a low-spin ferric complex results
from photodissociation of the NO as a radical, one might be
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inclined to consider the Fe site in NHdark as low-spin Fe3+.
However, two observations argue against such an assignment.
First, the isomer shift is quite small compared to that of
normal Fe3+ complexes (δ ≈ 0.15-0.35 mm/s), and second,
a low-spin Fe3+ in an octahedral environment has an unpaired
spin in a t2g orbital that would yield a negative value for
∆EQ. By studying the isomer shifts of Fe-cyclam complexes
in various oxidation states (see Figure 12 in ref32), Hauser
et al. have concluded that{Fe-NO}6 complexes have
substantial Fe4+-NO- admixture, and that the electronic
structure is perhaps best described as a low-spin Fe4+ (S )
1) strongly antiferromagnetically coupled to a NO- (S) 1)
ligand. Our Mössbauer data suggest that this interpretation
applies to NHdark as well.

We have performed a series of cryogenic irradiation
Mössbauer and EPR experiments. By illuminating the NO-
bound form of nitrile hydratase in the Mo¨ssbauer dewar at
<20 K, we have obtained a new state of the enzyme, NHA,
that differs significantly from the active enzyme, NHlight. It
is reasonable to assume that this new species represents a
five-coordinate complex resulting from the NHdark form by
photolysis of the Fe3+-NO bond. At 4.2 K, the Mo¨ssbauer
data show that no significant rebinding of the dissociated
NO occurs during the time required to collect the spectrum
(∼30 h). In contrast, complete rebinding of NO was observed
within 15 min after the temperature of the Mo¨ssbauer sample
was increased to 70 K, while the sample was maintained in
the dark. This suggests that NHA is an intermediate in the
photoactivation process that is trapped at 4.2 K. Photolysis
performed in the Mo¨ssbauer cryostat at 150 K gave species
NHB in ∼40% yield. This species has a quadrupole splitting
close to, but nevertheless different from, that observed at
150 K for NHlight, showing that it, too, is a distinct state of
the enzyme. The extent to which the local environment of
the Fe3+ site of NHB differs from that observed for NHA is
not clear. However, NHA and NHB differ in one aspect;
namely, NO rebinds readily to yield NHdark when NHA is
briefly warmed to 77 K, while the NO ligand escapes when
NHdark is photolyzed at 150 K. NHB may also be an
intermediate in photoactivation. A hypothesis for the in-
volvement of NHA and NHB in the photoactivation mecha-
nism is shown in Figure 8.

In assessing the low-temperature photolysis results, the
reader has to keep in mind that the various experiments were
not performed under identical conditions. Thus, the EPR
experiments that led to the spectrum of Figure 7A involved
samples that lacked glycerol, while the EPR experiments that
led to Figure 7B-D and all of the Mo¨ssbauer experiments
involved a 50:50 (v/v) buffer/glycerol solution. It is well
established that the presence of glycerol can affect protein
conformation and active site structure. Moreover, the il-
lumination conditions differed substantially in our experi-
ments. EPR illumination of NHdark between 4 and 20 K at
DuPont and Mo¨ssbauer illumination at 4.2 K at Carnegie

Mellon gave similar results, in both cases giving rise to new
species (NHC and NHA, respectively) that reverted to NHdark

upon warming to∼70 K. Because both species reverted to
NHdark when the samples were warmed, we suspect that NHA

and NHC are the same species.
We do not fully understand the results displayed in Figure

7B-D, for a variety of reasons. First, the sample did not
revert back to NHdark after warming to 77 K and cooling to
25 K. Rather, the spectrum of Figure 7C was observed. It
appears that subtle differences in sample preparation have
provided a protein conformation that either allows NO to
escape from the active site or prevents a sequestered NO
from returning to the iron. Second, the protein conformation
giving rise to the EPR signal of Figure 7C is capable of
converting into NHlight at <130 K.

An obvious goal for further illumination experiments is
to search for the EPR signature of the photodissociated
ligand. Because rebinding occurred readily in the experiments
whose results are depicted in Figures 6 and 7A, the ligand
must have been sequestered in the vicinity of the active site
after illumination at 20 K. Because the active site contains
a low-spin (S) 1/2) ferric ion after photolysis, the photolyzed
ligand must be in the NO• (S ) 1/2) form and should yield
an EPR signature. EPR spectra (not shown) of saturated
solutions of NO in samples of bovine serum albumin show
broad features extending fromg ) 2.00 to 1.96. It is likely
that such a species would be difficult to observe for the
concentrations (<0.2 mM) and spectrometer conditions used
for the experiment whose results are depicted in Figure 7A.
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