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ABSTRACT: A new method to trap catalytic intermediate species
was employed with Fe-type nitrile hydratase from Rhodococcus equi
TG328-2 (ReNHase). ReNHase was incubated with substrates in a
23% (w/w) NaCl/H2O eutectic system that remained liquid at
−20 °C, thereby permitting the observation of transient species
that were present at electron paramagnetic resonance (EPR)-
detectable levels in samples frozen while in the steady state. FeIII-
EPR signals from the resting enzyme were unaffected by the
presence of 23% NaCl, and the catalytic activity was ∼55% that in
the absence of NaCl at the optimum pH of 7.5. The reaction of
ReNHase in the eutectic system at −20 °C with the substrates
acetonitrile or benzonitrile induced significant changes in the EPR
spectra. A previously unobserved signal with highly rhombic g-
values (g1 = 2.31) was observed during the steady state but did not persist beyond the exhaustion of the substrate, indicating that it
arises from a catalytically competent intermediate. Distinct signals due to product complexes provide a detailed mechanism for
product release, the rate-limiting step of the reaction. Assignment of the observed EPR signals was facilitated by density functional
theory calculations, which provided candidate structures and g-values for various proposed ReNHase intermediates. Collectively,
these results provide new insights into the catalytic mechanism of NHase and offer a new approach for isolating and characterizing
EPR-active intermediates in metalloenzymes.

■ INTRODUCTION

Nitrile hydratases (NHases, EC 4.2.1.84) are metalloenzymes
that contain either low-spin (S = 1/2) Fe(III) (Fe-type) or
low-spin (S = 0) Co(III) (Co-type) ions in their active site.1,2

X-ray crystallographic studies on NHases revealed that they are
α2β2 heterotetramers with an active site metal ion coordinated
by three cysteine (Cys) residues and two amidate nitrogens
derived from the protein backbone yielding a coordination
geometry referred to as a “claw-setting”.3,4 Two of the active
site cysteine residues are post-translationally modified to
cysteine−sulfinic acid (−SO2H) and cysteine−sulfenic acid
(−SOH), respectively, while the axial cysteinate ligand remains
unaltered. The protonation states of the active site equatorial
sulfenic and sulfinic acid iron-ligands have been proposed to be
neutral Cys−SOH and anionic Cys−SO2

−, based on sulfur K-
edge X-ray absorption spectroscopy (XAS) and geometry-
optimized density functional theory (DFT) calculations.5

Oxidation of the equatorial Cys residues is essential for
catalysis and the catalytic relevance of these moieties is well-
established,6 but information concerning their mechanistic
roles and the catalytic significance of their protonation states is
only just starting to evolve.7

Biomimetic NHase models and structure/function studies
on NHase enzymes have yielded insights into the catalytic
mechanism. However, models that display activity are scarce,
and the rational design is hampered by insufficient under-
standing of the mechanism of NHase itself.8−12 From X-ray
crystallography, stopped-flow kinetics, and electron para-
magnetic resonance (EPR) spectroscopic evidence,13−15 a
catalytic mechanism was proposed with a heretofore unknown
role for the sulfenic acid (αCys−OH) ligand as an active site
nucleophile (Figure 1).15 This unique chemistry was
subsequently corroborated by time-resolved X-ray crystallog-
raphy and DFT calculations.7,16−18 Salient features of this
mechanism include (i) direct coordination of the nitrile
substrate to the active site metal center13,17 and (ii) activation
of the bound nitrile bond toward nucleophilic attack by the
αCys−OH ligand, forming a cyclic intermediate (I in Figure
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1). Subsequent 16/18O mass spectrometric studies19 found that
the product amide oxygen is protein-, rather than water-
derived, providing further support for active participation by
the sulfenic acid (αCys−OH) ligand. Once the cyclic
intermediate is formed, it must react with H2O to generate
the amide product, and two possible pathways have been
proposed for this portion of the catalytic mechanism (Figure
1). In the first route (A), a water-derived nucleophile attacks
the S-atom of the cyclized unit, cleaving the S−O bond and
regenerating the sulfenic acid ligand. An alternative route (B)
is based on recent theoretical studies that suggest that S−O
bond cleavage is accompanied by the formation of a disulfide
bond with the axial Cys ligand (II in Figure 1).16,18,20 In this
scenario, the sulfenic acid ligand is then regenerated by the
reaction of the disulfide moiety with H2O. In both pathways,
once nucleophilic attack of the nitrile carbon occurs, two
water-derived protons are transferred in the rate-limiting
step.21,22 As shown in Figure 1, the nascent product may
exist as an iminol ligand (III) that subsequently tautomerizes
to an amide. The amide product is then displaced by a water
molecule in the final step, thereby regenerating the catalyst.
Elucidation of the NHase reaction pathway requires the

trapping of catalytic intermediates amenable to spectroscopic
characterization, as well as computational methods capable of
translating the spectroscopic data into structural information.
To identify intermediate species and provide insight into the
catalytic mechanism of NHases, we report herein a novel
cryoenzymological approach that utilizes a 23% (w/w) NaCl/
H2O eutectic system that can be cooled to −20 °C while
remaining in the liquid state. This approach was developed
after attempts to employ rapid-freeze-quench (RFQ) techni-
ques were unsuccessful due to the incompatibility of Fe-type
NHase with various solvents. In contrast, EPR spectra of the
Fe-type nitrile hydratase from Rhodococcus equi TG328-2
(ReNHase) recorded on samples frozen after being cooled to
−20 °C in this eutectic system were indistinguishable from
resting EPR signals observed in the absence of NaCl.
Moreover, the enzyme in the liquid eutectic retained ∼55%
of its catalytic activity at the optimum pH of 7.5. The reaction

of ReNHase and the slow substrate acetonitrile (ACN) in 23%
(w/w) NaCl/H2O at −20 °C revealed a novel EPR signal in
the steady state. This signal arises from a catalytically
competent intermediate that has not been observed in prior
NHase studies. Insights into the structural identity of this
intermediate were gained from density functional theory
(DFT) calculations that provided computed g-values for
proposed active-site structures. This combined spectroscopic
and computational approach was also applied to the product-
bound enzyme, providing compelling evidence in support of
the iminol/amide tautomerization shown in Figure 1. In
addition to advancing our understanding of the NHase
catalytic cycle, the novel methods and procedures described
here can be applied to future mechanistic studies of EPR-active
metalloenzymes. In particular, it is shown that the NaCl/H2O
eutectic system offers an alternative to traditional RFQ
techniques for the trapping of transient species.

■ MATERIALS AND METHODS
Materials. All reagents were purchased commercially and

were of the highest purity available. Ampicillin, kanamycin, N-
2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES),
2-(N-morpholino)ethanesulfonic acid (MES), N-cyclohexyl-2-
aminoethanesulfonic acid (CHES), isopropyl-β-D-1- thiogalac-
topyranoside (IPTG), acrylonitrile, acetonitrile, benzonitrile,
3-hydroxybenzonitrile, 3,4-dihydroxybenzonitrile, 2-methylbu-
tane (2-MeBu), 2-methylpentane, and pentane were purchased
from Sigma-Aldrich or Fisher scientific.

Expression and Isolation of ReNHase. NHase was
isolated using an anaerobic protocol as previously described in
detail.23 Briefly, the α and β genes were inserted into a pET
28a+ plasmid and the ε gene was inserted into a pET 21a+

plasmid, and the genes were co-expressed in Escherichia coli
BL21 DE3 cells. The active enzyme was isolated using two
anion exchange chromatography steps, eluted with NaCl, with
an intervening metal affinity chromatography step, eluted with
imidazole.

Steady-State Kinetic Assays. The enzymatic activities at
25 °C of 20−200 nM ReNHase in 2.5 mM HEPES buffer, pH

Figure 1. Proposed catalytic cycle for NHase. The cysteine−sulfinic acid moiety shown in the resting enzyme is omitted in subsequent structures
for compactness.
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7.5, toward the substrates 1−400 μM benzonitrile (benzamide;
Δε244 = 3.49 mM−1 cm−1), 1−400 μM 3-hydroxybenzonitrile
(3-hydroxybenzamide; Δε247 = 2.19 mM−1 cm−1), 1−400 μM
3,4-dihydroxybenzonitrile (3,4-dihydroxybenzamide; Δε264 =
4.04 mM−1 cm−1), 1−100 mM acrylonitrile (acrylamide; Δε225
= 2.9 mM−1 cm−1), and 1−100 mM acetonitrile (acetamide;
Δε220 = 4.96 × 10−2 mM−1 cm−1) were determined
spectrophotometrically. The kinetic constants Vmax and Km
were calculated by fitting the data to the Michaelis−Menten
equation in OriginPro 9.0. Arrhenius equation coefficients Ea
and A were estimated from fitting plots of ln(activity) vs 1/T
(K) using activities measured between 5 and 35 °C.
Trapping Reaction Intermediates for ReNHase. Three

approaches for presteady-state EPR spectrokinetics were
evaluated. One was the use of traditional rapid-freeze-quench
(RFQ), using 2-methylbutane (isopentane) at −95 °C as a
nominally inert, immiscible cryogen with a freezing time of 4
ms under the conditions employed. A second approach utilized
cryoenzymology, in which ReNHase was dissolved in a eutectic
system of an aqueous buffer solution and dimethyl sulfoxide
(DMSO) that remains liquid at temperatures down to −80 °C.
Under certain conditions, such a mixture can be exploited to
significantly slow an enzymatic reaction and allow intermedi-
ates to be subsequently trapped by manual freezing
techniques.24 Both of these methods ultimately proved
unsuitable with NHase (vide infra).
Finally, a third, apparently unreported method was chosen

that utilized a eutectic (cryohydratic) system whereby a 23%
by weight solution of NaCl in buffer provided a melting
temperature T°23% of −21 °C. Such a salt solution containing
32.5 mM HEPES at pH 7.5 (hereafter referred to as “CSS
7.5”) remained liquid indefinitely in a commercial −20 °C
freezer (measured sample temperature −18 to −20 °C; Fluke
2165A Digital Thermometer). Solutions of resting ReNHase in
CSS 7.5 were prepared, the catalytic activities were measured,
and the EPR spectra of the subsequently frozen samples were
recorded. Analogous samples were similarly prepared contain-
ing 32.5 mM MES pH 5.0, CHES pH 9.0, CHES pH 9.5, and
CHES pH 10.0 (CSS 5.0, CSS 9.0, CSS 9.5, and CSS 10.0,
respectively). Separate aliquots of 100 μM ReNHase and 250
μM acetonitrile in CSS at each pH were prepared. For studies
with benzonitrile, a saturated solution of benzonitrile in buffer
was prepared, and then the appropriate amount of NaCl was
added to make CSS.
For EPR studies, a 150 μL slug of the substrate solution was

placed in the lower half, leaving an air gap of about 3 cm to the
bottom of a 3 mm I.D. EPR tube (707-SQ-250M, Wilmad)
and a 150 μL slug of the ReNHase solution were placed in the
upper part of the EPR tube, about 3 cm from the top. The
∼1.5 cm slugs were quite stable in position due to capillary
attraction to the tube walls. The EPR tube was allowed to
thermally equilibrate in the −20 °C freezer for 30 min. The
reaction was then initiated by holding the 25 cm-long EPR
tube by the neck and violently flicking the tube to propel the
contents to the bottom of the tube; this method has been
observed to provide surprisingly efficient mixing.25 For the
shortest reaction times, the tube was immediately plunged into
a bath of methanol on solid CO2 with agitation.
For incubation times of >5 s, the mixing was carried out in

the freezer compartment and the door was immediately closed
afterward, with the remainder of the incubation (up to 30 s)
carried out with the tube lying directly on the cold freezer
floor. An accumulated layer of frost (∼3 mm) in the

corrugations of the freezer floor provided good thermal
contact with the sample, and the temperature of a control
sample that remained in the freezer was stable within 1 °C
throughout the procedure; however, the use of a bath of the
temperature-equilibrated eutectic mixture, with a large heat
coefficient and in which to incubate samples, could be
employed where concerns around temperature stability exist.
Following freezing, the samples were stored either under

liquid N2 or at −80 °C prior to EPR examination. The samples
were examined as soon as possible after generation as sample
tubes tended to shatter upon handling that involved temper-
ature changes (SCC solutions expand by 5% upon slow
freezing26 and the solid solution likely imposes significant
stress on the tube upon rapid freezing); because of this, the use
of a liquid nitrogen finger dewar for EPR that contained no
salt-corrodible parts and is easy to clean in the event of tube
failure was preferred for routine EPR studies of the low-spin
Fe(III) signals over a variable-temperature cryostat.

EPR Spectroscopy. EPR spectra were obtained on an
updated Bruker EMX-AA-TDU/L spectrometer equipped with
an ER4112-SHQ resonator and an HP 5350B microwave
counter for precise frequency measurement. Spectra were
recorded with 5 G magnetic field modulation at 100 kHz at
either 77 K (∼9.45 GHz) with 5 mW microwave power, 50 K
with 2 mW microwave power, or either 25 or 35 K (∼9.49
GHz) with 0.5−5 mW microwave power; the conditions at 50
and 77 K were nonsaturating for low-spin Fe(III), and 0.5 mW
at 25 K was only slightly saturating, whereas putative high-spin
Fe(III) signals could be much better observed with 5 mW
power at 25 K. A temperature of 77 K was maintained with
liquid nitrogen, while temperatures of 25−50 K were
maintained using a ColdEdge/Bruker Stinger S5-L recirculat-
ing helium refrigerator, an Oxford ESR900 cryostat, and
MercuryITC temperature controller. EPR simulations were
carried out using EasySpin,27 and all spectra are presented on a
field scale corresponding to a resonant frequency of 9.49 GHz.
An integration standard of 1.7 mM Cu(II) in 50 mM HEPES
buffer containing 15% v/v glycerol and 10 mM imidazole at
pH 7.5 was prepared, and EPR spectra were recorded at 77 K,
0.5 mW. These data were used to calibrate spin densities from
ReNHase EPR spectra with standard corrections for differences
in 1/T, (microwave power) , and (field range)2.

Computational Methods. Density functional theory
(DFT) calculations were performed using the ORCA 3.0
software package developed by Neese.28 Unless otherwise
noted, calculations utilized the PBE0 functional (i.e., the one-
parameter hybrid version of the Perdew−Burke−Ernzerhof
functional).29,30 Ahlrichs’ valence triple-ζ (TZV) basis sets
with additional polarization functions on heavy atoms were
employed in conjunction with the appropriate auxiliary basis
set.31,32 The truncated version of the Fe-NHase active site was
based on previous computational studies by our group14 and
Hopmann.20 In addition to the primary coordination sphere
provided by the “claw-setting”, these computational models
included the two conserved protonated arginine residues
(Arg56 and Arg141) capable of participating in hydrogen-
bonding interactions with the Cys−SO− and Cys−SO2

−

moieties. Energy-minimized active-site structures were gen-
erated by constrained geometry optimizations in which the
positions of carbon atoms attached to the protein backbone
were fixed. In addition to these geometry-optimized models,
single-point calculations were also performed with Fe-NHase
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models reported by the Solomon,17 Hopmann,20 and
Toscano16 groups. Time-dependent DFT (TD-DFT) calcu-
lations33−35 provided absorption energies and intensities for 40
excited states within the Tamm−Dancoff approximation.36,37

EPR g-values of the Fe-NHase active-site models were
calculated using two different methodologies. The first
approach, labeled “Taylor/DFT”, is based on a set of equations
developed by Taylor that describe the relationship between g-
values, ligand-field parameters, and spin−orbit coupling
(SOC) for low-spin Fe(III) systems.38 In this approach, the
tetragonal splitting (Δ) between the Fe dxy orbital and dxz/dyz
pair and the rhombic splitting (V) between the Fe dxz and dyz
orbitals were computed using TD-DFT. The SOC parameter
(λFe) was fixed at 460 cm−1a value determined by calibrating
this methodology to a series of nonheme Fe−S/N complexes
with known g-values.39 With these three parameters (Δ, V, λFe)
as inputs, the application of the Taylor equations yielded g-
values for each of the Fe-NHase models in Figure 2. An

important constraint is that the computed g-values were
required to correspond to a normalized orbital, such that the
sum of the squares of the coefficients for the Fe dyz, dxz, and dxy
orbitals are equal to one for the singly-occupied MO. Further
details regarding the Taylor/DFT method are provided in our
earlier report.14

In the second approach, EPR g-values were calculated by
applying complete active space self-consistent field (CASSCF)-
based methods to select Fe-NHase models.40,41 These
calculations were performed using an updated version (4.0)
of the ORCA software package. Valence triple-ζ Karlsruhe
basis sets combined with polarization functions on the main
group and transition-metal elements (def2-TZVP) were
employed.42 Single-point calculations of the Fe-NHase models
employing the B3LYP functional43,44 provided unrestricted
natural orbitals that served as the initial guess for state-
averaged CASSCF calculations. The CAS(5,5) active space
consisted of five electrons in the five Fe 3d orbitals. The 10
lowest-energy doublet roots were calculated. Dynamic electron
correction was incorporated using N-electron valence state
second-order perturbation theory (NEVPT2).45 Application of
the effective Hamiltonian method to the multiconfigurational

CASSCF/NEVPT2 wavefunctions yielded the computed g-
values listed in Table S2 of the Supporting Information.

■ RESULTS
Steady-State Kinetic Analyses. To establish a baseline

for enzymatic activity, steady-state kinetic parameters for
ReNHase were measured in 50 mM HEPES buffer at pH 7.5
and 25 °C with various substrates. As shown in Table 1, the
activity with acrylonitrile, the most commonly reported
substrate, was similar to the values previously reported.14

Characterization of Intermediate-Trapping Method-
ologies. The most common method for trapping enzyme
reaction intermediates for subsequent spectroscopic analysis is
rapid-freeze-quench (RFQ). In this approach, intermediates
are generated by rapid mixing and freezing the mixture as a
spray into a nominally immiscible, inert cryogen such as 2-
methylbutane (2-MeBu; isopentane) at around −100 °C. Even
though this methodology is well-established, attempts to
generate RFQ samples of NHase for EPR studies proved
difficult. Vigorous agitation of NHase for 2 min with 2-MeBu
using a vortex mixer or manual shaking had only a minor
impact on the EPR spectra of the resulting samples (Figure S1;
traces A and B). However, over time in the presence of 2-
MeBu, the enzyme color changed from green to brown and the
activity fell to <1%. Analogous results were observed with 2-
methylpentane and n-pentane. Upon mixing the enzyme as a
spray with cold 2-MeBu, using the RFQ apparatus, changes to
the EPR spectrum were more dramatic, with both slow- and
fast-relaxing signals that spanned the 4000 G field range of the
EPR spectrum. Thawing and refreezing this mixture led to
further changes in the spectrum and, finally, complete loss of
the signals (Figure S1; traces D and E). Over three sets of
experiments, the precise nature of the altered EPR signals
differed quantitatively in terms of resonance positions and
intensities but was qualitatively similar. An alternative
approach of using a DMSO eutectic system24 was also found
to be unsuitable, as NHase exposed to 50% DMSO was
completely inactive, even when subsequently diluted in
aqueous buffer to very low DMSO concentrations.
The activities of NHase in the 23% (w/w) NaCl/H2O

eutectic system at pH values from 5.0 to 10.0 were found to be
between 2% (at pH 10.0) and 56% (at pH 7.5) of those in
unsalted buffers at the same respective pH values (Table 2).
Analysis of the temperature dependence of ReNHase activity at
pH 7.5 toward acetonitrile (Figure S2) yielded a linear
relationship, kln (s ) 17.6

Tcat
1 3810

(K)
= − +− , predicting a kcat

value at −20 °C of ∼12 s−1, i.e., a turnover time of about 80
ms. Using acetonitrile as the substrate, ReNHase exhibited a
kcat value of 111 ± 4 s−1 in the cryogenic salt solution (CSS) in
32.5 mM HEPES buffer at 25 °C, pH 7.5 compared to a kcat

Figure 2. Structural models for calculations of g-values.

Table 1. Steady-State Kinetic Analysis of ReNHase at pH
7.5, 25 °C with Different Substrates

substratea kcat (s
−1) Km (μM)

benzonitrile 30.9 ± 1.5 13.2 ± 1.4
3-hydroxybenzonitrile 15.9 ± 1.6 77 ± 17
3,4-dihydroxybenzonitrile 1.5 ± 0.2 168 ± 21
acrylonitrile 620 ± 140 25 000 ± 11 000
acetonitrile 198 ± 11 25 000 ± 2000

aIn 50 mM HEPES pH 7.5.
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value of 198 ± 11 s−1 in the absence of 23% NaCl (Table 2).
The kcat values for ReNHase with acetonitrile in eutectic CSS
solutions with MES pH 5.0, CHES pH 9.0, CHES pH 9.5, and
CHES pH 10.0 (CSS 5.0, CSS 9.0, CSS 9.5, and CSS 10.0,
respectively) varied from about 2% of that in the
corresponding unsalted buffer at pH 10, to almost 50% at
pH 7.5 (Table 2).
The “lost” activity of the enzyme in CSS 7.55 was entirely

recoverable upon exchange into unsalted buffer, allowing for
recycling of enzyme so long as exposure to air was minimal.
The observed activity in CSS 7.5 of 56% relative to that in
unsalted buffer was in reasonably good agreement from that
predicted from the application of Kramers’ theorem46 to
diffusional processes in proteins and enzymes47,48 and,
specifically, to enzyme activity in which the rate-limiting step
is a diffusion process.49,50 Briefly, the dynamic viscosity, μ, of 4
M (23.3%) NaCl at 20 °C is 1513 μPa s compared to 1002
μPa s for water,51 and the reaction rate, k, obeys k ∝ μ−1,
which predicts the activity in CSS 7.5 to be around 65% of that
in unsalted buffer.50 The viscosity of NaCl solutions is also
linearly inversely proportional to the absolute temperature over
the range that is relevant here, i.e., ΔT ≈ 40 K,51 and thus the
temperature dependence of viscosity effects on the activity at
−20 °C are inherently accounted for in the empirical Arrhenius
analysis of temperature dependence. The kinetic parameter
space encompassing kcat and Km as functions of [NaCl],
temperature, and pH is large, and a detailed systematic study,
while warranted, is outside the scope of the present
investigation.
The total reaction time for the cryoenzymological trapping

method is given by the sum of three factors: (i) the time
required to mix the enzyme and the substrate, (ii) the time to
transfer to the cold bath, and (iii) the time it takes to freeze the
sample. By comparing this overall reaction time to the turnover
time derived from kinetic assays and Arrhenius analysis, it is
possible to determine whether the reaction time for various
amounts of substrate lies in the presteady state or the steady
state, or whether the substrate has been exhausted by the time
the sample is frozen. The shortest reproducible combined time
of mixing and sample transfer to cold acetone was standardized
by a calibrated manual count (“bartender’s count”) of
approximately one second. Applying Newton’s law of cooling
to calculate the freezing time, however, indicated that the latter
is not a straightforward quantity to determine. The sample
itself is a eutectic system, and the spherulite model investigated
in earlier studies of the freezing of protein solutions does not,
therefore, apply.52 Another complication is that although the
sample is transferred to the −78 °C bath at −20 °C, which is
only −2 °C above the freezing point, the eutectic mixture can
exist as a supercooled liquid to −30 °C; this phenomenon is,
perhaps surprisingly and in contrast to pure water, reported to
be insensitive to the nucleation environment.53 At −30 °C,

crystallization of the supercooled eutectic occurs essentially
instantaneously, abruptly halting any enzymatic reaction, with
subsequent liberation of the latent heat of fusion from the
immobile, frozen solution. Finally, given the geometry of the
sample and the anticipated short time of freezing, convection
can be neglected; this, inconveniently, precludes the use of
engineering standard tables that are used for larger and/or
flowing systems. The parameter space from which to calculate
the freezing profile of the sample is large, but a model example
is highly illustrative. Taking the fused quartz sample tube
alone, immersion into −78 °C lowers the temperature of the
tube from −20 to −52 °C in 0.2 s. Then, considering the 50%
(150 μL) of the sample closest to the inside of the tube as a
cylinder of outside diameter of 3 mm and inside diameter of
1.52 mm, the mean sample temperature is reduced to the
supercooled-freezing temperature of −30 °C in 0.36 s. This
assumes a steady tube temperature of −52 °C; in fact, the
cooling constant for the tube is about 4-fold higher than for the
sample, so the freezing time of 0.36 s is an upper limit in this
model.
During the cooling-to-freezing time of 0.36 s, application of

the Arrhenius equation suggests that 1.0 turnover occurs with
acetonitrile at pH 7.5 during freezing of the outer half of the
sample. In addition, 14.4 turnovers occur during the combined
incubation and transfer times (of 1 s), resulting in a total of
15.4 turnovers prior to sample freezing. Cooling of the entire
sample to −30 °C, on the other hand, takes 1.7 s,
corresponding to 19.1 turnovers. This analysis assumes that a
temperature gradient across the sample exists and is supported
by the calculation of a Biot number for the sample of 0.72,
significantly higher than the value of 0.1, which would indicate
only a 5% deviation from uniform temperature.54 The Biot
number for the frozen sample is 0.71, and that for the quartz
tube is 0.97, which indicates that the net rate of heat transfer
through the sample-and-tube structure and the heat transfer
rate out through the structure surface is about equal. The
thermal conductivity of ice is ∼4.6× those of supercooled
water (−20 °C) and the NaCl/H2O eutectic, respectively,
indicating that the favored conduit for the escape of latent heat
of fusion released by the nascent frozen solution is through the
frozen sample to the outside low-temperature reservoir via the
quartz tube rather than into the remaining supercooled liquid
sample.55

This analysis, then, predicts that the number of turnovers of
acetonitrile at pH 7.5 that occur during the shortest available
total reaction time follows a distribution of ∼15 ± 4 turnovers.
Thus, this situation clearly precludes the trapping of presteady-
state intermediates with acetonitrile at pH 7.5, for example.
However, steady-state intermediates can be trapped using the
methodology, with 10−20 equiv of acetonitrile. In principle,
presteady-state intermediates could be trapped with acetoni-
trile at pH 9.5 or 10.0, though the wide distribution in reaction
times across the sample would require unusually long-lived
presteady-state intermediates to accumulate in concentrations
amenable to EPR detection.

EPR-Spectrokinetic Studies at pH 7.5 Using the Salt-
Water Eutectic System. At pH 7.5, the EPR spectrum of the
as-prepared ReNHase in the 23% NaCl CSS at pH 7.5 (Figure
3; trace A) is almost indistinguishable from that obtained in
unsalted HEPES buffer, pH 7.5 (Figure S1; trace A). In both
cases, the EPR spectrum could be simulated as a mixture of
ReNHase species where the active species (NHaseAq) is the
predominant type (∼63%). As described previously, the

Table 2. Comparison of kcat for ReNHase with Acetonitrile
at 25 °C in NaCl-Free Buffer and in 23% (w/w) NaCl/H2O
Eutectic CSS Solutions

pH kcat no NaCl kcat in CSS

5.0 160 ± 15 10 ± 5
7.5 198 ± 11 111 ± 4
9.0 170 ± 7 21 ± 1
9.5 110 ± 6 5 ± 1
10.0 64 ± 3 1.0 ± 0.1
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NHaseAq species features an Fe-bound H2O molecule in the
axial position, as illustrated in Figure 2. In the present work,
the g1-value of NHaseAq is shifted slightly to 2.197 from the
previously reported value of 2.206 in unsalted HEPES buffer.
The second major contributor to the as-prepared spectrum is

NHaseOx (∼22%), in which the Cys−SO ligand has been
further oxidized to Cys−SO2.

8 Finally, 15% of the overall signal
is due to uncharacterized species, denoted NHaseNA1 (NA =
not assigned). The g-values and spin contributions for each of
the species contributing to the most mechanistically relevant
EPR spectra presented herein are given in Table 3, and a more
comprehensive list is given in Table S1.
The reaction of ReNHase with 2.5 equiv acetonitrile for 2 s

at −20 °C yields an EPR spectrum that is indistinguishable
from the product complex obtained by the direct addition of
2.5 equiv of acetamide (Figure 3; traces B and C). This result
is not surprising given our prior analysis that ∼15 ± 4
turnovers occur during the mixing-transfer-freezing time of the
NaCl/H2O eutectic solution, meaning that all of the added
substrates are converted to products (vide supra). Each of the
spectra B and C consist of at least four distinct signals, as
evidenced by four distinct g1 resonances that are clearly
observable at magnetic fields of 2975, 3050, 3080, and 3100 G.
Intensity from NHaseAq is still observed (g1 = 3080 G), but
now it only accounts for about one-third of the spin density.
The newly predominant signal, exhibiting ∼50% of the spin
density, exhibits a g1-resonance at 3050 G. Its features are quite
similar to those observed in earlier work upon the addition of
acetonitrile to ReNHase,14 as well as a signal detected upon the
addition of acetonitrile to intact ReNHase-expressed in E.
coli.23 In the present work, the signal with g1 = 3050 is labeled
NHaseProd1 to indicate that it arises from a product-bound
complex. The most anisotropic signal in spectra B and C,
which was also observed in the earlier work,23 accounts for
<10% of the total spins and exhibits a g1-value of 2.276 (i.e.,
the peak at 2975 G). This signal is very similar to the one
displayed by the reversibly inhibited noncovalent complex of
NHase with butyric acid, NHaseBA (g1 = 2.281).14 Therefore,
we tentatively assign the g1 = 2.276 signal (labeled NHaseProd2)
to a species where acetamide is present in the active-site pocket
but in a different position or orientation than NHaseProd1. Both
the NHaseProd1 and NHaseProd2 signals are elicited upon direct
addition of either acetonitrile or the reaction product
(acetamide), confirming their assignments as product-bound
species. Likely structures for NHaseProd2 and NHaseProd2 are
discussed in the DFT computational section below. The

Figure 3. EPR spectra of (A) as-prepared ReNHase, (B) 2.5 equiv of
ACN added to ReNHase, (C) 2.5 equiv acetamide added to ReNHase,
(D) 10 equiv of ACN added to ReNHase, and (E) 83 equiv of ACN
mixed with ReNHase, recorded at 25 K. Samples prepared in 12 mM
HEPES, 23% (w/w) NaCl/H2O, pH 7.5. (Exp; experimental EPR
spectrum, Sim; computer simulation of experimental EPR spectrum.).

Table 3. Simulation-Derived Experimental g-Values and Spin Fractions for EPR Spectra from ReNHase

sample spectrum (figure, trace) experimental EPR speciesa g1 g2 g3 spin-density fraction

resting Figure 3A NHaseAq 2.197 2.136 1.994 0.63
CSS 7.5 NHaseOx 2.175 2.124 1.986 0.22

NHaseNA1 2.218 2.115b 1.981b 0.15
acetonitrile, 2.5 equiv Figure 3B NHaseProd2 2.276 2.128b 1.973b 0.06
1 sc at −20 °C NHaseProd1 2.223 2.139 1.971 0.47
CSS 7.5 NHaseAq 2.201 2.130 1.991 0.30

NHaseNA2 2.185 2.118b 1.973b 0.17
acetonitrile, 83 equiv Figure 3E NHaseINT 2.310 2.136 1.960 0.05
1 sc at −20 °C NHaseProd2 2.278 2.130b 1.976b 0.12
CSS 7.5 NHaseProd1 2.221 2.139 1.975 0.23

NHaseAq 2.202 2.127 1.992 0.45
NHaseOx 2.173 2.120 1.986 0.15

aNHaseAq, active uncomplexed NHase; NHaseOx, oxidized inactive uncomplexed NHase; NHaseNA1, not assigned to a defined chemical species;
NHaseProd2, NHase noncovalent complex obtained upon direct addition of acetamide; NHaseProd1, NHase product-complex with acetamide
following the reaction with acetonitrile; NHaseINT, proposed catalytically competent intermediate with acetonitrile; NHaseNA2, not definitively
assigned but possibly due to product bound as the amide tautomer. bThese resonances could not be observed directly, and the g-values for these
were obtained from the best fit to the overall simulation; they should therefore be treated with caution. cThe indicated time is for incubation prior
to immersion in acetone at −78 °C and does not include the time-to-freezing.
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balance of the spin density was accounted for by a signal with
g1 ≈ 2.185 (labeled NHaseNA2). The nature of this species is
ambiguous, although DFT calculations suggest a possible
origin.
Upon reaction with a higher concentration of acetonitrile

(10 equiv), an EPR spectrum was observed (Figure 3; trace D)
whose appearance is clearly different from that of the resting
enzyme, as well as of the product-complexed species in traces
A−C. As noted above, the kinetic data predict a mean turnover
number of about 15 prior to sample freezing in the NaCl/H2O
eutectic solution. However, the large variation about this value
and uncertainties arising from the approximations and/or
models employed in the analysis itself leave open the
possibility that a significant fraction of the sample may have
frozen before 10 turnovers, i.e., during the steady state. Indeed,
the striking differences between traces B and D (Figure 3)
strongly suggest that the reaction may not have gone to
completion, at least not for the entire sample. The high-
amplitude central part of trace D (between 3020 and 3420 G)
is largely accounted for by NHaseProd1 (38%) and the active
NHaseAq species (47%), with the balance of spin density in
that region likely due to NHaseNA2. To the low-field of the
central region of the spectrum, the resonance at 2975 G due to
NHaseProd2 was also evident, although it was not included in
the simulation. Most significantly, a heretofore unobserved and
highly rhombic signal with g-values of 2.310, 2.136, and 1.960
is observed. This signal is denoted as NHaseINT. The g ∼2.31
and 2.28 features of NHaseINT and NHaseProd1, respectively,
are much more intense in an EPR spectrum obtained after
reaction with 83 equiv of acetonitrile (Figure 3; trace E). The
reaction mixture of the latter was frozen well before the
expected time for exhaustion of the substrate (roughly 6.6 s).
The central region of the spectrum was again simulated using
known species, predominantly NHaseAq (45%), along with
NHaseProd1 (23%) and a small amount of an oxidized species
(NHaseOx). The NHaseINT signal accounts for 5% of the total
spin intensity, indicating that only small amounts of this
intermediate are present under steady-state conditions.
Possible structures for NHaseINT, NHaseProd1, NHaseProd2,
and NHaseNA2 are presented in the computational section
below.
Additional studies were carried out with the much slower

substrate benzonitrile. Differences in the EPR spectrum were
observed upon incubation of NHase with benzonitrile, but
there was little evidence for an intermediate. Furthermore, a
lack of knowledge of the solubility of benzonitrile in CSS 7.5 at
−20 °C precluded any solid rationalization of the results,
which are presented and described in the Supporting
Information (Figure S3).
EPR-Spectrokinetic Studies with Acetonitrile at pH 5

and 10 Using the Salt−Eutectic System. In another
attempt to capture ReNHase reaction intermediates, ReNHase
was reacted with 2.5 equiv of acetonitrile at pH 5 and 10 at
−20 °C. Under these conditions, the steady state would be
expected to persist for 3.3 and 12.8 s, respectively, well beyond
the predicted lower limit of the NaCl/H2O eutectic
cryoenzymology technique. At pH 5.0, the presence of a signal
at 2976 G (g1 ∼ 2.278) suggests that the buffer sulfonic acid
mimics butyric acid in binding in the substrate-binding site as
the latter gives rise to a feature at g1 ∼ 2.281.14 The key
finding, however, is that the lowest-field signal with g1 at 2.31 is
again elicited upon trapping the steady state (Figure 4; trace
B). Upon longer reaction time of 30 s, about 2.5 times the

expected characteristic lifetime of the steady state, the g = 2.31
resonance is all but undetectable, establishing the kinetic
competence of the signal. Furthermore, the direct addition of
acetamide to NHase in CSS 5.0 failed to elicit the g = 2.31
signal. At pH 10.0, no catalytically competent signals were
observed, and the only additional signals correspond to
NHaseProd1 (Figure S4).

EPR g-Value Calculations. Computational methods
provided additional insights into the geometric and electronic
structures of ReNHase species observed by EPR spectroscopy.
Active-site models were generated via constrained DFT
geometry optimizations of proposed intermediates in the Fe-
NHase catalytic cycle. The EPR g-values of the resulting
models were then computed and compared to the
experimental data. DFT calculations have difficulty treating
the unquenched orbital angular momentum of low-spin Fe(III)
centers, which arises from the parent 2T2g ground state in Oh
symmetry. Because of this shortcoming, DFT methods often
underestimate the g-tensor anisotropy of low-spin Fe(III) EPR
signals. Thus, we previously14 developed an alternative
approach that employs a set of equations developed by
Taylor27 and Griffith56 for low-spin ferric heme complexes. In
this hybrid approach, the energy splitting between the three
2T2g-derived states is obtained from time-dependent DFT
calculations. More recently, we used the complete active space
self-consistent field (CASSCF) method, in conjunction with n-

Figure 4. EPR spectra of (A) as-prepared ReNHase, (B) 2.5 equiv of
ACN added ReNHase, frozen after 2 s, (C) 2.5 equiv ACN added
ReNHase, frozen after 30 s, and (D) 2.5 equiv acetamide added
ReNHase, recorded at 25 K. The samples were prepared in CSS 5.0
NaCl/H2O eutectic buffer. (Exp; experimental EPR spectrum, Sim;
computer simulation of experimental EPR spectrum.).
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electron valence state second-order perturbation theory
(NEVPT2), to compute accurate g-values for cyanide-treated
cysteine dioxygenase (CDO) and related model complexes.57

We have applied both the Taylor/DFT and CASSCF/
NEVPT2 methods to structural models of NHaseAq and
NHaseBA. As summarized in Table S2, the Taylor/DFT
approach better reproduces the experimental g-values, as the
CASSCF/NEVPT2 calculations far overestimate the g-tensor
anisotropy. This result is perhaps not surprising, given that our
Taylor/DFT approach was calibrated using low-spin Fe(III)−
S/N complexes that closely resemble the Fe-NHase active site.
Thus, the remainder of this section will focus on g-values
calculated using the hybrid Taylor/DFT procedure.
Our initial efforts examined possible structures of the

product-bound enzyme, which can be generated by either
incubation of NHaseAq with the substrate acetonitrile or by the
direct addition of acetamide to NHaseAq (vide supra). Three
possible structures were considered as models. In the first
structure, labeled NHaseAmide in Figure 2, acetamide
coordinates to the Fe(III) center via its −NH2 unit (note: to
distinguish between these DFT models and the EPR signals
identified above, the labels for computational models are
provided in bold text). In the second and third structures,
NHaseImino1 and NHaseImino2, the product coordinates to
Fe(III) in its iminol tautomeric form (Figure 2)a possibility
suggested by Solomon and co-workers in an earlier study.17

Tautomerization allows the product to engage in H-bonding
interactions with both the sulfenate (SO) ligand and the −OH
group of the nearby Ser side-chain. The H-bonding pairs differ
in the NHaseImino1 and NHaseImino2 structures due to the
∼180° rotation of the product around the Fe−Niminol axis
(Figure 2). The iminol-containing structures feature Fe−Niminol
bond distances near 2.03 Å. This value is considerably shorter
than the Fe−Nacetamide bond distance of 2.336 Å in the
NHaseAmide structure. Thus, the DFT results suggest that
tautomerization to the iminol form stabilizes the enzyme−
product complex, whereas the amide tautomer binds rather
weakly to the Fe(III) center.
Table 4 summarizes the EPR g-values calculated for various

Fe-NHase models using the hybrid Taylor/DFT approach. As
reported previously, these calculations accurately reproduce
the experimental g-values of the resting enzyme, NHaseAq, and
this species serves as a useful benchmark for evaluating shifts in
g-values. The computed g-values for NHaseAmide and NHaseAq

are nearly identical, whereas the iminol-containing structures

yield g-tensors that are notably more anisotropic (as indicated
by the g1 − g3 parameter in Table 4). Indeed, the g-values
calculated for NHaseImino2 (Table 4) are remarkably similar to
those measured for the NHaseProd1 signals in the experimental
EPR spectra of acetamide-treated ReNHase. The calculated
values for NHaseImino1 are similar to those calculated for
NHaseBA, and the experimental values for the physical species
to which these models correspond (NHaseProd2 and NHaseBA,
respectively) are also very similar though, in both cases, the
calculations underestimate g1 by about 0.035. At pH 7.5, the
experimental signal corresponding to NHaseImino1 was only
observed upon addition of acetonitrile or acetamide and the
intensity was sensitive to the amount added, establishing the
origin of the NHaseProd2 signal as being acetamide-dependent
(Figure 3B,C). Thus, the combined EPR and computational
results suggest that the acetamide product binds to the NHase
active site as its iminol tautomer, perhaps in two different
orientations (NHaseImino1 and NHaseImino2). Conversion to
the amide tautomer likely yields a species with EPR parameters
similar to NHaseAq. This species may correspond to the
NHaseNA2 signal that was only observed upon exposure to
acetonitrile/acetamide and not in the resting enzyme.
We also sought to identify the origin of the experimental g =

2.31 signal (NHaseINT) by calculating g-values for several
proposed intermediates in the Fe-NHase catalytic cycle. As
illustrated in Figure 1, nucleophilic attack of the sulfenate (SO)
ligand on the coordinated nitrile substrate is presumed to yield
a cyclic intermediate (NHaseCyclic). Our calculations predict
that the cyclic intermediate will exhibit a g1-value near 2.17,
and the overall g-tensor is less anisotropic than the one
computed for NHaseAq. Similar sets of g-values are obtained if
computational models of the cyclic intermediate from studies
by Solomon17 and Hopmann20 are employed (Table 4). Thus,
based on our results, it appears unlikely that any of the signals
with low-field g1 resonances arise from NHaseCyclic.
Protonation of the substrate-derived N-atom of the cyclic

intermediate results in spontaneous cleavage of the S−O bond
upon geometry optimization, yielding a coordinated amidate
ligand. Because this process is accompanied by the formation
of a disulfide bond between two Cys residues, the resulting
model is labeled NHaseDisulfide in Figure 2. Similar disulfide
structures have been proposed as intermediates or transition
states in earlier computational studies.16−18,20 In our structure,
the disulfide unit exhibits monodentate coordination via the S-
atom cis to the substrate-derived amidate (see bond distances

Table 4. Taylor/DFT-Computed EPR g-Values for Fe(III)−ReNHase Intermediates

NHase state computational model g1 g2 g3 (g1 − g3)

resting enzyme NHaseAq 2.215 2.117 1.979 0.236
butyric acid bounda NHaseBA 2.248 2.121 1.970 0.278
product-bound NHaseAmide 2.214 2.116 1.977 0.237
enzyme NHaseImino1 2.241 2.133 1.970 0.271

NHaseImino2 2.232 2.123 1.973 0.259
cyclic NHaseCyclic 2.169 2.102 1.984 0.185
intermediate NHaseCyclic (Solomon)b 2.162 2.098 1.986 0.176

NHaseCyclic (Hopmann) c 2.171 2.106 1.983 0.188
disulfide NHaseDisulfide 2.177 2.109 1.982 0.195
intermediate NHaseDisulfide (Hopmann)d 2.153 2.109 1.985 0.168

NHaseDisulfide (Toscano) e 2.264 2.113 1.969 0.295
aStructural modes are proposed from the present work (Figure 2), except for the structural model for NHaseBA, which is from ref 14. bThe
structural model for NHaseCyclic (Solomon) is derived from ref 17. cThe structural model for NHaseCyclic (Hopmann) is derived from ref 20. dThe
structural model for NHaseDisulfide (Hopmann) is derived from ref 20. eThe structural model for NHaseDisulfide (Toscano) is derived from ref 16.
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in Figure 2), similar to Hopmann’s model.20 In contrast, the
disulfide ligand in the model reported by Toscano et al.16 binds
in a more symmetric manner with comparable Fe−S bond
distances of 2.33 and 2.40 Å. As shown in Table 4, the g-values
computed for our disulfide model (as well as Hopmann’s) are
not dissimilar to those obtained for NHaseAq and NHaseAcet.
However, those computed for Toscano’s NHaseDisulfide model
are considerably more anisotropic with a g1-value of 2.264,
which is larger than the g1-value of 2.24 computed for
NHaseImino1. Indeed, the computed g-values for Toscano’s
NHaseDisulfide model are the most rhombic and anisotropic of
any NHase model considered here. While far from conclusive,
this result suggests that a disulfide-containing intermediate
might be responsible for the observed NHaseINT signal with g1
= 2.31. Based on reaction profiles computed previously, this
species undergoes subsequent reaction with H2O to protonate
substrate and regenerate the −SO ligand, but the high energy
of the transition barrier suggests that trapping the disulfide
intermediate is feasible.16,18,20

The NHaseINT signal was only observed during the steady
state and was extinguished at the exhaustion of the substrate,
usually an indicator of catalytic competence of the responsible
species and in support of the assignment of the species to an
intermediate along the catalytic pathway. However, the
unavoidable presence of some inactive NHaseOx, which is
generated in vivo prior to enzyme isolation,23 allowed for an
alternative explanation in which the NHaseINT signal is due to
binding of the acetonitrile substrate to inactive NHaseOx. In
that case, and if acetonitrile were only weakly bound to
NHaseOx, then the signal would persist only until the substrate
had been exhausted. This possibility was particularly intriguing
because it raised the possibility that the species may be a good
analogue of the Michaelis complex of the catalytic pathway.
Taylor/DFT calculations were therefore carried out on the
acetonitrile complex of NHaseOx, in which acetonitrile replaced
the axial water ligand and was bound to iron via the nitrile
nitrogen atom. The calculations returned g-values of 2.217,
2.127, and 1.975, which are essentially indistinguishable from
those of water-bound NHaseOx, 2.219, 2.111, and 1.976.14 It
seems highly unlikely, therefore, that the NHaseINT signal
arises from an acetonitrile complex of NHaseOx and the
available evidence is more consistent with a catalytic
intermediate.

■ DISCUSSION
The principal aim of this study was to capture intermediates in
the catalytic cycle of ReNHase for analysis with EPR
spectroscopy. Initial efforts to trap presteady-state species
using traditional RFQ techniques were unsuccessful as the
requisite cryogenic solvents resulted in enzyme inactivation.
We also attempted to perform the reaction at a very low
temperature (−80 °C) in a suitable eutectic mixture to slow
the reaction to the point where presteady-state intermediates
could be trapped by manual freezing. Unfortunately, neither
approach was amenable to NHase. Degradation of NHase in 2-
MeBu was extremely rapid under the conditions of RFQ, in
which a very fine spray of reactant solution is squirted into a
bath of cooled 2-MeBu at very high velocity. A possible
explanation is that hydrophobic interactions along the αβ
dimer interfaces may be highly susceptible to disruption by the
hydrophobic or aprotic solvents employed in RFQ methods.
In contrast, the use of a cryohydratic NaCl/H2O eutectic

mixture at −20 °C did allow for the trapping of NHase-

substrate reaction mixtures during the steady state for
examination by EPR, and new insights into the catalytic
mechanism were obtained in conjunction with DFT. The most
exciting finding was the emergence of a new EPR signal
(NHaseINT) that has not been observed during earlier studies14

or reported elsewhere. The NHaseINT signal was observed only
in samples in which the catalytic reaction (here, with
acetonitrile) was arrested by freezing while in the steady
state; it was not observed in the resting enzyme, in reaction
mixtures in which the substrate had been exhausted, or upon
direct addition of the reaction product to the enzyme. The
NHaseINT signal, which accounts for approximately 5% of the
total spin, is distinguished by a g1-value of 2.310the highest
g-value yet reported for a low-spin Fe(III) signal from NHase.
Indeed, the NHaseINT g-tensor is the most anisotropic ever
measured for NHase with a Δg-value of 0.35 (Δg = g1 − g3).
The NHaseINT signal is observed at the catalytically optimum
pH of 7.5, as well as pH of 5.0. It is absent from samples
prepared at pH 10.0. Additional signals were observed in the g
= 2.25−2.28 region and were deconvoluted from the time-
dependent EPR spectrokinetics; however, in contrast to the
NHaseINT signal, these features also appear upon addition of
the acetamide product. Two of these signals (NHaseProd1 and
NHaseProd2) were previously observed but poorly characterized
in terms of both origin and EPR parameters. These signals are
similar to those observed when butyric acid was employed as
an antioxidation prophylactic during earlier isolation proce-
dures, and they are provisionally assigned to species in which
the product binds to the Fe center as its iminol tautomer.
DFT calculations provided structural information on the

newly observed and/or newly characterized EPR signals from
ReNHase. The structural models are shown in Figure 2 or
otherwise previously reported (Table 4) represent the
consensus of likely reaction intermediates that are consistent
with the converging mechanistic proposals for the NHase
reaction cycle (Figure 1).14,16,17,20 Calculations examined the
possibility that the acetamide product is bound as the iminol
tautomer in two slightly different configurations. The resulting
models provided g-values that were strikingly similar to the
experimental values of NHaseProd1 and NHaseProd2, providing
further evidence that these signals arise from the product-
bound active site. Product release is the rate-limiting step of
the NHase reaction with acetonitrile, and this finding suggests
that the tautomerization of the NHase iminol complex to the
amide complex precipitates product release. This hypothesis is
supported by the NHaseAmide structural model in which the
amide product is weakly bound to the Fe center. Notably, the
calculated EPR parameters are close to those of the resting
enzyme, indicating that the binding of acetamide is comparable
to H2O coordination. Interestingly, this finding may also
suggest that the determination of initial metal coordination of
the nitrile substrate at the apical axial position may be difficult
to determine by EPR alone.
Of the structural models considered, none satisfactorily

reproduced the anisotropy or high g1-value of the exper-
imentally characterized NHaseINT species, which represents the
first, and only, kinetically competent species that has been
observed in NHase. DFT calculations evaluated various
structural models for the obligatory cyclic intermediate,
NHaseCyclic, in the consensus mechanism (Figure 2). These
calculations returned g-values far removed from those of
NHaseINT (Table 4). Thus, while NHaseCyclic may be present
in experimental spectra, it has not, as yet, been resolved from
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other spectral features. The interpretation of DFT models that
feature a disulfide S−S bond between the axial cysteine ligand
and the equatorial cysteine−sulfenic acid ligand is less clear.
Two models derived from previous theoretical studies by
Toscano and Hopmann16,20 provide divergent g-values and a
third, developed as part of this work (NHaseDisulfide; Figure 2),
provided values similar to the Hopmann-derived model. The
EPR parameters (Table 4) derived from these models perhaps
allow for the possibility that the catalytically competent
NHaseINT species may include some S−S bonding, especially
given that our computational approach seems to slightly
underestimate g1-values. Regardless, the data are far from
convincing and suggest a higher degree of subtlety in the
electronic structure of the intermediate than has yet been
considered by theoretical approaches to date.
In summary, the present study has discovered, by a novel

EPR-spectrokinetic method for an enzyme unsuited to
traditional rapid-quench, the first catalytically competent
species in the reaction of a nitrile hydratase with a substrate.
DFT calculations indicate that it is unlikely that this species
corresponds to any of the heretofore proposed “obligatory”
intermediates and, in particular, does not correspond to the
consensus cyclic intermediate (I in Figure 1). However, the
combined DFT/EPR results provide the first tentative
experimental support for a transient S−S interaction at the
active site during catalysis. Almost certainly, the results show
that hitherto proposed structural models are naiv̈e and that
additional outer-sphere moieties may need to be included in
structural models to better understand the associated geo-
metric and electronic structures. Finally, EPR and DFT have
shed significant light on the product releasethe final and
rate-limiting step of the reaction. Our results indicate that, at
the conclusion of the reaction, the product of nitrile hydration
exists as an iminol tautomer that is stabilized by hydrogen-
bonding interactions to outer-sphere residues in the active site,
including one of the previously nucleophilic cysteine−sulfenic
oxygen atoms. Tautomerization to the amide form disrupts
these hydrogen-bonding interactions and lengthens the Fe−N
bond, thereby precipitating product release.
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