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ABSTRACT: Cytochrome c nitrite reductase (ccNiR) from
Shewanella oneidensis, which catalyzes the six-electron reduction
of nitrite to ammonia in vivo, was shown to oxidize hydroxyl-
amine in the presence of large quantities of this substrate,
yielding nitrite as the sole free nitrogenous product. UV−visible
stopped-flow and rapid-freeze-quench electron paramagnetic
resonance data, along with product analysis, showed that the
equilibrium between hydroxylamine and nitrite is fairly rapidly
established in the presence of high initial concentrations of hydroxylamine, despite said equilibrium lying far to the left. By
contrast, reduction of hydroxylamine to ammonia did not occur, even though disproportionation of hydroxylamine to yield both
nitrite and ammonia is strongly thermodynamically favored. This suggests a kinetic barrier to the ccNiR-catalyzed reduction of
hydroxylamine to ammonia. A mechanism for hydroxylamine reduction is proposed in which the hydroxide group is first
protonated and released as water, leaving what is formally an NH2

+ moiety bound at the heme active site. This species could be a
metastable intermediate or a transition state but in either case would exist only if it were stabilized by the donation of electrons
from the ccNiR heme pool into the empty nitrogen p orbital. In this scenario, ccNiR does not catalyze disproportionation
because the electron-donating hydroxylamine does not poise the enzyme at a sufficiently low potential to stabilize the putative
dehydrated hydroxylamine; presumably, a stronger reductant is required for this.

Microorganisms can extract energy from the environment
by interconverting nitrite and ammonia in either

direction. Under aerobic conditions, energy is extracted by
ammonia-oxidizing bacteria (AOB) from the oxidation of
ammonia by oxygen, whereas under anaerobic conditions, the
energy is obtained by nitrite ammonifiers from the reduction of
nitrite by organic electron donors.1−3 Given that the
thermodynamics of ammonia−nitrite interconversion can be
readily shifted to favor one direction or the other simply by
switching from aerobic to anaerobic conditions, the Pacheco
research group is very interested in understanding how the
individual enzymes that interconvert ammonia and nitrite are
optimized to operate preferentially in one specific direction.
During ammonification, the primary enzyme used is
cytochrome c nitrite reductase (ccNiR, also termed nrfA),
whereas the AOB use ammonia monooxygenase and hydroxyl-
amine oxidoreductase (HAO) together to oxidize ammonia to
nitrite. ccNiR and HAO share many gross structural similarities,
invoking the question of whether they have been evolutionarily
optimized to catalyze similar reactions in opposite directions.
Previously, our group reported that HAO can be run in reverse
by applying a sufficiently negative electrochemical potential to
solutions of HAO and nitrite, nitric oxide, or hydroxylamine.4,5

This work examines the extent to which ccNiR from the
bacterium Shewanella oneidensis is capable of oxidizing
hydroxylamine in the presence of high hydroxylamine
concentrations.
ccNiR is a soluble protein located in the periplasm of several

bacterial species, including S. oneidensis. This enzyme is a
homodimer, with protomeric molecular masses ranging from 52
to 65 kDa (depending on the organism from which it is
expressed), in which each protomer contains five c-type
hemes.6−11 Four of these hemes are six-coordinate, bis-histidine
ligated, and low-spin. This motif is fairly ubiquitous in c-hemes
used exclusively for electron transport, and indeed, the four
hemes appear to act as shuttles that carry electrons from
ccNiR’s physiological electron donors to the active site.7,12,13

The heme arrangement in ccNiR is such that they are closely
packed, with iron−iron distances of <13 Å, which facilitates
rapid inter-heme electron transfer.14 The fifth c-type heme in
ccNiR acts as the active site in each protomer. It is five-
coordinate, allowing the substrate nitrite to bind to the open
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distal position, and is unique among c-hemes in that the axial
ligand is a lysine residue. In addition to the five iron atoms from
the hemes, each ccNiR protomer contains one buried six-
coordinate Ca2+ ion per monomer in all ccNiRs characterized
to date. In the case of Desulfovibrio desulfuricans ccNiR, the
crystal structure shows a second six-coordinate Ca2+ ion in each
monomer.10

The physiological electron donor for ccNiR depends on the
organism from which it is derived. For S. oneidensis, the donor
has been shown to be cymA, an inner-membrane electron
transport protein.13 In Escherichia coli, another γ-proteobacte-
rium, the physiological donor has been identified as the soluble,
periplasmic tetraheme protein nrfB, whereas other organisms,
such as the δ-proteobacterium D. desulfuricans and the ε-
proteobacterium Wolinella succinogenes, use an inner membrane
protein known as nrfH as the electron donor to ccNiR.7,12

Physiologically, ccNiR performs the direct six-electron
reduction of nitrite to ammonia with no unbound intermediates
produced during catalysis. In vitro, the enzyme has also been
shown to catalyze the five-electron reduction of nitric oxide,
and the two-electron reduction of hydroxylamine, using the
strong reductant methyl viologen monocation radical as an
electron donor; in both cases, ammonia is the product.15,16

Hydroxylamine is an interesting substrate because it can act as
both an electron donor and an electron acceptor, which
suggests that ccNiR could catalyze the reduction of hydroxyl-
amine to ammonia using hydroxylamine itself as an electron
donor. Such a reaction, known as disproportionation, is
thermodynamically very favorable at pH 7 but was found not
to occur in the presence of the potential catalyst HAO.5 This
study shows that ccNiR does not catalyze hydroxylamine
disproportionation and explores the possible reasons.

■ MATERIALS AND METHODS
Protein Purification and Handling. S. oneidensis ccNiR

was purified from a high-yield expression system as described
previously by Youngblut et al.17 Protein stocks were snap-
frozen with liquid nitrogen and stored in aliquots at −80 °C
until they were needed.
Stopped Flow. Stopped-flow experiments were conducted

on a SF-61 DX2 Double Mixing Stopped-Flow System (Hi-
Tech Scientific) that was made anaerobic by being scrubbed
overnight with glucose oxidase (MP Biomedicals) and glucose
(Fisher Scientific) at concentrations of 16 units/mL and 20
mM, respectively. Enzyme samples were made anaerobic in a
tonometer by repeated cycles of gently applied vacuum
followed by an argon purge with periodic agitation. All other
solutions were made anaerobic by sparging syringes with argon
for 10 min prior to mounting them on the instrument. All data
were collected at 20 °C.
To prevent drastic pH changes when ccNiR was being mixed

with high concentrations of hydroxylamine hydrochloride
(Acros) during stopped-flow experiments, a double-mixing
strategy was employed. Solutions of hydroxylamine hydro-
chloride were first rapidly mixed with 2-[4-(2-hydroxyethyl)-
piperazin-1-yl]ethanesulfonic acid (HEPES) sodium salt (Fish-
er Scientific) at a hydroxylamine:HEPES ratio of 1:1.18 and
aged for 1 s to reach a final pH of 7.0. This buffered
hydroxylamine solution was then rapidly mixed with a 1.6 μM
ccNiR solution in 20 mM HEPES and 1 mM ethyl-
enediaminetetraacetic acid (pH 7.0). Spectral data were
collected using a photodiode array detector (Hi-Tech
Scientific) on both short (1.5 s) and long (30 s) time scales,

after which the data sets were combined and analyzed using
programs written within the commercially available software
packages Mathcad 13.0 (PTC Software) and Origin 6.0
(Microcal Software). The analysis strategies used in our
laboratory have been previously described;4,5,17−19 details
specific to this work are provided in the Results and as
Supporting Information (sections S1−S3).

Rapid-Freeze-Quench EPR (RFQ-EPR). Rapid-freeze-
quench samples were made using a model 715 syringe-ram
controller (Update Instrument, Inc.) and quenched in −95 °C
isopentane. The solutions were made anaerobic in a tonometer
as described above and then withdrawn into a scrubbed gastight
syringe for quenching, using an arrangement that preserved the
anaerobicity by passing the solution from the tonometer
through the stopped-flow syringes, and back out to the quench
syringe. The quench syringes were those supplied with Update
quench instruments. Reaction mixtures consisted of a final
concentration of 200 mM hydroxylamine, 236 mM HEPES
sodium salt, and 50 μM ccNiR (pH 7.0). EPR spectra were
recorded at the Medical College of Wisconsin with 100 kHz
magnetic-field modulation on an EleXsys E600 spectrometer
(Bruker), equipped with an Oxford Instruments ITC503
temperature controller and an ESR900 helium flow cryostat
(Oxford Instruments). Perpendicular mode EPR spectra were
recorded at 9.39 GHz using an ER 4122SHQ resonator. Parallel
mode data were recorded at the same frequency with the ER
4116DM instrument operating in TE012 mode. Precise
frequencies were recorded for each spectrum by a built-in
microwave counter. Background signals were recorded on a
frozen water sample and subtracted in Xepr (Bruker Biospin)
with small field corrections for slight frequency differences.
Spectra were recorded at a temperature of 10 K and a
microwave power of 5 mW. Other recording parameters were
chosen such that the resolution was limited by the 10 G
sinusoidal-field modulation amplitude. It was noted that a
copper contaminant was present in several samples, so a
mixture of hydroxylamine and HEPES sodium salt, as prepared
previously, was rapidly mixed with 1 mM CuSO4 in 20 mM
HEPES (pH 7.0) using the same freeze-quench technique as
previously described. This sample generated an EPR spectrum
that was suitable for subtracting the copper contaminant from
the previously generated data. Finally, intensities were
normalized to the signal at 2290 G.

Nitrite/Nitric Oxide/Ammonia Assays. Two well-docu-
mented nitrite detection assays were used: the Griess assay20

and the DAN assay.21 Samples were prepared in an anaerobic
glovebox with a 200 mM hydroxylamine solution and varying
amounts of ccNiR. After 15 min, the ccNiR was removed using
10K molecular weight cutoff centrifugal concentrators (Milli-
pore). To prevent hydroxylamine from possibly interfering with
the assay, a 10% excess of sodium pyruvate was added to each
reaction mixture, after which the assay was performed. Data
were collected using a Varioskan Flash microtiter plate reader
(Thermo Scientific).
Nitric oxide was assayed as described previously,22 by

conducting the same reaction as described above in the
presence of 5 μM catalase (Sigma). Catalase binds nitric oxide
tightly, leading to a characteristic change in the UV−vis
spectrum that is readily quantified.
Ammonia was quantified using an established enzymatic

assay22 that had to be modified to first eliminate the interfering
high-ionic strength solution that accompanied the high
hydroxylamine concentrations. A reaction was first performed

Biochemistry Article

dx.doi.org/10.1021/bi401705d | Biochemistry 2014, 53, 2136−21442137



as described above for the nitrite detection assays. Once the
enzyme had been removed by ultrafiltration, and the hydroxyl-
amine by reaction with pyruvate, the solution pH was adjusted
to 11.0. At this pH, ammonia in solution is gaseous; thus, the
ammonia gas was selectively extracted across a Teflon
membrane and into a pH 7, low-ionic strength (20 mM
HEPES) solution, using apparatus described in the Supporting
Information (section S4). This solution was subsequently
assayed for ammonia concentration.

■ RESULTS
Stopped Flow. Figure 1 shows selected spectral changes

observed after mixing 0.80 μM fully oxidized ccNiR (ccNiRox)

with 160 mM hydroxylamine using the double-mixing stopped-
flow method described above. The changes are broadly
characteristic of low-spin c-heme reduction, exhibiting a
maximal positive absorbance deflection at ∼422 nm, and a

maximal negative amplitude at ∼402 nm.23,24 Nevertheless,
there are subtle shifts in the difference spectra over time
(Figure 1a), and inspection of the time domain (Figure 1b)
reveals that spectral changes occur on three distinct time scales:
a fast phase that is complete within ∼100 ms, followed by two
slower phases evolving over ∼1 and 30 s. Singular-value
decomposition (SVD) analysis25,26 revealed four spectral
components. Subsequently, the SVD-processed spectra were
fit to a model in which the first spectral component, X0, was
generated within the dead time of the stopped-flow instrument,
after which X0 was converted to species X1−X3 in three
sequential steps, each governed by first-order kinetics (Scheme
1). The least-squares calculated spectra at selected times after
mixing are overlaid on the experimental spectra in Figure 1a
(red and yellow traces), while Figure 1b shows a fit of the trace
collected at 422 nm. Figure 2a shows the extinction coefficient

difference spectra calculated for each of the components in the
Figure 1 fit, while Figure 2b shows how the concentration of
each species is predicted to evolve over time.
When the experiment shown in Figures 1 and 2 was repeated

using varying concentrations of hydroxylamine, the apparent
rate constant for formation of component X1 was found to vary
hyperbolically with hydroxylamine concentration (Figure 3a).
The apparent rate constant for formation of X2 (k3obs) appeared
to increase slightly with hydroxylamine concentration [by at

Figure 1. (a) UV−vis spectral changes observed at selected times after
mixing 160 mM hydroxylamine with 0.80 μM ccNiRox, showing both
experimental data and spectra calculated by least-squares fitting of the
data with a three-exponential function, and four spectral components,
X0−X3, as shown in Scheme 1. A decrease in the magnitude of the
signal at ∼402 nm and an increase in the magnitude of the signal at
∼424 nm together indicate heme reduction. (b) Least-squares best fit
of the ΔA vs t data at 422 nm.

Scheme 1. Minimal Kinetic Model for the Interaction of
Hydroxylamine with ccNiRox

Figure 2. (a) Extinction coefficient difference spectra of spectral
components X0−X3 (Scheme 1), calculated by fitting the data depicted
in Figure 1 with a three-exponential function and four spectral
components. The λmax of the reduced heme peak at 424 nm increases
in amplitude from the first intermediate to the second and then slightly
decreases in amplitude and red-shifts going from the second
intermediate to the final species. (b) Concentration vs time traces
for species X1−X3, calculated by fitting the data depicted in Figure 1 as
described above.
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most a factor of 2 over the range from 0 to 300 mM
hydroxylamine (Figure 3b)], while the apparent rate constant
for formation of X3 (k4obs) was found to be essentially
independent of hydroxylamine concentration (Figure 3c).
These observations were interpreted in terms of the chemical
model shown in Scheme 1, which for the moment ignores the
possible slight dependence of k3obs on hydroxylamine
concentration. In this model, the fully oxidized ccNiR and
added hydroxylamine first come to a rapid pre-equilibrium
governed by equilibrium constant K1. This pre-equilibrium is
established within the dead time of the stopped-flow

instrumentation and gives rise to the t0 extinction coefficient
difference spectrum (Figure 2a, X0). The putative ccNiR−
(NH2OH) adduct then undergoes three sequential changes
governed by rate constants k2−k4. A complete rate law
derivation based in Scheme 1 is provided as Supporting
Information (section S1).
The true second-order rate constant (k2) for the first

exponential event, together with the equilibrium constant (K1),
was obtained by fitting the data depicted in Figure 3a to a
rectangular hyperbola (eq 1).

=
+−k

k
K

[NH OH]
[NH OH]2obs

2 2

1
1

2 (1)

From this, k2 and K1
−1 were determined to be 100 ± 6 s−1 and

120 ± 20 mM, respectively. Single values of k3 and k4, as would
befit the Scheme 1 mechanism, were determined to be 2.7 ±
0.8 and 0.4 ± 0.2 s−1, respectively, by averaging the values
shown in panels b and c of Figure 3. The possibility that k3obs
actually is somewhat dependent on hydroxylamine concen-
tration is considered further in the Discussion.

Rapid-Freeze-Quench EPR. The top three spectra in
Figure 4 compare the perpendicular mode EPR spectra of

S. oneidensis ccNiRox in the presence and absence of the strong-
field ligands cyanide and nitrite. In the absence of strong-field
ligands, one sees two characteristic g = 2.89 and 15 features
(top trace, Figure 4), which are no longer present in the spectra
obtained for the enzyme in the presence of cyanide and nitrite
(middle two traces in Figure 4). The g = 15 feature is also
visible in parallel mode (Supporting Information, section S5),
whereas the other feature is not. On the basis of these results,
the two features are assigned to the high-spin (S = 5/2) Fe(III)
active site, weakly exchange-coupled to one of the low-spin (S =
1/2) hemes. The two features are similar to those assigned
previously to the active site of E. coli ccNiR;9 they are not
present in the bottom two spectra of Figure 4 because the
strong-field ligand cyanide or nitrite present in the samples

Figure 3. Dependence of the three apparent kinetic rate constants, (a)
k2obs, (b) k3obs, and (c) k4obs, obtained by fitting the ccNiRox−
hydroxylamine UV−vis stopped flow data with three-exponential
functions and four spectral components, on hydroxylamine concen-
tration.

Figure 4. Variations in the X-band EPR spectrum of oxidized ccNiR as
a function of solution properties: ccNiR in the absence of strong-field
ligands, ccNiR with 200 mM cyanide, ccNiR with 200 mM nitrite, and
ccNiR with 200 mM hydroxylamine (from top to bottom,
respectively), freeze-quenched 10 ms after rapid mixing. Stopped-
flow UV−vis data show that little ccNiR reduction takes place within
10 ms in solutions containing 200 mM hydroxylamine.
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binds to the active site, effecting a high-spin to low-spin
transition.
Figure 5 shows the EPR spectra obtained for samples in

which 50 μM ccNiRox was mixed with 200 mM hydroxylamine

and then snap-frozen in cold isopentane at varying times after
mixing, using the rapid-freeze-quench technique described in
Materials and Methods. The spectrum for the first time point at
10 ms, also plotted as the bottom trace in Figure 4, is quite
similar to that of ccNiRox in the presence of the strong-field
ligands cyanide and nitrite; in particular, the high-spin heme
features assigned to the active site are no longer detectable.
This is consistent with the establishment of a rapid pre-
equilibrium in which hydroxylamine binds ccNiRox, as proposed
on the basis of the stopped-flow results, and shown in the first
step of Scheme 1. Presumably, binding of hydroxylamine to the
active site heme results in a high-spin to low-spin transition in
the same way that binding of cyanide or nitrite does.
The features present in the bottom three spectra of Figure 4

can all be assigned to low-spin Fe(III) hemes in a variety of
environments. Three features (gx = 2.94 ± 0.02, gy = 2.296 ±
0.007, and gz = 1.51 ± 0.02) can be attributed to low-spin
hemes with imidazoles that are parallel to each other on
opposite sides of the heme plane;9,27 the S. oneidensis ccNiR
crystal structure reveals two hemes with this imidazole
arrangement.17 The g = 3.42 ± 0.05 feature in all four of the
spectra in Figure 4 is likely of a type termed a “highly
anisotropic low-spin” (HALS) signal. This type of feature has
been attributed to low-spin hemes with imidazoles perpendic-
ular to each other on opposite sides of the heme plane.9,27

Once again, the crystal structure of S. oneidensis ccNiR shows
two hemes with this imidazole arrangement.17 Note that the gy
and gz features corresponding to the parallel imidazole hemes
are also visible in the top spectrum of Figure 4, but the gx
feature is hidden by the active site high-spin heme features.
After the first 10 ms, there are surprisingly few changes in the

EPR spectrum of the NH2OH−ccNiR reaction mixture, with
the important exception of a g = 2.002 signal with an intensity
that reaches its maximum within 100 ms and then decreases to
a background value of ∼20% (Figure 5). This signal is clearly
attributable to a free radical species. For the reaction conditions
given, the first stopped-flow kinetic intermediate (see above) is

expected to reach a maximal concentration after ∼50 ms and
the second after ∼1 s. Thus, the radical species signal intensity
reaches a maximum on roughly the same time scale as the first
stopped-flow kinetic intermediate signal does. This suggests
that the first kinetic process involves a one-electron transfer
from the bound hydroxylamine moiety to the ccNiR heme
pool, which generates a NH2O

• radical seen by EPR, and the
reduced heme signal seen by the UV−vis stopped-flow method.
The second kinetic process would then involve the transfer of
an electron from NH2O

• to the ccNiR heme pool. This would
explain the loss of the free radical signal in the EPR spectrum
after the first 100 ms (Figure 5) and the subsequent increase in
absorption at 422 nm attributed to heme reduction, which
reaches a maximum after ∼1 s (Figures 1 and 2). The fact that
the EPR free radical signal does not vanish completely after 100
ms suggests that the processes governed by k3 and k4 (Scheme
1) actually result in the establishment of equilibria among
species X1−X3, rather than in complete conversion to X3. Note,
however, that the apparent extinction coefficient difference
spectra calculated for X1−X3 in the stopped-flow experiments
show little dependence on hydroxylamine concentration
beyond ∼20 mM NH2OH (Supporting Information, section
S2), indicating that under these conditions only small amounts
of ccNiR remain completely unreduced as equilibrium is
approached. By contrast, at hydroxylamine concentrations
below ∼20 mM, stopped-flow experiments show that the
extent of ccNiR reduction at equilibrium decreases with a
decreasing hydroxylamine concentration (Supporting Informa-
tion, section S2).

Assays for Free Reactive Nitrogen Species. Solutions
containing 200 mM hydroxylamine and concentrations of
ccNiR varying from 1 to 90 μM were allowed to react
anaerobically for ∼15 min and then analyzed for the presence
of free nitric oxide, nitrite, and ammonium, as described in
Materials and Methods. Of the three nitrogenous species, only
nitrite was detected; Figure 6 shows the observed dependence

of free nitrite concentration generated on the total ccNiR
concentration. At all ccNiR concentrations, the concentration
of free nitrite generated is lower than the total ccNiR
concentration, and the [NO2

−]free/[ccNiR]total ratio decreases
with an increase in [ccNiR]total. This behavior is consistent with
the establishment of the net equilibrium shown in Scheme 2.
The initial reaction of hydroxylamine with ccNiR leads to the
formation of a mixture of species collectively termed ccNiR(N),

Figure 5. Results of the rapid-freeze-quench experiments. Changes
observed in the X-band EPR spectrum of ccNiR at various times after
rapid mixing of 50 μM resting enzyme with 200 mM hydroxylamine.
All data were collected in perpendicular mode, at 9.39 GHz. Signals
were normalized to the peak at 2290 G.

Figure 6. Results of the nitrite detection assays. Both the colorimetric
Griess assay (green triangles, ref 20) and the fluorometric DAN assay
(blue circles, ref 21) were used. The red trace is the least-squares best
fit to eq 2.
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in which nitrogen-containing moieties are bound to the active
site, and the heme pool is reduced by varying degrees. In turn,
the species represented by ccNiR(N) are in equilibrium with
free nitrite and ccNiR species in which the heme pool is
reduced by four electrons. On the basis of Scheme 2, one can
derive eq 2

= − + +− K K K[NO ] 0.5 0.5 4 [ccNiR]2 free d d
2

d t (2)

which gives the concentration of free nitrite as a function of the
total ccNiR concentration (Supporting Information, section
S3). The data depicted in Figure 6 were fit to eq 2 (red trace in
Figure 6), which yielded a Kd value of 0.4 μM for dissociation
of free nitrite from ccNiR(N).

■ DISCUSSION
Scheme 3 presents a minimal mechanism for the reaction of
ccNiR with hydroxylamine, which combines the simple kinetic

model of Scheme 1 with the equilibrium model of Scheme 2,
taking into account the consolidated stopped-flow and RFQ-
EPR results, together with those of the assays for free reactive
nitrogen species. The assignments for kinetic species X0 and X1
are strongly supported by both the stopped-flow and RFQ-EPR
data. In the first spectrum of the RFQ-EPR series (collected at

10 ms), no signal attributable to high-spin heme is detected,
indicating that hydroxylamine has bound to ccNiR and induced
a high-spin to low-spin transition (Figure 4, bottom trace, and
Figure 5, top trace). At this same point in the reaction, the
stopped-flow data show that minimal reduction of ccNiR has
yet occurred. Therefore, within the dead time of both the
stopped-flow and RFQ instrumentation, hydroxylamine has
bound to the active site of ccNiR and induced a transition from
high-spin heme to low-spin heme, but little electron transfer
from bound hydroxylamine to the heme pool has occurred. The
presence of the pre-equilibrium is further supported by the
apparent dependence of rate constant k2obs, which governs
conversion of X0 to X1, on hydroxylamine concentration
(Figure 3a).
Conversion of kinetic species X0 to X1 is assigned as an

intramolecular one-electron transfer from the bound hydroxyl-
amine to the heme pool. In the stopped-flow experiments with
200 mM hydroxylamine, the ccNiRred

− signal reaches a
maximum at ∼50 ms, which correlates reasonably well with
the RFQ-EPR 100 ms time point at which the g = 2.002 free
radical feature reaches its maximal intensity (Figure 5). Given
the known chemistry of hydroxylamine, the unpaired electron is
most likely on the oxygen atom of the substrate molecule,28

although experiments with 15N-labeled hydroxylamine would
have to be conducted to explicitly confirm this.
The relative insensitivity to hydroxylamine concentration, at

>20 mM NH2OH, of the extinction coefficient difference
spectra for species X1−X3 (Supporting Information, section
S2), shows that virtually all ccNiR is eventually reduced by at
least one electron under these conditions. Beyond this
observation though, the assignments made in Scheme 3 for
kinetic species X2, and even more so for X3, are substantially
less certain than those made for X0 and X1. From 100 ms to ∼1
s, the UV−vis spectral changes associated with the appearance
of kinetic species X2 are consistent with further reduction of the
ccNiR heme pool (Figures 1 and 2). During the same time
period, the RFQ-EPR data show that the intensity of the free
radical feature decreases but does not disappear completely; no
other changes in the EPR spectra can be readily detected
(Figure 5). The minimal model of Scheme 3 attributes the
reduction event governed by rate constant k3, resulting in the
formation of kinetic species X2, to a second one-electron
intramolecular electron transfer, which leaves the heme pool
reduced by two electrons and a HNO moiety bound at the
active site. The incomplete disappearance of the X1 free radical
signal during this time interval, however, shows that the process
governed by k3 is actually an approach to equilibrium between
kinetic species X1 and X2. Thus, one is actually measuring k3obs
= k3 + k−3 in the stopped-flow experiments. Similarly, in the
absence of EPR spectral changes that can be definitively
attributed to chemical changes in the heme pool during the
interval governed by k3obs, one cannot rule out the possibility
that X2 represents not just one reduced ccNiR species but
several, all in rapid equilibrium with each other relative to the
rate constant for their formation, k3obs.
Beyond 1 s, the appearance of kinetic species X3 results in a

slight red shift of the associated extinction coefficient spectrum,
but little change in amplitude at 422 nm (Figure 1). At present,
there is insufficient information to assign this kinetic event with
any certainty. It is possible that k4obs is directly associated with
the Kd obtained from the free nitrite assays, in which case X3
would be attributed to the four-electron-reduced ccNiR moiety
generated by nitrite release, as suggested in Scheme 3.

Scheme 2. Minimal Thermodynamic Model for the
Interaction of Hydroxylamine with ccNiRox

Scheme 3. Minimal Model for the Interaction of
Hydroxylamine with ccNiRox That Considers Kinetic and
Thermodynamic Observationsa

aThe assignments of X0 and X1 are well supported by the data and
those of X2 and X3 less so (see Discussion).
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However, many other interpretations of these data are equally
plausible.
A notable limitation of the model of Scheme 3 is that it

completely neglects the dimeric nature of ccNiR and instead
treats the subunits as uncoupled monomers. This is a crude
approximation given that recent protein film voltammetry
studies provide evidence of cooperativity between the
protomers.29 The data presented herein do not justify the use
of a model more elaborate than Scheme 3 for their
interpretation, but future studies for testing for the evidence
of cooperativity are planned. A less constricting limitation of
Scheme 3 is that it provides no way of accounting for the
possible slight dependence of k3obs on hydroxylamine
concentration (Figure 3b). The apparent dependence may
well be an artifact of the fitting procedure, whereby the strong
dependence of k2obs is slightly admixed into an independent
k3obs. One possible explanation for a true dependence of k3obs
on hydroxylamine concentration would be if this rate constant
governed nitrite dissociation, and if the dissociation step were
dependent on substitution of nitrite with hydroxylamine at the
active site. Again, many other explanations are equally plausible,
and embellishments of the model of Scheme 3 will have to
await more detailed studies.
A very important result of this work is the revelation that

ccNiRox is incapable of catalyzing the disproportionation of
hydroxylamine (Scheme 4). If this process were possible, then

under the reaction conditions of Figure 6, in which 200 mM
hydroxylamine and no disproportionation products were
present at the outset, large quantities of both ammonium and
nitrite would have been generated. Instead, only substoichio-
metric amounts of nitrite were detected. Hydroxylamine
disproportionation is highly thermodynamically favorable [ε°
= 0.62 V (Scheme 4)], so the barrier to the process must be a
kinetic one. At first glance though, ccNiR seems to be ideally
suited for catalyzing hydroxylamine disproportionation, which
is illustrated schematically in Figure 7. Crystal structures of
ccNiR reveal what appears to be a “molecular wire” composed
of six-coordinate c-hemes that effectively connects the two
active sites within the homodimer.6−11,17 Thus, as suggested in
Figure 7, electrons released by hydroxylamine oxidation at the
active site of one protomer should be readily transferred within
the enzyme to drive hydroxylamine reduction at the active site
of the other protomer. Such intersubunit electron transfer
might be prevented by some factor not revealed in the crystal
structure, but this seems unlikely in light of recent protein film
voltammetry studies that show the protomers acting cooper-
atively.29 Our results show that ccNiR does stoichiometrically
oxidize hydroxylamine to nitrite on the time scale of seconds,
although the equilibrium for free nitrite release lies far to the
left (Kd = 0.4 μM from analysis of the data depicted in Figure
6). This leaves the thermodynamically very favorable reduction
of hydroxylamine to ammonium as the most likely kinetic
barrier to disproportionation.

Figure 8 outlines one possible mechanism for the reduction
of hydroxylamine to ammonium at the ccNiR active site that
would explain why disproportionation is not catalyzed by this
enzyme. In Figure 8, the hydroxide moiety of the bound
hydroxylamine is first protonated and released as water. This
results in the formation of the species notionally represented by
resonance structures “B”. Such a species would be stable only
when the ccNiR heme pool is collectively poised at a
sufficiently low potential to effectively make B an amide
bound to FeIII (right resonance form). According to this
mechanism, hydroxylamine disproportionation does not occur
because the oxidative half-reaction does not poise the hemes at
sufficiently low potentials to stabilize intermediate B. Figure 8
portrays hydroxylamine reduction as occurring via a concerted
two-electron process that generates the amide, but a similar
explanation for the lack of ccNiR-catalyzed disproportionation
can be readily formulated on the basis of a mechanism in which
hydroxylamine reduction takes place via sequential one-electron
transfers, as recently suggested by Judd et al.29 The key insight
of Figure 8 is that the heme pool must be poised at a potential
below a certain threshold to permit the removal of hydroxide
from hydroxylamine.
As mentioned in the introductory section, the enzyme HAO

is also incapable of catalyzing disproportionation, despite
possessing an architecture apparently ideal for fostering the
process.4,5 The midpoint potential of the HAO active site is
substantially more negative than that of ccNiR (−260 mV
versus NHE30 compared to our as yet unpublished value of 20
mV versus NHE for the active site of ccNiR in the presence of a
coordinated strong-field ligand). Thus, the rationale presented
in Figure 8 would apply equally well to HAO, though additional
factors could also contribute to thwarting disproportionation in
this enzyme.5 Disproportionation catalyzed by [Fe-
(CN)5H2O]

3− 31 and by water-soluble iron(III) porphyrinate
compounds32 has been reported, but interestingly, in both
cases, the oxidation products were N2 and N2O in proportions
varying with specific reaction conditions. In neither case were
detectable amounts of nitrite or other monomeric nitrogen
oxidation products detected. An interesting open question is
whether the active sites of ccNiR or HAO could be tuned by
site-directed mutagenesis to catalyze disproportionation of
hydroxylamine to yield both ammonia and monomeric nitrogen
oxidation products.

Scheme 4. Thermodynamics of Hydroxylamine
Disproportionation at pH 7

Figure 7. Putative mechanism by which ccNiR could catalyze
hydroxylamine disproportionation (the process, however, is not
observed). Hydroxylamine is oxidized to nitrite at the active site of
one subunit of ccNiR, and the electrons produced in the reaction are
transferred across the dimer interface (dashed line) to the active site of
the other subunit, where hydroxylamine is reduced to ammonium.
Note that this simplified figure does not reflect the stoichiometry of
the disproportionation process, which is correctly given in Scheme 4:
oxidation of 1 equiv of hydroxylamine to nitrite yields enough
electrons to reduce 2 equiv of hydroxylamine to ammonium.
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To summarize, despite the manifestly nonphysiological
nature of the ccNiRox + NH2OH reaction discussed herein,
the results of this study provide important insights about the

final step of the physiologically relevant ccNiR-catalyzed
reduction of nitrite, namely reduction of heme-bound
hydroxylamine to ammonium. In addition to the theoretical
significance of these results, they are also proving to be very
useful in the design of follow-up experiments. For example, the
results show that though reduction of hydroxylamine to
ammonium is unlikely to occur at applied potentials greater
than approximately −100 mV versus NHE, interconversion of
nitrogenous species with formal oxidation states between −1
(hydroxylamine level) and +3 (nitrite level) could very well
occur at applied potentials between 0 and −100 mV versus
NHE. So far, this insight has been used to prepare and
characterize partially reduced ccNiR(N) species (as defined in
Scheme 2), and studies of the reactivity of these species are
now under way.
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