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ABSTRACT: We have potentiometrically characterized the two hemes ofEscherichia colinitrate reductase
A (NarGHI) using EPR and optical spectroscopy. NarGHI contains two hemes, a low-potential hemebL

(Em,7 ) 20 mV; gz ) 3.36) and a high-potential hemebH (Em,7 ) 120 mV; gz ) 3.76). Potentiometric
analyses of thegz features of the heme EPR spectra indicate that theEm,7 values of both hemes are sensitive
to the menaquinol analogue 2-n-heptyl-4-hydroxyquinolineN-oxide (HOQNO). This inhibitor causes a
potential-inversion of the two hemes (for hemebL, Em,7 ) 120 mV; for hemebH, Em,7 ) 60 mV). This
effect is corroborated by optical spectroscopy of a hemebH-deficient mutant (NarGHIH56R) in which the
hemebL undergoes a∆Em,7 of 70 mV in the presence of HOQNO. Another potent inhibitor of NarGHI,
stigmatellin, elicits a moderate hemebL ∆Em,7 of 30 mV, but has no detectable effect on hemebH. No
effect is elicited by either inhibitor on the line shape or theEm,7 values of the [3Fe-4S] cluster coordinated
by NarH. When NarI is expressed in the absence of NarGH [NarI(∆GH)], two hemes are detected in
potentiometric titrations withEm,7 values of 37 mV (hemebL; gz ) 3.15) and-178 mV (hemebH; gz )
2.92), suggesting that hemebH may be exposed to the aqueous milieu in the absence of NarGH. The
identity of these hemes was confirmed by recording EPR spectra of NarI(∆GH)H56R. HOQNO binding
titrations followed by fluorescence spectroscopy suggest that in both NarGHI and NarI(∆GH), this inhibitor
binds to a single high-affinity site with aKd of approximately 0.2µM. These data support a functional
model for NarGHI in which a single dissociable quinol binding site is associated with hemebL and is
located toward the periplasmic side of NarI.

Escherichia coli, when grown anaerobically with nitrate
as the respiratory oxidant, develops a respiratory chain
terminated by a membrane-bound quinol:nitrate oxidoreduc-
tase (NarGHI)1 (1-3). This enzyme is a heterotrimeric
complex [Fe-S] molybdoenzyme comprising a molybdenum

cofactor-containing catalytic subunit (NarG, 139 kDa), an
[Fe-S] cluster-containing electron-transfer subunit (NarH, 58
kDa), and a heme-containing membrane anchor subunit
(NarI, 26 kDa). NarG and NarH comprise a cytoplasmically
localized membrane extrinsic catalytic dimer (NarGH)
anchored to the membrane by NarI. NarGHI is an excellent
example of a family of bacterial [Fe-S] molybdoenzymes,
which includesE. coli DMSO reductase [DmsABC (4)],
formate dehydrogenase N [FdnGHI (5)], and Wolinella
succinogenespolysulfide reductase [PsrABC (6)]. The
nitrate-reducing active site of NarGHI appears to comprise
a Mo-bisMGD cofactor in which the Mo center hasEm,8

values of approximately 95 [Mo(IV/V)] and 195 mV [Mo(V/
VI)] ( 7-9). The NarH [Fe-S] clusters have been extensively
characterized using a combination of site-directed mutagen-
esis and EPR (8, 10-12), and comprise one [3Fe-4S] cluster
and three [4Fe-4S] clusters. In membranes enriched with
NarGHI, the [3Fe-4S] cluster appears to exist as two
potentiometrically distinct subpopulations with very similar
EPR spectra: a major (70%) component with anEm,8 of 180
mV and a minor (30%) component with anEm,8 of 100 mV
(9). The three [4Fe-4S] clusters haveEm,8 values of 130,-55,
and-400 mV ([4Fe-4S] clusters) (9). On the basis of their
nitrate oxidizability, roles for the two hemes of NarI, the
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[3Fe-4S] cluster, and the highest-potential [4Fe-4S] cluster
have been proposed in electron transfer from quinol to nitrate
(12-15). The relationship between the hemes of NarI and
the role of this subunit in quinol binding and oxidation are
not yet fully understood (13, 14, 16).

One of the factors that distinguishes NarGHI and FdnGHI
from other members of the family of bacterial [Fe-S]
molybdoenzymes is the presence of heme in their membrane
anchor subunits (16). While the hemes of FdnI remain
relatively poorly characterized, significant progress has been
made in determining the EPR properties, heme ligation (14),
kinetic properties, and sensitivity to inhibitors (13) of the
two hemes of NarI. This 225-amino acid residue protein has
five transmembrane helices (TM1-TM5) in which the
N-terminus is believed to be periplasmically localized (16).
Its two hemes were originally reported to haveEm values of
122 and 17 mV in redox titrations followed by optical
spectroscopy (17). We obtained preliminary EPR data which
suggested that one of the hemes does indeed have anEm of
approximately 120 mV (hemebH) and that the other has an
Em that is approximately 100 mV lower (hemebL) (14). Both
hemes exhibit highly anisotropic low-spin (HALS) EPR
spectra (18) that are consistent with a near-perpendicular
orientation of the planes of the imidazole heme iron ligands.
HemebL has agz of 3.36 and hemebH a gz of 3.76 (14), and
there is a significant similarity between the overall composite
spectrum and that of the cytochromebc1 complex [e.g., the
cytochromeb spectra reported by Salerno (19)]. Analyses
of site-directed mutants of NarGHI place hemebL toward
the periplasmic side of the NarI (coordinated by His-66 and
His-187) and hemebH toward the cytoplasmic side (coor-
dinated by His-56 and His-205). In common with the
cytochromeb subunit of the cytochromebc1 complex (20),
the two hemes are coordinated by His residues in two
transmembrane helices (TM2 and TM5 in NarI). This
contrasts with what is found in other bacterial hydrophobic
diheme cytochromesb which have ligands provided typically
by four transmembrane helices, for example, in the mem-
brane anchor subunit (SdhC) ofBacillus subtilissuccinate
dehydrogenase (SdhCAB) (21, 22).

In both SdhCAB and the cytochromebc1 complex, the
two hemes have high (hemebH) and low (hemebL) Em

values. In both cases, quinol and quinone binding site
inhibitors have been shown to alter theEm values of one or
both hemes (23, 24). In the recently determined structure of
the cytochromebc1 complex, it has been demonstrated that
the sites of inhibitor binding overlap with the proposed sites
of ubiquinone and ubiquinol binding (20, 25). Both HOQNO
and stigmatellin are potent inhibitors of the quinol:nitrate
oxidoreductase activity of NarGHI which also affect the EPR
line shape and optical properties of hemebL (13, 15). It has
been proposed that these inhibitors bind to a quinol binding
site (the Qp site) in the vicinity of hemebL (13). Intriguingly,
they also appear to elicit significant inhibition of nitrate-
dependent heme oxidation (13). A study of the effects of
these inhibitors on the redox potentiometry of the hemes of
NarGHI may provide important insights into their relation-
ship with the quinol binding site(s) of the enzyme.

When NarI is expressed and assembled into the cytoplas-
mic membrane in the absence of NarGH [NarI(∆GH)], its
low-spin heme EPR spectrum is dramatically altered com-
pared to that of the holoenzyme (13, 15). The EPR spectrum

of NarI(∆GH) exhibits twogz features that can be attributed
to low-spin ferric heme, one at 3.15 and another at 2.92. On
the basis of its inhibitor-sensitivity, we have assigned thegz

) 3.15 feature to hemebL (13). However, the identity of
the heme giving rise to thegz ) 2.92 feature remains
uncertain. The observation of agz ) 2.92 feature may
correlate with an almost parallel orientation of the imidazole
heme iron ligands (18, 26). In the case of NarI(∆GH), this
feature arises either from a significantly modified or “re-
laxed” form of hemebH or from a subpopulation of heme
bL (13). In the latter case, NarI(∆GH) would only contain a
single heme. This uncertainty arises because the optical
spectrum of NarI(∆GH) is similar to the spectrum of
NarGHIH56R, which lacks hemebH (14). It would be
interesting to unequivocally identify the hemes of NarI(∆GH)
giving rise to thegz ) 3.15 andgz ) 2.92 spectral features
and to determine theirEm,7 values.

The fluorescence properties of HOQNO (27, 28) have
recently been used to quantify the number of dissociable
inhibitor binding sites within two otherE. coli anaerobic
reductases, DmsABC (29) and fumarate reductase
(FrdABCD) (30, 31). In both cases, binding with very high
affinity (Kd e 7 nM) occurs at a single dissociable site that
may be equivalent to the dissociable menaquinol (MQH2)
binding site. It has recently been proposed on the basis of
steady-state kinetics experiments that both duroquinol (a
ubiquinol analogue) and menadiol (a MQH2 analogue) bind
at two sites within the NarGHI complex (32). It has also
been proposed that there is a tightly bound menaquinone-9
associated with the membrane extrinsic NarGH dimer (33)
that may be involved in electron transfer from the hemes of
NarI to the [3Fe-4S] cluster of NarH (15). Studies of the
effect of the inhibitors HOQNO and stigmatellin on nitrate-
dependent heme reoxidation suggest that there may be a
second quinol or inhibitor binding site [the Qnr site (13)]
located between hemebh and the [3Fe-4S] cluster of NarH.
However, in another study in which the hydroxylated
naphthoquinone lapachol was utilized (a MQH2 analogue),
no steady-state kinetic evidence was found for the binding
of this substrate at more than one dissociable site (34). One
characteristic of NarGHI which makes the hypothesis that
there are two dissociable quinol binding sites attractive is
the ability of the enzyme to use both MQH2 and ubiquinol
as reducing substrates (12, 32, 35, 36). It is possible that
there are two sites demonstrating “cross-inhibition” (32), one
which is specific for ubiquinol and the other which is specific
for MQH2. However, it is also possible that there is one site
that is able to accommodate both ubiquinol and MQH2. It
would therefore be interesting to determine the number of
HOQNO binding sites in NarGHI using the HOQNO
fluorescence technique.

In this paper, we have studied the electrochemistry of the
hemes of NarI using both EPR and optical spectroscopy. We
have investigated the effect of the absence of either heme
on the Em,7 of the other in two site-directed mutants of
NarGHI (NarI-H56R and NarI-H66Y mutants) and have
investigated the redox potentiometry of NarI(∆GH). In
addition, we have quantitated the number of high-affinity
HOQNO binding sites within NarGHI and have investigated
the effect of the absence of either heme and the absence of
the NarGH dimer on inhibitor binding.
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MATERIALS AND METHODS

Bacterial Strains and Plasmids. E. coliLCB2048 [thi-1,
thr-1, leu-6, lacY1, supE44, rpsL175∆nar25(narG-narH)
∆(nar′U-narZ′), Ω (SpcR), KmR] (37) was used as the host
for all the experiments described herein. Wild-type, NarI-
H56R, and NarI-H66Y NarGHI were expressed from pVA700,
pVA700-H56R, and pVA700-H66Y, respectively (14).
NarI(∆GH) was expressed from plasmid pCD7 (14).
NarI(∆GH)H56R was expressed from plasmid pCD7-H56R
which was generated using the Expand High Fidelity PCR
System (Boehringer). pVA700, pCD7, and pCD7-H56R bear
their respective genes under the control of thetac promoter.

Growth of Cells and Preparation of Membrane Vesicles
Enriched with Wild-Type and Mutant NarGHI. Cells were
grown microaerobically in 2 L batch cultures of Terrific
Broth (38) at 30°C in the presence of 100µg/mL strepto-
mycin and ampicillin. A 10% innoculum was used, and
NarGHI overexpression was achieved by addition of 0.2 mM
isopropyl-1-thio-â-D-galactopyranoside (IPTG). Following
addition of the innoculum and IPTG, cells were grown
overnight while they were gently shaken at 30°C. Cells were
harvested by centrifugation and washed in 100 mM MOPS
and 5 mM EDTA (pH7). Crude membranes were prepared
as previously described (39). These were resuspended in
buffer and layered on top of a 62% (w/v) sucrose step (made
up in buffer). Following centrifugation at 40 000 rpm for 2
h, the floating band enriched with the cytoplasmic membrane
fraction was removed, diluted in buffer, and subjected to a
further centrifugation. Finally, to ensure complete removal
of residual sucrose, the pellet was resuspended in buffer and
recentrifuged. Membranes were then resuspended in buffer
to a concentration of approximately 30 mg/mL, flash-frozen
in liquid nitrogen, and stored at-70 °C until they were used.
Membranes of LCB2048 containing no NarGHI were
prepared as described above except that only streptomycin
was present in the growth medium, no IPTG was used, and
a 55% (w/v) sucrose step was used to isolate the inner
membrane fraction.

Growth of Cells and Preparation of Membrane Vesicles
Enriched with NarI(∆GH) and NarI(∆GH)H56R. Cells
(LCB2048/pCD7 or LCB2048/pCD7-H56R) were grown as
described above, except that the temperature was 37°C and
the cultures were grown for 4 h rather than overnight.
Membrane vesicles were prepared using the protocol outlined
above using a 55% sucrose step to purify the cytoplasmic
membrane fraction.

Redox Potentiometry Followed by EPR Spectroscopy.
Redox titrations were carried out under argon at 25°C in
100 mM MOPS and 5 mM EDTA (pH7.0) as previously
described (40). The following redox mediators were used at
a concentration of 50µM: quinhydrone, 2,6-dichloro-
phenolindophenol, 1,2-naphthoquinone, toluylene blue, phen-
azine methosulfate, thionine, duroquinone, methylene blue,
resorufin, indigo trisulfonate, indigo disulfonate, anthraquinone-
2-sulfonic acid, phenosafranine, benzyl viologen, and methyl
viologen. All samples were prepared in 3 mm internal
diameter quartz EPR tubes, rapidly frozen in liquid nitrogen-
chilled ethanol, and stored under liquid nitrogen until they
were used. EPR spectra were recorded using a Bruker
ESP300 spectrometer equipped with an Oxford Instruments

ESR-900 flowing helium cryostat. EPR conditions were as
described in the individual figure legends.

Redox Potentiometry Followed by Optical Spectroscopy.
Redox titrations were carried out under argon in a total
volume of approximately 2 mL of 100 mM MOPS (pH7.0)
at a protein concentration of 9 mg/mL. The following
mediator dyes were used at a concentration of 3µM: 1,2-
naphthoquinone, phenazine methosulfate, methylene blue,
resorufin, and phenosafranine. Optical data were collected
at 559 nm using a Kontron Uvikon 932 double-beam
spectrophotometer equipped with a temperature-controlled
cuvette holder and a magnetic stirrer. The redox potential
of the cuvette was measured using a Metrohm combination
(platinum/reference) microelectrode.

Fluorescence Quenching Assay of HOQNO Binding to
NarGHI- and NarI-Enriched Membranes.Quenching of
HOQNO fluorescence (27-30, 41) was used to determine
the concentration of dissociable high-affinity HOQNO sites
in NarGHI and NarI(∆GH). Fluorescence intensities were
measured with an excitation wavelength of 341 nm and an
emission wavelength of 479 nm using a Perkin-Elmer LS-
50B luminescence spectrometer. All experiments were car-
ried out at pH 7.0 in 100 mM MOPS and 5 mM EDTA.
HOQNO was added to the fluorescence cuvette from a 0.1
mM stock ethanolic solution. A range of protein concentra-
tions was used as indicated in the individual figure legends.
The observed fluorescence (Fobs) was fitted to an equation
describing ligand binding to a single site as described by
Okun et al. (28, 41):

with

and

These equations are from ref41. fboundandffree are the specific
fluorescences of the bound and free inhibitor, respectively.
[I tot], [I bound], and [Ifree] are the concentrations of total, bound,
and free inhibitor, respectively. [Etot] is the total concentration
of enzyme.ns is the number of binding sites. In the case of
the studies reported by us herein and elsewhere (29-31),
the fluorescence of bound HOQNO is assumed to be zero
(fbound ) 0).

Protein Assays. Protein concentrations were assayed by
the Lowry method, modified by the inclusion of 1% (w/v)
sodium dodecyl sulfate in the incubation mixture to solubilize
membrane proteins (42).

Polyacrylamide Gel Electrophoresis. Polyacrylamide
(12.5%) gel electrophoresis was carried out using the Bio-
Rad mini gel system and a discontinuous SDS buffer system
(43). Gels were stained with Coomassie Blue, destained, and
digitally scanned, and the protein bands corresponding to
the NarGHI holoenzyme were quantified relative to the total
amount of Coomassie Blue-stained protein using the public

Fobs) (fbound- ffree)(Q - xQ2 - ns[Etot][I tot]) + ffree[I tot]
(1)

Q ) 1/2([I tot] + Kd + ns[Etot]) (2)

[I tot] ) [I bound] + [I free] (3)
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domain software package NIH Image, version 1.61 (devel-
oped at the National Institutes of Health).

RESULTS

Potentiometric Effects of HOQNO and Stigmatellin on the
Two Hemes of NarGHI. Because HOQNO and stigmatellin
have been previously demonstrated to be potent inhibitors
of NarGHI (13, 36), we determined their effects on the redox
potentiometry of the two hemes of NarI. Figure 1a shows
EPR spectra recorded at 12 K of redox-poised samples from
a potentiometric titration of membranes enriched with
NarGHI in the absence of HOQNO or stigmatellin. Notice-
able in the fully oxidized spectrum (>200 mV) are the HALS
features we have previously assigned to hemebH (gz ) 3.76,
low-field peak) andbL (gz ) 3.36, high-field peak) (13, 14).
As the potential is decreased below approximately 200 mV,
the intensity of the hemebH signal begins to diminish, and
below approximately 100 mV, the intensity of the hemebL

signal diminishes. Figure 1b shows equivalent spectra
recorded in the presence of HOQNO. In this case, the
position of the hemebL gz is shifted to 3.50 (13). Inspection
of the spectra suggests that the hemes titrate withEm,7 values
that are closer together than those of the uninhibited enzyme
(see below). In the presence of stigmatellin, the hemebL gz

is shifted to approximately 3.31 (13), and again, theEm,7

values appear to be closer together than those of uninhibited
NarGHI (Figure 1c). At high potentials in the presence of
stigmatellin, there appears to be some heterogeneity in the
heme bL gz, with a minor component being present at
approximatelyg ) 3.50 (a shoulder on the low-field side of
the g ) 3.31 peak).

To obtain estimates of the intensities of the hemebH and
bL gz features in the presence and absence of inhibitors, it

was necessary to partially eliminate errors due to the sloping
baseline in this region of the spectrum [due to the adventi-
tiously bound Fe(III) signal atg ) 4.3]. To do this, the
membranes used to generate the data in Figure 1 were
prepared by sucrose step centrifugation to increase the
specific concentration of NarGHI to approximately 46% of
the total protein (see below). Second, the intensities of the
features were determined by subtraction of a polynomial
baseline fitted to the nonsignal portions of the spectra of
Figure 1. In this way, it was possible to generate plots of
signal intensity versusEh. Figure 2a shows plots of the
intensities of the hemebH and hemebL signals versusEh. In
agreement with previously reported values (14, 17), the two
hemes of NarI titrate withEm,7 values of 120 (bH) and 20
mV (bL). In the presence of HOQNO, the potentials of the
hemes are almost reversed (Figure 2b). In this case, heme
bH titrates with anEm,7 of 60 mV, and hemebL titrates with
anEm,7 of 120 mV, suggesting that HOQNO binding elicits
conformational changes in the vicinity of both hemes. In the
presence of stigmatellin (Figure 2c), hemebH titrates with
anEm,7 of 120 mV, and hemebL titrates with anEm,7 of 50
mV. Thus, it is clear that HOQNO affects the redox
properties of both hemes, whereas stigmatellin appears to
affect only hemebL.

To attempt to corroborate the effects of HOQNO shown
in Figures 1 and 2, we carried out redox titrations followed
by optical spectroscopy. Figure 3a shows optical redox
titration data in the presence and absence of HOQNO. It is
important to note that both hemes of NarI exhibit reduced
R-band absorbance bands at approximately 560 nm at room
temperature, precluding facile deconvolution of the spectra
corresponding to hemesbH andbL (see Figure 1 of ref14).
In the absence of HOQNO, the data of Figure 3a can be

FIGURE 1: Effect of HOQNO and stigmatellin on potentiometric titrations of the hemes of NarGHI. (a) EPR spectra of redox-poised
samples in the absence of inhibitors. (b) EPR spectra of redox-poised samples in the presence of 0.5 mM HOQNO. (c) EPR spectra of
redox-poised samples in the presence of 0.3 mM stigmatellin. Samples were of cytoplasmic membranes enriched with NarGHI at a protein
concentration of approximately 30 mg/mL in 100 mM MOPS and 5 mM EDTA (pH 7.0). Spectra were recorded under the following
conditions: temperature, 12 K; microwave power, 100 mW at 9.47 GHz; and modulation amplitude, 19 Gpp at 100 kHz. For each spectrum,
the Eh in millivolts is as indicated.
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fitted to two components withEm,7 values of 125 (bH) and
28 mV (bL), in good agreement with the data presented in
Figure 2a. In the presence of HOQNO, the data can be fitted
to two Em,7 values of 100 and 40 mV. These data illustrate
the advantage of the EPR method in determining inhibitor
effects on theEm,7 values of the hemes of NarI, as the redox
state of two hemes withR-bands at 560 nm (but differentgz

values) can easily be resolved by EPR but not by room-
temperature optical spectroscopy.

To demonstrate, using optical spectroscopy, the large shift
elicited on the hemebL Em,7 by HOQNO, we performed
redox titrations on membranes enriched with NarGHIH56R, a
hemebH deficient mutant (14) (Figure 3b). In the absence
of HOQNO, the remaining heme of this mutant (hemebL)
titrates with anEm,7 of 125 mV, indicating that the absence
of heme bH results in a significant modification of the

environment of hemebL which causes a∆Em,7 of around
100 mV. In the presence of HOQNO, theEm,7 is shifted to
195 mV, a∆Em,7 of 70 mV which compares to the∆Em,7 of
100 mV observed in redox titrations of the holoenzyme
followed by EPR (Figure 2). The effect of HOQNO on a
mutant lacking hemebL was studied using the NarI-H66Y
mutant. In this case, in the absence of HOQNO, hemebH

has anEm,7 of 90 mV (Figure 3c), which suggests that, as in
the case of the NarI-H56R mutant, there is a significant mod-
ification of the environment of the remaining heme caused
by the absence of the other. In the presence of HOQNO,
there is a modest shift in theEm,7 of hemebH to 70 mV, a
∆Em,7 of -20 mV. TheEm,7 values for the hemes of NarI
and the effects of HOQNO are summarized in Table 1.

FIGURE 2: Effect of inhibitors on the NarI heme midpoint potentials
determined by EPR: (a) no inhibitors, (b) 0.5 mM HOQNO, and
(c) 0.3 mM stigmatellin and (0) hemebH and (4) hemebL. Em,7
values were estimated as follows: (a) 120 (bH) and 20 mV (bL),
(b) 60 (bH) and 120 mV (bL), and (c) 120 (bH) and 50 mV (bL).
EPR spectra were recorded as described in the legend of Figure 1.
Peak heights were determined after polynomial baseline subtraction
using the OS9 computer of the ESP300 spectrometer system. The
solid lines representn ) 1 fits to the Nernst equation.

FIGURE 3: Optical redox titrations of the NarI hemes. (a) Wild-
type NarGHI in the absence (0) and presence (4) of 0.5 mM
HOQNO. Data were fitted to two components of equal absorbance
with Em,7 values of 125 and 28 mV (no HOQNO) and 100 and 40
mV (0.5 mM HOQNO). (b) NarGHIH56R in the absence (0) and
presence (4) of 0.5 mM HOQNO. Data were fitted to one
component with anEm,7 of 125 (no HOQNO) and 195 mV (0.5
mM HOQNO). (c) NarGHIH66Y in the absence (0) and presence
(4) of 0.5 mM HOQNO. Data were fitted to one component with
an Em,7 of 90 (no HOQNO) and 70 mV (0.5 mM HOQNO).
Absolute absorbance values were normalized to a maximum of 1.0.
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LeVel of OVerexpression of NarGHI from pVA700. To
interpret the potential effects of HOQNO and stigmatellin
on the [3Fe-4S] cluster, it is necessary to estimate the EPR
spectroscopic purity of NarGHI aroundg ) 2 in LCB2048/
pVA700 membranes. Figure 4A shows EPR spectra recorded
at 12 K of ferricyanide-oxidized LCB2048 membranes
containing no NarGHI [Figure 4A(i)] and overexpressed
NarGHI [Figure 4A(ii)]. The intensity of the background
[3Fe-4S] signal atg ) 2.02 corresponds to approximately
15% of that of the signal in membranes containing over-
expressed NarGHI. To confirm this, we subjected membranes
from LCB2048 and LCB2048/pVA700 to SDS-PAGE
analysis (Figure 4B). In the lane corresponding to membranes
from LCB2048/pVA700, the intensity of the protein bands
corresponding to the subunits of NarGHI comprises ap-
proximately 57% of the visible stained protein on the gel.
This estimate of NarGHI content is consistent within
experimental error with the amount detected by EPR spin
quantitation of the NarH [3Fe-4S] cluster (see below; Table
2). Given that overexpression of NarGHI dilutes the species
responsible for the background signal of Figure 4A(i), it is
likely that the NarGHI [3Fe-4S] cluster accounts forg90%
of the [3Fe-4S] EPR signal of oxidized LCB2048/pVA700
membranes.

Lack of an Effect of HOQNO or Stigmatellin on the EPR
Line Shape or Redox Potentiometry of the NarH [3Fe-4S]
Cluster.In two other terminal reductases ofE. coli, DmsABC
and FrdABCD, a significant effect is elicited by HOQNO
on an engineered [3Fe-4S] cluster and an endogenous [3Fe-
4S] cluster, respectively (30, 40). Figure 4C shows EPR
spectra of the oxidized (redox-poised) NarH [3Fe-4S] cluster
in the absence of inhibitors [Figure 4C(i)] and in the presence
of HOQNO [Figure 4C(ii)] or stigmatellin [Figure 4C(iii)].
It is clear from these spectra that no significant effects appear
to be elicited by these inhibitors on the EPR line shape of
the NarH [3Fe-4S] cluster. Potentiometric analyses of the
[3Fe-4S] cluster followed by EPR suggest that in the absence
of inhibitors, the cluster titrates with twoEm,7 values of 95
(30%) and 195 mV (70%) (data not shown), in agreement
with our previous observations (9). No other [3Fe-4S] cluster
subpopulations were detected throughout the range ofEh

values that were studied. In the presence of 0.5 mM
HOQNO, the potentials are 110 (30%) and 200 mV (70%).

Likewise, in the presence of 0.3 mM stigmatellin, these
potentials are 105 (30%) and 200 mV (70%). We have
previously shown that both the high- and low-potential
subpopulations of the [3Fe-4S] cluster signal have the same
line shape and arise from NarGHI (9). Thus, neither inhibitor
appears to have a significant effect on theEm,7 values of the
NarH [3Fe-4S] cluster.

Assignment of the EPR Spectral Features of NarI(∆GH).
Figure 5A shows low-spin heme EPR spectra of membranes
enriched with NarI(∆GH) [Figure 5A(i)] and NarI(∆GH)H56R

[Figure 5A(ii)]. The spectrum of NarI(∆GH) is essentially

Table 1: Summary of Redox Potentiometry of the Hemes of NarI

Em,7 (mV)

without HOQNO with HOQNO

enzyme EPRa opticalb EPR optical

NarGHI 120 (bH) 125 (bH) 60 (bH) 40 (bH)
20 (bL) 28 (bL) 120 (bL) 100 (bL)

NarGHIH56R nd 125 (bL) ndc 195 (bL)
NarGHIH66Y nd 90 (bH) nd 70 (bH)
NarI(∆GH)d -178 (bH) nd -172 (bH) nd

37 (bL) 72 (bL)
a Em,7 values were obtained by plotting the intensities of the features

that can be attributed to hemesbH andbL vsEh. Data are representative
of at least two independent redox titrations. Errors in theEm,7 values
are approximately(10 mV. b Em,7 values were obtained by plotting
the absorbance at 560 nm vsEh. Assignments ofEm,7 values to hemes
bH and bL were based on comparison with EPR data (13, 14). c Not
determined.d NarI was overexpressed in the absence of NarGH from
plasmid pCD7. Wild-type and mutant holoenzymes were expressed from
wild-type and mutant plasmid pVA700 (12).

FIGURE 4: (A) EPR spectra of oxidized membranes from LCB2048
(i) and LCB2048/pVA700 (ii). EPR spectra were recorded at 12 K
with a modulation amplitude of 10 Gpp at 100 kHz and a microwave
power of 20 mW at a frequency of 9.47 GHz. Spectra were
corrected for protein concentration to a nominal value of 30 mg/
mL. Samples were oxidized with 0.2 mM potassium ferricyanide
for 1 min prior to being frozen in liquid nitrogen. (B) Coomassie
Blue-stained SDS-PAGE gel of isolated inner membranes from
LBC2048 and LCB2048/pVA700: lane 1, low-molecular mass
markers (Bio-Rad; phosphorylase b, 97.4 kDa; bovine serum
albumin, 66.2 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 31
kDa; soybean trypsin inhibitor, 21.5 kDa; and lysozyme, 14.4 kDa);
lane 2, 45µg of LCB2048 membrane protein; and lane 3, 45µg of
LCB2048/pVA700 membrane protein. The intensity of the bands
corresponding to the subunits of NarGHI corresponds to ap-
proximately 57% by gel densitometry (approximately 2.6 nmol/
mg of protein). (C) Effect of HOQNO and stigmatellin on the [3Fe-
4S] cluster of NarGHI. EPR spectra of redox-poised membranes
enriched with NarGHI at a protein concentration of approximately
30 mg/mL in the absence of inhibitors at anEh of 248 mV (i), in
the presence of 0.5 mM HOQNO at anEh of 287 mV (ii), and in
the presence of 0.3 mM stigmatellin at anEh of 283 mV (iii). EPR
conditions were as described for panel A.
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identical to that previously reported by us (13, 14) with peaks
at gz ) 3.15 (hemebL, low-field peak) andgz ) 2.92 (high-
field peak). On the basis of inhibitor-induced perturbations
of the gz ) 3.15 peak, we have previously assigned this
feature to hemebL (13), whereas the assignment of thegz )
2.92 feature remained uncertain. To resolve this issue, we
recorded the low-spin EPR spectra of membranes enriched
with NarI(∆GH)H56R [Figure 5A(ii)]. Clearly, mutagenesis
of NarI-H56 results in the loss of thegz ) 2.92 peak of the
spectrum, but has no detectable effect on thegz ) 3.15 peak.
Given that NarI-H56 is a ligand to hemebH in the NarGHI
holoenzyme (14), we conclude that thegz ) 2.92 feature of
the spectrum of NarI(∆GH) arises from hemebH and that
the environment of this heme has been modified by the

absence of the membrane extrinsic NarGH dimer (see the
Discussion).

Potentiometric Analysis of NarI(∆GH). Figure 5B shows
plots of the intensities of the NarI(∆GH) g ) 3.15 andg )
2.92 peaks as a function ofEh in samples from a potentio-
metric titration. Thegz ) 3.15 hemebL peak titrates with an
Em,7 of 37 mV. In contrast, thegz ) 2.92 hemebH peak
titrates with anEm,7 of -178 mV. This represents a∆Em,7

of approximately-300 mV compared to theEm,7 of this
heme in the NarGHI holoenzyme (see the Discussion).

In the presence of HOQNO, thegz ) 3.15 feature is shifted
to gz ) 3.45 (13) and itsEm,7 is shifted from approximately
37 to 72 mV, a∆Em,7 of 35 mV (data not shown, Table 1).
HOQNO has no detectable effect on either the position of
the hemebH gz (13) or its Em,7. Therefore, the absence of
the NarGH dimer either appears to result in the loss of the
conformational link between the two hemes of NarI or results
in the loss of inhibitor binding in the vicinity of hemebH

(see the Discussion).

Fluorescence Quenching Assay of HOQNO Binding to
Membranes Enriched with NarGHI, NarGHIH56R, NarGHIH66Y,
and NarI(∆GH). We have previously demonstrated that the
fluorescence of HOQNO is quenched when it is bound to
the MQH2 binding sites ofE. coli DmsABC (29) and
FrdABCD (30, 31). We used this phenomenon to estimate
the number of high-affinity HOQNO binding sites within
NarGHI. Figure 6a shows a series of HOQNO binding
titrations for membranes enriched with NarGHI at a range
of protein concentrations between approximately 0.2 and 0.8
mg/mL. In these titrations, there is an upward curvature of
the plot of fluorescence versus HOQNO concentration. This
curvature can be fitted to aKd and a specific enzyme
concentration as described in Materials and Methods. Mem-
branes enriched with NarGHI contain 2.06 nmol of inde-
pendent (i.e., noncooperative binding) HOQNO binding sites/
mg of protein which have aKd of 0.20µM (Table 2). This
compares with a NarGHI concentration based on that of the
oxidized [3Fe-4S] cluster of 1.91 nmol/mg of protein
(estimated by EPR spin quantitation), suggesting that there
are approximately 1.08 HOQNO binding sites per NarGHI
heterotrimer. In the hemebH deficient mutant, NarGHIH56R

(Figure 6b), there are 2.05 nmol of independent HOQNO
binding sites/mg of protein which have aKd of approximately
0.18µM. In this mutant, the [3Fe-4S] cluster EPR spectrum
is modified and its intensity diminished (14), resulting in an
estimated number of HOQNO binding sites per [3Fe-4S]
cluster of 1.18 (Table 2). In the hemebL deficient mutant,
NarGHIH66Y (Figure 6c), there is an almost undetectable
upward curvature of the plots of fluorescence versus HOQNO
concentration, indicating that inhibitor binding occurs with
aKd of approximately 1.0µM. Because of the low curvature,
the specific enzyme concentration used in the fits to the data
was treated as invariant and was assumed to be 1.74 nmol/
mg of protein, as estimated by EPR spin quantitation. Finally,
HOQNO binds to NarI(∆GH) with aKd of 0.20µM and an
estimated specific concentration of sites of 5.13 nmol/mg
of protein (data not shown, Table 2). In all the cases that
were studied, the data can be fitted to a binding equation
(41) (see Materials and Methods) describing noncooperative
inhibitor binding to a single site that appears to be sensitive
to the presence of hemebL.

FIGURE 5: (A) EPR spectra of NarI(∆GH) and NarI(∆GH)H56R.
Spectra of (i) wild-type NarI(∆GH) and (ii) H56R mutant NarI(∆GH).
EPR spectra were recorded under the conditions described in the
legend of Figure 1 except the microwave power was 2 mW and
three scans were accumulated. The spectra were normalized to a
nominal protein concentration of 30 mg/mL. (B) Potentiometric
titration of the hemes of wild-type NarI(∆GH). Plots of the intensity
of the g ) 3.15 peak (0; Em,7 ) 37 mV) and theg ) 2.92 peak
(O; Em,7 ) -178 mV) of the NarI spectrum vsEh. For eachEh, the
intensity of the spectrum atg ) 3.03 (the trough between the two
peaks) was subtracted from the intensities atg ) 3.15 andg )
2.92, respectively.
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EquiValency of HOQNO and Stigmatellin Binding Sites
within NarGHI. Both HOQNO and stigmatellin are potent
inhibitors of the quinol:nitrate oxidoreductase activity of
NarGHI (13). To determine if stigmatellin binding blocks
HOQNO binding to NarI, HOQNO binding titrations were
carried out in the presence of 2.75µM stigmatellin (Figure
7). In the absence of stigmatellin, there is a normal titration
curve essentially identical to those of panels a and b of Figure
6. In the presence of stigmatellin, most of the curvature
corresponding to HOQNO binding to NarGHI is eliminated.

Data similar to those presented in Figure 7 were obtained in
all cases where high-affinity HOQNO binding was detected
[i.e., in NarI(∆GH) and NarGHIH56R, data not shown].

DISCUSSION

We have demonstrated the effects of two potent inhibitors
of NarGHI on the redox potentiometry of the two hemes of
the NarI subunit. HOQNO has a significant effect on both
hemes, whereas stigmatellin appears to have only a signifi-
cant effect on hemebL. In the case of stigmatellin, the results
are consistent with inhibitor binding at a site associated with
hemebL. This is in agreement with our previous studies on
the effect of this inhibitor on the EPR line shape of this heme
and the lack of effect on the line shape of hemebH (13). In
the case of HOQNO, the EPR line shape of hemebL is
affected (13), and theEm,7 values of the hemes are inverted.
This effect is consistent with a number of possibilities. (i)
HOQNO binds to a site in the vicinity of hemebL, and the
conformational change elicited on this heme is propagated
to hemebH via movements of one or more of the transmem-
brane helices. (ii) HOQNO binds at two sites, one associated
with hemebL and another associated with hemebH. This
explanation is consistent with previous data suggesting that
there may be a second quinol binding site located between

FIGURE 6: HOQNO binding titrations of membranes enriched with
wild-type (a), NarI-H56R (b), and NarI-H66Y NarGHI (c). (a) For
the wild-type, titrations were carried out at four protein concentra-
tions: 0.19 (0), 0.39 (4), 0.58 (O), and 0.78 mg/mL (]). Data
were fitted to aKd of 0.20 µM, one HOQNO binding site, and a
specific enzyme concentration of 2.06 nmol/mg of protein (45.7%
membrane protein). (b) NarGHIH56R. Titrations were carried out at
0.16 (0), 0.33 (4), 0.49 (O), and 0.66 mg/mL protein (]). Data
were fitted to aKd of 0.18 µM, one HOQNO binding site, and a
specific enzyme concentration of 2.05 nmol/mg of protein (45.5%
membrane protein). (c) NarGHIH66Y. Titrations were carried out at
the same protein concentrations as described for NarGHIH56R. Data
were fitted to aKd of 1.0 µM and a specific enzyme concentration
of 1.74 nmol/mg of protein (38.4% membrane protein). In this case,
the specific enzyme concentration was derived from EPR spin
quantitation of the NarH [3Fe-4S] cluster and was treated as
invariant in the analysis.

Table 2: HOQNO Binding to Wild-Type and Mutant NarGHI

preparation
Kd

(µM)

[Q sites]
(nmol/mg
of protein)

[3Fe-4S]a

(nmol/mg
of protein)

HOQNO sites
per enzymeb

NarGHI 0.20 2.06 1.91 1.08
NarGHIH56R 0.18 2.05 1.74c 1.18
NarGHIH66Y 1.00 1.74 1.74 1.00
NarI(∆GH) 0.20 5.13 ndd,e nd

a The [3Fe-4S] concentration was estimated by EPR spin quantitation
of spectra of this cluster under nonsaturating conditions using a
CuEDTA concentration standard (51). b Based on the assumption that
each NarGHI holoenzyme contains a single [3Fe-4S] cluster.c The [3Fe-
4S] cluster spectral line shape in NarGHIH56R is modified and its
intensity diminished (14). d Not determined.e The [3Fe-4S] cluster is
absent from pCD7-overexpressed NarI; therefore, it was not possible
to estimate the concentration of NarI by this method.

FIGURE 7: Effect of stigmatellin on HOQNO binding to NarGHI.
(9) Membranes (0.39 mg/mL) enriched with wild-type NarGHI
were titrated with HOQNO as described in the legend of Figure 6.
(2) Wild-type NarGHI (0.39 mg/mL) was titrated in the presence
of 2.75 µM stigmatellin.
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hemebH and the [3Fe-4S] cluster of NarH (13, 15). However,
HOQNO binding titrations followed by fluorescence spec-
troscopy appear to indicate that high-affinity binding at a
single site is dependent on the presence of hemebL. If there
is indeed a Q site between hemebH and the [3Fe-4S] cluster
[the Qnr site (13)], then its affinity for HOQNO must be at
least 1 order magnitude lower than that of the site associated
with hemebL (the Qp site).

The effect of HOQNO on the redox properties of the two
hemes bears interesting comparison with its effect on the
hemes ofB. subtilis SdhCAB (23). In SdhCAB, the two
hemes of SdhC have high (hemebH, 65 mV) and low (heme
bL, -96 mV)Em values (23). TheEm of hemebL is sensitive
to HOQNO, and this results in a∆Em of approximately-57
mV (23); on the other hand, there is no effect on theEm of
hemebH. The coordination of the two hemes of SdhC is such
that four transmembrane helices provide His ligands (21).
In the case of NarI, the two hemes are coordinated by TM2
and TM5 (14, 16). This would allow for the propagation of
conformational effects via these helices. It is surprising that
the ∆Em,7 elicited by HOQNO on hemebL of SdhCAB has
a sign that is the opposite of that observed in NarGHI. This
may reflect a significant difference between the quinol
binding site of NarGHI and that of SdhCAB, which may be
a result of the preference of the latter enzyme for MQ over
UQ as the quinone substrate (44).

In the cytochromebc1 complex, the two hemes haveEm,7

values of approximately 92 (bH) and-31 mV (bL) (24). In
this case, both hemes are associated with quinol binding sites,
the Qn and Qp sites, respectively. The Qp site is also
associated with the Rieske [2Fe-2S] cluster (20). Stigmatellin
has been shown to elicit a large∆Em of >200 mV on the
Rieske [2Fe-2S] cluster (45, 46), but has little effect on either
of the hemesb (24). Other inhibitors, such as antimycin A,
alter theEm values of both hemes. As is the case for NarI
(14), the two hemes of the cytochromebc1 complex are
coordinated between two transmembrane helices (20). There
is also a striking similarity between EPR spectra recorded
of the hemes of NarI and those of the two cytochromebc1

hemesb (19). However, in the case of thebc1 complex, the
more anisotropic heme signal corresponds to hemebL and
the less anisotropic signal corresponds to hemebH. Thus, it
is unlikely that there is a reliable relationship between the
anisotropy of the HALS spectrum and the observedEm,7

values of the corresponding hemes. Another similarity
between NarI and thebc1 complex is the effect of losing
hemebH on theEm,7 of hemebL. In both cases (Figure 3 and
Table 1) (47), there is a large positive∆Em for hemebL in
the absence of hemebH.

The effect of stigmatellin on the redox properties of heme
bL of NarI does not appear to be propagated to hemebH. In
contrast to HOQNO, stigmatellin decreases thegz of heme
bL (13), suggesting that this inhibitor may cause a decrease
in the angle between the planes of the histidine ligand
imidazoles, whereas HOQNO may cause an increase in this
angle. It is therefore possible that the nature of the confor-
mational change elicited by stigmatellin is sufficiently
different from that elicited by HOQNO for it not to be
propagated to hemebH. We do not favor the alternative
explanation that HOQNO, but not stigmatellin, binds to two
sites within NarI, one associated with hemebL and the other
associated with hemebH, for the following reasons. (i)

HOQNO binding titrations (Figure 6 and Table 2) indicate
the presence of only one high-affinity binding site for this
inhibitor. Any additional site would have to have aKd in
excess of approximately 1µM, beyond the sensitivity of the
fluorescence assay used herein. (ii) We have previously
demonstrated that both HOQNO and stigmatellin inhibit
nitrate-dependent heme reoxidation, with the latter inhibitor
being the more potent one (13). On this basis, it would be
expected that stigmatellin would be more likely than HO-
QNO to elicit effects on the environment of hemebH.

HOQNO binding toE. coli FrdABCD causes a significant
change in the EPR line shape of the FR3 [3Fe-4S] cluster
(30). ForE. coli DmsABC, a similar line shape change was
elicited on the EPR spectrum of a [3Fe-4S] cluster engineered
into the DmsB subunit (40). In the structure of FrdABCD,
an HOQNO-sensitive Q site is located approximately 11 Å
from the FR3 [3Fe-4S] cluster (48). It has previously been
proposed that in NarGHI there may be an additional inhibitor
binding site (the Qnr site) located between the hemebH of
NarI and the [3Fe-4S] cluster of NarH (13, 15). The studies
reported herein do not support this hypothesis. (i) No
detectable line shape change of the [3Fe-4S] cluster is elicited
by either HOQNO or stigmatellin (Figure 4B). (ii) No
significant changes in the redox properties of the [3Fe-4S]
cluster are elicited by these two inhibitors. (iii) High-affinity
HOQNO binding is not observed in the absence of heme
bL. (iv) HOQNO binding appears to be unaffected by the
absence of NarGH. These results suggest that there is no
dissociable high-affinity inhibitor binding site located be-
tween hemebH and the [3Fe-4S] cluster. However, it has
been reported that there is a tightly bound menaquinone
associated with the NarGH dimer (33), and we recently
reported the observation of a semiquinone radical species
that may be localized at this site during enzyme turnover
(15). Thus, the fact that we have generated no data supporting
the presence of a quinol site between hemebH and the [3Fe-
4S] cluster in the studies reported herein does not exclude
the possibility that this site is present, but not dissociable or
has a low affinity for HQONO. If the Qnr site does exist and
is dissociable, it would be difficult to reconcile its presence
with the observed bioenergetics of electron-transport chains
terminated by NarGHI (49). If this were the case, oxidation
of quinol at the Qnr site would likely result in the dissipation
of the transmembrane proton electrochemical potential, in
disagreement with the established bioenergetics of NarGHI
(49). To assess the possible presence of a nondissociable
Qnr site, further studies with anE. coli mutant defective in
MQH2 biosynthesis (amen- mutant) aimed at determining
if there is a nondissociable quinol binding site within NarGHI
are in progress.

Redox titrations of membranes enriched with NarI(∆GH)
indicate that the inhibitor-sensitivegz peak at 3.15 (heme
bL) titrates with anEm,7 of 37 mV, whereas the inhibitor-
insensitivegz peak at 2.92 (hemebH) titrates with anEm,7 of
-178 mV (Figure 5 and Table 1). EPR studies of
NarI(∆GH)H56R confirm the above assignment (Figure 5).
Thus, thegz of hemebH shifts from 3.76 to 2.92 in the
absence of the NarGH dimer. Such a shift can be explained
by a “relaxation” of the planes of the His imidazoles from a
near-perpendicular orientation (resulting in a HALS spec-
trum) to a near-parallel orientation (resulting in agz at 2.92)
(13, 18, 26). These observations suggest that hemebH is
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located close to the NarI-NarGH interface and that the
apparent shift in theEm,7 of hemebH from 120 to-178 mV
in NarI(∆GH) may be caused by its exposure to the aqueous
milieu. A similar phenomenon has been observed in chlo-
roplast cytochromeb559 which results in a∆Em of ap-
proximately-300 mV upon exposure of the heme (50). We
have previously shown that the loss of hemebH (in
NarGHIH56R) results in a perturbation of the NarH [3Fe-4S]
cluster EPR spectrum (14). Taken together, these observa-
tions suggest that hemebH is located not only close to the
NarI-NarGH interface but also close to the [3Fe-4S] cluster
of NarH. This is consistent with electron transfer proceeding
from hemebL to hemebH and then to the [3Fe-4S] cluster
of NarH.

We have previously demonstrated that high-affinity
HOQNO binding occurs at a single site in bothE. coli
DmsABC and FrdABCD (29-31). Although HOQNO bind-
ing to NarGHI occurs with a lower affinity than binding to
DmsABC or FrdABCD (aKd of approximately 0.2µM
compared toe7 nM), we were able to use the HOQNO
fluorescence titration method to estimate the number of high-
affinity inhibitor binding sites in NarGHI. It is clear that in
all cases where inhibitor binding can be detected by EPR,
binding of a single HOQNO per NarGHI could be detected
by the fluorescence titration method. Binding of HOQNO
appears to be blocked in the presence of stigmatellin (Figure
7) which has previously been demonstrated to be a more
potent inhibitor of NarGHI than HOQNO (13). This suggests
either that high-affinity binding of the two inhibitors either
occurs at the same site within NarI or that there are two
inhibitor-specific sites that are in close proximity and display
cross-inhibition (32). Further studies of site-directed mutants
of NarI will be necessary to distinguish between these
possibilities.

Overall, we have determined theEm,7 values of the hemes
of NarI and the effects of the menaquinol analogue inhibitors
HOQNO and stigmatellin. We have also demonstrated the
effect of the loss of either heme on the redox properties of
the remaining one, and the possibility that the absence of
the NarGH dimer in NarI(∆GH) may expose hemebH to
the aqueous milieu. In addition, by using fluorescence
spectroscopy, we have shown that high-affinity HOQNO
binding is hemebL-dependent. These data support a model
for quinol binding and oxidation by NarGHI in which a
single dissociable binding site (QP) is located close to heme
bL toward the periplasmic side of NarI. Electrons derived
from quinol oxidation at this site pass through hemebL to
hemebH which is located toward the cytoplasmic side of
NarI, very close to the NarI-NarGH interface. No evidence
was found for inhibitor binding at a site (13) located between
hemebH and the [3Fe-4S] cluster of NarH. These results
represent an important step in understanding quinol binding
and oxidation by NarGHI.
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