
High-Stability Semiquinone Intermediate in Nitrate Reductase A (NarGHI) from
Escherichia coliIs Located in a Quinol Oxidation Site Close to HemebD

†

Pascal Lanciano,‡ Axel Magalon,§ Patrick Bertrand,‡ Bruno Guigliarelli,‡ and Ste´phane Grimaldi*,‡
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ABSTRACT: Quinol/nitrate oxidoreductase (NarGHI) is the first enzyme involved in respiratory denitrification
in prokaryotes. Although this complex inE. coli is known to operate with both ubi and menaquinones,
the location and the number of quinol binding sites remain elusive. NarGHI strongly stabilizes a semiquinone
radical located within the dihemic anchor subunit NarI. To identify its location and function, we used a
combination of mutagenesis, kinetics, EPR, and ENDOR spectroscopies. For the NarGHIH66Y and
NarGHIH187Y mutants lacking the distal hemebD, no EPR signal of the semiquinone was observed. In
contrast, a semiquinone was detected in the NarGHIH56Y mutant lacking the proximal hemebP. Its
thermodynamic properties and spectroscopic characteristics, as revealed by Q-band EPR and ENDOR
spectroscopies, are identical to those observed in the native enzyme. The substitution by Ala of the Lys86
residue close to hemebD, which was previously proposed to be in a quinol oxidation site of NarGHI
(QD), also leads to the loss of the EPR signal of the semiquinone, although both hemes are present.
Enzymatic assays carried out on the NarGHIK86A mutant reveal that the substitution dramatically reduces
the rate of oxidation of both mena and ubiquinol analogues. These observations demonstrate that the
semiquinone observed in NarI is strongly associated with hemebD and that Lys86 is required for its
stabilization. Overall, our results indicate that the semiquinone is located within the quinol oxidation site
QD. Details of the possible binding motif of the semiquinone and mechanistic implications are discussed.

In anaerobiosis and in the presence of nitrate,Escherichia
coli induces the production of two respiratory enzymes:
formate dehydrogenase-N and dissimilatory nitrate reductase
(NarGHI1). They cooperate in generating a proton motive
force across the cytoplasmic membrane through the redox
loop mechanism by coupling formate oxidation and nitrate
reduction thanks to the lipid mobile electron/proton carrier
mena or ubiquinol (1). The heterotrimeric NarGHI complex
is composed of (i) a catalytic subunit NarG containing a Mo-
bisMGD cofactor and a [4Fe-4S] cluster, (ii) an electron-
transfer subunit NarH carrying four FeS clusters, and (iii) a
membrane-anchor subunit NarI containing twob-type hemes
termed bD and bP to indicate their distal and proximal
positions, respectively, with regard to the catalytic site
(2-4).

We have recently characterized the thermodynamic and
EPR spectroscopic properties of a semiquinone in membrane

samples of overexpressed wild-type NarGHI (Figure 1B) (5).
Using continuous wave (cw) ENDOR spectroscopy, we have
unequivocally shown that this species is stabilized in a Q-site
located within the membrane subunit NarI. Moreover, the
semiquinone EPR signal disappears upon the addition of an
excess of the menaquinone analogue 2-n-nonyl-4-hydroxy-
quinoline-N-oxide (NQNO). Remarkably, the semiquinone
stability constant found in NarGHI is the largest measured
so far in respiratory complexes stabilizing the semiquinone
species. Stabilization of a semiquinone species in the quinol
oxidation site of NarGHI could, in principle, occur during
enzyme turnover because this Q site couples quinol oxidation
(a two-electron process) to the reduction of hemes (a one-
electron process) in two sequential one-electron steps.
Alternatively, the radical species could arise from a nondis-
sociable quinone bound within NarI. In this case, the quinone
could act as a redox cofactor similar to QH in bo3 quinol
oxidase fromE. coli (6), QA in bacterial photosynthetic
reaction centers (7), or phylloquinones A1 in photosystem I
(8). Altogether, this raises the question of the function of
this radical species in the catalytic mechanism and of its
precise location within NarI.

In the available crystal structure of NarGHI, no bound
quinone could be resolved (2). Nevertheless, a crystal
structure of the enzyme carrying a single point mutation
C26A in NarH and in which a potent quinol binding inhibitor
pentachlorophenol (PCP) is present, has been solved (9). It
shows that PCP binds on the periplasmic side of the enzyme,
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in close proximity to hemebD. Indeed, the inhibitor makes
a hydrogen bond with the His66 residue, an axial ligand of
hemebD (Figure 1A). From mutagenesis experiments and
molecular modeling studies of a quinol molecule in the PCP
binding site, it has been proposed that the Lys86 residue
located in the PCP binding site may act as a second hydrogen
bond donor for a putative quinol molecule (9). The presence
of a second Q site in NarI has been proposed on the basis of
kinetic data (10), which could be located in an elongated
hydrophobic cavity exposing both hemes to the lipid bilayer
(2). Steady-state kinetic studies have, moreover, suggested
that ubi and menaquinol analogues may deliver their
electrons at two different sites of the nitrate reductase
(11, 12).

To provide a foundation for understanding the mechanism
of quinol utilization by the respiratory nitrate reductase
complex, it is first necessary to define the location of the
observed semiquinone radical species. Here, we have ex-
tended our initial studies by probing the effect of the selective
removal of one of the hemes on the spectroscopic and
thermodynamic properties of the semiquinone. The effect
of the substitution of Lys86 by Ala was also investigated.
Our results show unambiguously that the semiquinone is
strongly associated with hemebD and that Lys86 is required
for the stabilization of the semiquinone in the enzyme. This

residue appears to be essential for oxidizing menaquinol and
ubiquinol analogues as well.

EXPERIMENTAL PROCEDURES

Bacterial Strain and Plasmids. E. colinar-deficient strain,
LCB3064 (nar25(narGH), narZ::Ω, ∆nap, thi-1, leu-6,
thr-1, rpsL175, lacY, KanR, and SpcR (Cole, J., School of
Biosciences, University of Birmingham, U.K.)) was used as
a host for the experiments described herein. NarGHI was
expressed from plasmid pVA700 (Ampr), which encodes the
narGHJI operon under the control of the tac promoter (13).
Other plasmids used in this work were pVA700-H66Y (14),
pVA700-H187Y (10), pVA700-H56Y (this work), and
pVA700-K86A (9), encoding NarGHIH66Y, NarGHIH187Y,
NarGHIH56Y, and NarGHIK86A, respectively.

Growth Conditions and Preparation of Membrane Frac-
tions. Cells were grown semianaerobically in a 2.5 L
Erlenmeyer flask containing Terrific Broth medium at
37 °C (15). Enzyme overexpression was obtained by the
addition of 0.2 mM isopropyl 1-thio-â-D-galactopyranoside.
When appropriate, ampicillin (100µg mL-1), spectinomycin
(50 µg mL-1), and kanamycin (50µg mL-1) were included
in the growth medium. Cells were harvested and washed,
and membranes were prepared by French press cell lysis and
differential centrifugation (16). Enriched inner membrane
vesicles were prepared from these crude membranes by
sucrose step centrifugation (17). Membrane vesicles were
suspended in 100 mM MOPS and 5 mM EDTA at pH 7.5
and stored at-80 °C until use.

Membrane preparations were assayed for protein concen-
tration by the method of Lowry et al. (18). Immunological
quantitation of NarGHI was achieved using rocket immu-
noelectrophoresis as described in ref 19 (19). The NarGHI
concentration was estimated to be in the 40 to 120µM range,
depending on preparations.

Enzymatic Assays.Quinol/nitrate oxidoreductase activities
were spectrophotometrically measured according to ref 20
(20) by the absorption changes caused by the oxidation of
the ubiquinol analogues tetramethyl-p-benzoquinol (duro-
quinol,E0 ) +35 mV) and 2,3-dimethoxy-5-methyl-6-decyl-
1,4-benzoquinol (decylubiquinol,E0 ) +100 mV), and the
menaquinol analogues 2-methyl-1,4-naphtoquinol (menadiol,
E0 ) 0 mV), 5-hydroxy-2-methyl-naphthalene-1,4-diol (plum-
bagin, E0 ) -74 mV), and 5-hydroxy-1,4-naphthoquinol
(jugloneE0 ) +33 mV) by nitrate. A 20 mM stock ethanolic
solution of each quinone analogue was reduced by metallic
zinc in acidified ethanol. Assays were initiated by the
addition of nitrate (37 mM) to the anaerobic assay buffer
containing the subcellular fractions and the electron donors
(200 µM). The difference of millimolar extinction coef-
ficients (redox) used for menadiol, duroquinol, decylu-
biquinol, juglone, and plumbagin areε260 ) 17.2,ε260 ) 21.3,
ε279 ) 12.3,ε245 ) 12.6, andε255 ) 15.8, respectively.

Redox Titration Experiments.Redox titrations were per-
formed anaerobically as described in ref 5 (5). Redox
potentials were adjusted with small additions of 100 mM
sodium dithionite and measured with a combined Pt-Ag/
AgCl/KCl (3 M) microelectrode in the presence of the same
mediators (each at 10µM concentration) previously used
for the titration of the wild-type enzyme (5). Stable potentials
were achieved in a few minutes, and samples were anaero-

FIGURE 1: (A) Location of the aminoacids in the NarI subunit that
were mutated and investigated in this work. The position of the
inhibitor PCP is also shown (pdb entry 1Y4Z). (B) Molecular
structure of the menasemiquinone anion.
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bically transferred into calibrated EPR tubes that were rapidly
frozen. All quoted potentials are given with respect to the
standard hydrogen electrode.

EPR and ENDOR Spectroscopies.EPR measurements
were performed on a Bruker Elexsys E500 spectrometer.
X-band EPR spectra were recorded using a standard rect-
angular Bruker cavity (ST 4102) fitted to an Oxford
Instruments Helium flow cryostat (ESR900). Q-band EPR
spectra were recorded using a standard Bruker resonator (ER
5106QT) equipped with an Oxford Instruments CF 935
cryostat. Forg-value measurements, the microwave fre-
quency was measured by using a Hewlett-Packard HP1552B
frequency counter, and magnetic field values were corrected
against a knowng standard (weak pitch,g ) 2.0028 (
0.0001). The simulation of powder spectra was carried out
using a program described in ref 21 (21). The powder
spectrum given by a disordered frozen solution is obtained
by summation over approximately 1000 orientations uni-
formly distributed on a half sphere. In order to account for
inhomogeneous broadening effects, the spectrum is then
convoluted with an isotropic Gaussian line.

1H ENDOR spectra were recorded using a Bruker DICE
extension, a 250 W radio frequency amplifier from Amplifier
Research and a Bruker EN 801 X-band cw ENDOR
resonator. They are presented in the first-derivative mode.
The radio frequency wave was modulated at 25 kHz with a
modulation depth of 200 kHz. For isotropic ENDOR spectra
of weakly coupled protons, each proton is expected to give
rise to two lines that are symmetrically spaced with respect
to the proton nuclear Larmor frequencyνH and separated by
the proton hyperfine coupling constant,A. The ENDOR
frequencies,νENDOR, are, therefore, given byν(

ENDOR ) νH

( A/2 (22).

RESULTS

Specific Loss of the Semiquinone Radical EPR Signal in
the Absence of the Heme bD. The use of optical and EPR
spectroscopies, in combination with mutagenesis studies and
redox potentiometry, has allowed for the determination of
the coordination and redox properties of both hemes (14,
15). These hemes display highly anisotropic low-spin EPR
spectra in which only the absorption-likegz feature is
detectable. HemebD has a midpoint potential ofEm,7 )
+20 mV. It is located on the periplasmic side of NarI and is
coordinated by His66 and His187 (Figure 1A). HemebP is
located on the cytoplasmic side. It is coordinated by His56
and His205 and has a midpoint potential ofEm,7 )
+125 mV. The selective mutation of one of these histidines
into tyrosine or arginine leads to the loss of the corresponding
coordinated heme (10, 14, 15). Taking advantage of this
property, we have examined the effect of the selective
suppression of one of the hemes on the semiquinone EPR
signal in membrane preparations of the NarGHIH66Y,
NarGHIH187Y, and NarGHIH56Y mutants. The heme content
of the mutants in fully oxidized membranes was first checked
by EPR spectroscopy. Theg ) 3.36 signal due to hemebD

was not visible in the EPR spectra of the NarGHIH66Y, as
previously observed (14). The same result was obtained in
the case of the NarGHIH187Y mutant. Likewise, the NarGHIH56Y

mutant did not exhibit theg ) 3.76 signal from hemebP. In
each mutant, the signal given by the remaining heme was

identical to that found in the wild-type enzyme (data not
shown).

Potentiometric titrations of the three mutants were per-
formed in the redox potential range-400 to+300 mV, and
the redox poised samples were examined by EPR spectros-
copy at 80 K to detect semiquinone signals. The results are
shown in Figure 2, where the semiquinone titration curve of
the wild-type enzyme is recalled as a dotted line (5). In the
case of the NarGHIH66Y and NarGHIH187Y mutants, no
significant radical signal was detected, indicating either the
nonbinding of the quinone in these mutants or a strong
destabilization of the bound semiquinone radical rendering
it EPR-undetectable (see Discussion). In contrast, the
NarGHIH56Y mutant lacking hemebP exhibited a radical-type
signal with a shape and averageg value similar to those of
the semiquinone signal characterized in the wild-type
enzyme, that is,gav ) 2.0045 and a line width of 0.85 mT
(Figure 2, inset). This radical titrates according to a bell-
shaped curve, which is slightly shifted toward higher redox
potentials by comparison with that observed for the SQ in
the wild-type enzyme. A curve-fitting computer analysis
yieldsE1 ) -20 ( 10 mV andE2 ) -135( 10 mV, where
E1 andE2 are the midpoint potentials of the Q/SQ and SQ/
QH2 couples, respectively. From these values, a stability
constantKs of ∼80 can be calculated, which is similar to
the Ks of ∼70 measured in the wild-type enzyme (5). The
semiquinone concentration was determined by a double
integration of its spectrum recorded under nonsaturating
conditions. By using the [3Fe-4S]1+ clusters of a fully
oxidized sample as an internal standard, the maximal
concentration of the radical species was estimated to be
0.43 ( 0.05 SQ/[3Fe-4S] cluster.

FIGURE 2: Potentiometric redox titration curves for the semiquinone
in the NarGHIH56Y (the solid line displays the theoretical Nernst fit
of the data points shown as filled squares), NarGHIH66Y (b),
NarGHIH187Y (O), and NarGHIK86A (4) mutated nitrate reductase
A from E. coli at pH 7.5 in membrane fractions. The peak-to-peak
amplitude measured atg ≈ 2 is plotted as a function of the ambient
potential. The fit of the titration curve of the radical in wild-type
NarGHI is recalled as dotted lines for comparison (5). Semiquinone
EPR spectra were recorded under the following conditions: tem-
perature, 80 K; microwave power, 10µW; modulation amplitude,
0.3 mT; modulation frequency, 100 kHz; and microwave frequency,
9.425 GHz. The insert shows the EPR spectrum of the SQ in the
NarGHIH56Y membrane redox poised at-120 mV and recorded
under the same conditions as those described above except that
the microwave power was set to 0.1 mW.
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Q-Band EPR and ENDOR Characterizations of the Radi-
cal in the Mutant NarGHIH56Y. To compare more precisely
the spectroscopic characteristics of the radical species
observed in the mutant NarGHIH56Y and in the wild-type
enzyme, higher resolution techniques such as Q-band EPR
and ENDOR spectroscopies were used. The Q-band EPR
spectra displayed by the two forms of the enzyme are shown
in Figure 3. They exhibit the same characteristic axial line
shape, and theg values deduced from the numerical
simulations are identical (Figure 3). Thus, the loss of heme
bP does not affect the semiquinone EPR signal.

A cw ENDOR study of the radical in the mutant
NarGHIH56Y was carried out to probe its electronic structure.
The spectrum recorded with the static magnetic field set at
the center of the radical EPR spectrum is shown in Figure
4A. It displays proton ENDOR line shapes and hyperfine
coupling values similar to those detected in the spectrum of
the wild-type enzyme recorded under the same experimental
conditions (Figure 4B). Indeed, three pairs of ENDOR signals
symmetrically positioned with respect to the free proton
Larmor frequency (νH ∼14.4 MHz) and corresponding to
hyperfine couplings equal toA1 ) 5.7 MHz,A2 ) 3.3 MHz,
andA3 ) 1.8 MHz can be observed in both the mutant and
the wild-type enzyme. These resonances were not observed
when the static magnetic field was set outside the semi-
quinone EPR spectrum (Figure 4C). These hyperfine cou-
plings are similar to those measured for other protein-bound
SQ radicals, which were assigned to (i) nonexchangeable
(for example, methyl or methylene) protons of the quinone,
(ii) exchangeable protons forming, for example, hydrogen
bonds with the quinone carbonyl oxygens, or (iii) protons
of aminoacids in the vicinity of the semiquinone (23-29).
The detailed analysis of the ENDOR spectra and the
attribution of the detected ENDOR features to specific

protons are in progress. The available data show that the
magnitude of the proton hyperfine couplings is strongly
dependent on the electronic structure of the semiquinone and
its close environment. Thus, it is concluded that the semi-
quinone observed in the mutant NarGHIH56Y has the same
electronic structure as that found in the wild-type enzyme
and that they bind within the same site. Therefore, the loss
of hemebP does not affect the binding of the SQ.

Substitution of the K86 Residue Results in the Loss of the
Semiquinone EPR Signal.In the previous section, we have
shown that hemebD is required for stabilizing the semi-
quinone. Because a molecular modeling study has suggested
that Lys86 located close to hemebD may act as a hydrogen
bond donor to a quinone, we have studied the effect of the
K86A mutation on the stabilization of the semiquinone
radical. The potentiometric titration of the mutant NarGHIK86A

was performed by using experimental conditions and a redox
potential range the same as those for the other mutants. At
first, thegz component of the rhombic EPR signal of heme
bD was measured at 3.28, which is slightly shifted with
respect to the value of 3.36 measured in the wild-type
enzyme (Figure 5, insert). The normalized intensities of
hemesbD and bP low-field EPR signals are plotted versus
the ambient redox potential in Figure 5. HemebD titrates
with an Em,7.5 value of+40 ( 10 mV, a value very similar
to the previously reportedEm,7 ) +20 ( 10 mV (14, 17). In
contrast, hemebP (g ) 3.76) titrates with anEm,7.5 value of
+80 ( 10 mV, which differs more significantly from the
value of(120 mV previously measured at pH 7 (14, 17).
Thus, it appears that the mutation K86A affects not only
the spectroscopic properties of hemebD but also the redox
behavior of hemebP. More significantly, no semiquinone
EPR signal could be detected in NarGHIK86A membrane
fractions (Figure 2), although hemebD is present. Thus,

FIGURE 3: Q-band EPR spectra of the semiquinone in membrane
samples of overexpressed NarGHI poised at-110 mV. (A) Wild-
type enzyme. (B) NarGHIH56Y. Experimental conditions: temper-
ature, 80 K; microwave power, 0.5µW; microwave frequency,
33.9 GHz; modulation amplitude, 0.5 mT; and modulation fre-
quency, 100 kHz. Numerical simulations of both spectra are shown
as dotted lines. They have been obtained using the same set of
parameters, that is,gx ) 2.0061, gy ) 2.0051, gz ) 2.0023
((0.0001), and an isotropic Gaussian line width of 0.385 mT. The
signals indicated by asterisks are artefacts due to impurities in the
cavity.

FIGURE 4: ENDOR spectra of membrane samples of the NarGHIH56Y
mutant (A, C) and the wild-type enzyme (B). The static magnetic
field was set at the maximum absorption of the semiquinone (A
and B) and out of the EPR resonance line of the radical (C) 336
mT. Other experimental conditions: temperature, 80 K; microwave
frequency, 9.477 GHz; microwave power, 5 mW; radiofrequency
power, 110 W; modulation depth, 200 kHz; modulation frequency,
25 kHz; RF sweep width, 16 MHz; time constant and conversion
time, 20.48 ms; gain, 60 dB; number of accumulations, 2500 (A),
1680 (B), and 710 (C); and redox potential,-116 mV (A and C)
and-90 mV (B).
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Lys86 is required for stabilizing the semiquinone in the
enzyme.

Enzymatic Assays of the Mutant NarGHIK86A in the
Presence of Various Electron Donors.To investigate the role
of Lys86 in the specific binding of menaquinones, ubiquino-
nes, or both quinones, the quinol/nitrate oxidoreductase
activity of the mutant NarGHIK86A was measured using
different electron donors. At first, no activity was detected
with the two ubiquinol analogues, duroquinol and decylu-
biquinol. In the same way, the activity using menaquinol
analogues was strongly impaired. Indeed, in comparison with
the wild-type enzyme, the activity value was found equal to
0%, 2%, and 14% with menadiol, juglone, and plumbagin,
respectively. These results suggest that the QD site accom-
modates the two types of quinol in different ways.

DISCUSSION

We have previously characterized a highly stabilized
semiquinone radical in NarGHI and have shown that it is
located within the NarI subunit. In the present work, we have
described the potentiometric and EPR spectroscopic study
of several NarI mutants. A semiquinone signal was detected
in the mutant NarGHIH56Y, which lacks hemebP. Its
thermodynamic and EPR spectroscopic properties are very
similar to those measured in the wild-type enzyme. More-
over, ENDOR spectroscopy experiments have shown that
the hyperfine interactions of the radical are the same in the
wild-type and in the mutant protein. This demonstrates that

the radical is bound within the same site in the two forms of
the enzyme and that its binding is not affected by the loss
of heme bP. This suggests that this site is remote from
hemebP.

ThesemiquinoneEPRsignaturewas lost inbothNarGHIH66Y

and NarGHIH187Y mutants, which lack hemebD. This could
result from the loss of protein-bound quinones as a conse-
quence of the loss of hemebD or from a destabilization of
the radical state rendering it undetectable, although still
bound to the enzyme. It was previously shown that the loss
of hemebD in the mutant NarGHIH66Y prevents high-affinity
binding of the menaquinol-type inhibitor 2-heptyl-4-hydroxy-
quinoline-N-oxide (HQNO) (17) and increases the disorder
of residues from the mutated Tyr66 to Thr72 (9). In this
case, the mutation would be expected to also impair the
binding of the natural quinone. From the available structural
data, it has been proposed that a bound quinone may interact
with the protein through hydrogen bonding with one of the
propionate groups of hemebD and with Nε-H66, as does
the inhibitor PCP (Figure 1). In the mutant NarGHIH187Y,
hemebD is lost, but His66 should be able to act as the
hydrogen-bond donor to the quinone molecule. Our results
suggest that the His66 residue is required for the stabilization
of the SQ but that it cannot by itself maintain the semi-
quinone in a wild-type-like configuration when hemebD is
lost.

HQNO and PCP are known to act as inhibitors of the
quinol/nitrate oxidoreductase activity of NarGHI (9, 17, 30).
Upon binding, they also affect the spectroscopic properties
of hemebD. Additionally, fluorescence quench data have
revealed a common binding site for PCP and HQNO (9).
However, although the NarGHIK86A mutant attenuates the
inhibitory effect of PCP compared to that measured in the
wild-type enzyme, HQNO does not bind to this mutant (9).
This can be explained by the fact that both H66 and K86
residues are required for correct binding of the HQNO
molecule by providing hydrogen bonds to the inhibitor. We
have recently observed that the SQ radical stabilized in the
wild-type enzyme disappears upon the addition of an excess
of NQNO, suggesting that the HQNO and the semiquinone
binding sites overlap (5). Moreover, we have shown in the
present work that the NarGHIK86A mutant is unable to
stabilize the semiquinone radical, despite the presence of
heme bD and the His66 residue. This must be a direct
consequence of the mutation because the structural charac-
terization of this mutant indicates that the structure of
NarGHIK86A is highly similar to that of the native enzyme
(9). Thus, it is likely that the ability of quinones to bind to
the mutated enzyme is severely impaired, explaining the
absence of any detectable radical EPR signal in this mutant.
The shift of thegz component of hemebD in this mutant is
likely due to subtle changes of the local environment of the
heme. The concomitant shift of the redox potential of heme
bP indicates that the tuning of the redox properties of both
hemes in NarGHI is a complex mechanism that also involves
long-range effects. Overall, our results show that Lys86 is a
key residue involved in the stabilization of the radical. Taken
together and given the location of Lys86 at the protein
surface, at the entrance of the cavity housing the inhibitor
PCP, all these data allow us to safely conclude that the
semiquinone stabilized in the wild-type enzyme is located
in the quinol oxidation site of NarGHI. Therefore, this radical

FIGURE 5: Redox titration of hemesbD andbP in the NarGHIK86A
mutant. EPR signal amplitudes of hemesbD (gz ) 3. 28,9) andbP
(gz ) 3.76, O) were measured vs the ambient redox potential in
the presence of mediators as described in Experimental Procedures.
A third-order polynomial baseline correction was applied to the
experimental spectrum in order to remove the background signal
arising from free iron. Signal intensities were fitted to a Nernst
plot, yielding an estimatedEm,7.5of +40 mV and+75 mV for hemes
bD andbP, respectively, with an estimated error of(10 mV. EPR
signal intensities are normalized with respect to the maximal EPR
signal amplitude obtained for each heme. The insert shows the EPR
spectrum of the low-spin heme of NarGHI (top) and NarGHIK86A
(middle) inE. coli membranes. The spectrum at the bottom (in the
insert) corresponds to the signal recorded inE. coli membranes
devoided of NarGHI. Hemeg values are indicated on the spectra.
The EPR spectra were recorded under the following conditions:
temperature, 12.5 K; microwave power, 20 mW at 9.4 GHz;
modulation amplitude, 1 mT; modulation frequency, 100 kHz; and
number of accumulations, 9.
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species is likely formed after the binding of a quinol molecule
to the QD site and the transfer of one electron to hemebD.

Although the available structural information for quinone
reactive sites in respiratory and photosynthetic complexes
shows very weak sequence and structural similarities (31),
it can be noticed that a lysine residue appears to be essential
for the quinol oxidase activity of the two other respiratory
complexes known to stabilize an EPR-detectable semi-
quinone radical in their quinol oxidation site, namely, the
bdquinol oxidase (32) and the FrdC-E29L mutant ofE. coli
fumarate reductase (FrdABCD) (33, 34). FrdB-Lys228
located in the quinol oxidation site QP of the fumarate
reductase fromE. coli is found within hydrogen-bonding
distance to menaquinone (35). Moreover, a recent site-
directed mutagenesis study of the ubiquinol binding site in
the bd quinol oxidase fromE. coli shows that Lys252 is
involved in quinol oxidation and may serve as the direct
ligand and hydrogen bond acceptor for one ubiquinol
carbonyl group (36). Interestingly, these lysine residues are
strictly conserved among all fumarate reductases andbd
quinol oxidases sequenced so far from various organisms.
Lys86 is conserved as well in almost all sequenced nitrate
reductases from gram negative bacteria. In addition, recent
structural studies of the membrane-bound cytochromec
quinol dehydrogenase NrfH fromDesulfoVibrio Vulgaris
indicate that a highly conserved Lys residue (Lys 82) may
be a hydogen bond donor for menaquinol in the proposed
menaquinol oxidation site of this enzyme (37). The presence
of a lysine residue in the quinol oxidation sites of NarGHI,
fumarate reductase, andbd quinol oxidase could not only
be important for the efficiency of the proton-shuttling
mechanism during quinol oxidation as previously proposed
for NarGHI (9) and fumarate reductase (35) but may also
be an essential factor for tuning the thermodynamic stability
of the semiquinone state in these enzymes. Remarkably, the
stability constant of the SQ species differs in these three
enzymes by several orders of magnitude, the largest being
calculated for the semiquinone radical in NarGHI. The
molecular factors responsible for these differences and the
role of this stability during the enzymatic mechanism are
not well understood. Interactions between quinone carbonyl
oxygen atoms and H-bond-donating amino acid residues have
been suggested to be an important factor in determining the
properties of bound semiquinones. The present work supports
the fact that His66 and Lys86 are interacting with the CO
groups of the semiquinone radical, in agreement with the
model proposed by Bertero et al. (9). Experiments using high-
resolution EPR methods in combination with isotopically
labeled quinones and solvents are currently being performed
in our laboratory to study the detailed binding of the
semiquinone radical in NarGHI and to assign the hyperfine
couplings obtained from our ENDOR experiments to specific
protons (23-29, 38, 39).

E. coli bdquinol oxidase, fumarate reductase, and NarGHI
can use both mena and ubiquinols. The number of Q-sites
in NarGHI and their specificity with respect to mena or
ubiquinols, which have been investigated through various
biochemical and biophysical approaches, are still a matter
of debate (2, 5, 9-12, 40). Using quinol/nitrate oxidoreduc-
tase activity measurements, we show that the substitution
of Lys86 by Ala either prevents or drastically reduces the
ability of the protein to oxidize both mena and ubiquinol

analogues. Thus, although the structure of the NarGHIK86A

mutant indicates that the quinol binding pocket is not
significantly altered in the mutant form, enzymatic assays
suggest that subtle changes in the QD site occur in the mutant,
leading to a decrease of the protein binding affinity for all
quinol analogues. Interestingly,E. coli cells expressing
mutated NarGHIK86A enzymes can still grow under physi-
ological conditions, that is, in anaerobic glycerol-nitrate
minimal medium, albeit with a doubling time twice as low
as that of the wild-type strain (data not shown). These results
are in full agreement with our spectroscopic data and with
their interpretation. However, they do not exclude the
existence of a second auxiliary quinol oxidation site in the
wild-type enzyme that may partially overcome the failure
of the QD site. Overall, our enzymatic data indicate that
Lys86 is essential for reactions with both types of quinol
analogues and thus suggest that the oxidation of both mena
and ubiquinols can occur at the QD site.
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