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ABSTRACT. Nitrate reductase A (NRA, NarGHI) is expressedEscherichia colby growing the bacterium

in anaerobic conditions in the presence of nitrate. This enzyme reduces nitrate to nitrite and uses menaquinol
(or ubiquinol) as the electron donor. The location of quinones in the enzyme, their number, and their role

in the electron transfer mechanism are still controversial. In this work, we have investigated the
spectroscopic and thermodynamic properties of a semiquinone (SQ) in membrane samples of overexpressed
E. coli nitrate reductase poised in appropriate redox conditions. This semiquinone is highly stabilized
with respect to free semiquinone. Thesalues determined from the numerical simulation of its Q-band

(35 GHz) EPR spectrum are equal to 2.0061, 2.0051, 2.0023. The midpoint potential of the coilpie

is about—100 mV, and the SQ stability constant is about 100 at pH 7.5. The semiquinone EPR signal
disappears completely upon addition of the quinol binding site inhibitom®nyl-4-hydroxyquinoline

N-oxide (NQNO). A semiquinone radical could also be stabilized in preparations where only the Narl
membrane subunit is overexpressed in the absence of the NarGH catalytic dimer. Its thermodynamic and
spectroscopic properties show only slight variations with those of the wild-type enzyme. The X-band
continuous wave (cw) electron nuclear double resonance (ENDOR) spectra of the radicals display similar
proton hyperfine coupling patterns in NarGHI and in Narl, showing that they arise from the same
semiquinone species bound to a single site located in the Narl membrane subunit. These results are discussed
with regard to the location and the potential function of quinones in the enzyme.

Nitrate reductase A (NarGHi)s the dominant respiratory  clusters (FS1 to FS3 according to their distance to the Mo
complex inEscherichia coliwhen the bacterium is grown  cofactor), and (iii) a membrane anchor subunit (Narl, 26 kDa)
under anaerobic conditions in the presence of nitrate (for containing twab-type hemeslp andbg). The latter subunit
recent review, see ref). This complex catalyzes nitrate mediates the transfer of electrons from the quinone pool of
reduction in the cytoplasm and couples the transfer of the membrane to the molybdenum cofactor. NarGHI is able
electrons from quinol to nitrate to the release of protons into to use either menaquinol (MQHor ubiquinol (UQH) as
the periplasm, which generates a transmembrane protonphysiological reductants3). The protons generated by the
electrochemical potential2). The heterotrimeric NarGHI  oxidation of MQH; are released into the periplasm during
complex is composed of (i) a catalytic subunit (NarG, 139 enzyme turnover so that the proton translocation stoichiom-
kDa) containing a Mo-bisSMGD cofactor and a [4Fe-4S] etry is thought to be 2H2e™ (2, 4).
cluster (FS0), (ii) an electron transfer subunit (NarH, 58 kDa)  The coordination and redox properties of herbgsand
carrying one [3Fe-4S] cluster (FS4) and three [4Fe-4S] bp and of the iror-sulfur clusters have been extensively
studied by optical and EPR spectroscopies in combination
with mutagenesis studies and redox potentiomel}y the
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Provence. low-potential pp, +20 mV) and high-potentialbg, +120
* Corresponding author: fax#00 33) 491164578; phone;-00 mV) hemes were shown to be located near the periplasmic
33) 491164557; e-mail, grimaldi@ibsm.cnrs-mrs.fr. side and the cytoplasmic side of the membrane, respectively

* Unité de Biomergeique et Ingeierie des Prdiees. ; P
s Laboratoire de Chimie Baaienne. (5). The iron—sulfur centers of NarH have been classified

1 Abbreviations: A, phylloquinone in photosystem I; cw, continuous  INto two classes with markedly different redox potentiais (
wave; ENDOR, electron nuclear double resonance spectroscopy; EPR,7): the high-potential group comprises the [3Fe-4S] cluster

electron paramagnetic resonance spectroscopy; HQNO, 2-heptyl-4-
hydroxyquinolineN-oxide; MQ, menaquinone; MQ} menaquinol; FS4 (180 mV) and FS1¢130 mV). FS2 {420 mV) and

NarGHlI, Escherichia colnitrate reductase A; NatN\GH), E. colinitrate FS3 (-55 mV) belong to the Iow-potential ngUISﬂQ)- .
reductase A lacking the soluble complex NarGH; NQNO, 2-nonyl-4- These studies allowed us to determine the coordinating
hydroxyquinolineN-oxide; NRA, nitrate reductase A; Q-site, quinone  cysteine residues of these clusters and to propose a model

binding site; Q and @, primary and secondary stable electron acceptors fqy their organization within the proteirl). The recently
in type Il reaction centers; Q hlgh-qﬁlnlty ubqulnone binding site ived X tal struct fh hol NarGHI
of cytochromebo; Qp, quinone oxidation site of nitrate reductase; SQ, SOIVe€d X-ray Crystal structures or the whole enzyme Nar

semiquinone radical anion. (12) and of the soluble complex NarGH2) have confirmed
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these findings. They have moreover provided a detailed analogue used as an electron dor2#, 3). This transient
picture of the overall architecture of the complex as well as species was assigned to a menadione radical anion associated
new information such as the presence of a previously with the enzyme. This study was interpreted in terms of a
undetected FeS cluster (FSO) in the NarG subunit and thesecond menaquinone binding site in the enzyme. In the
unigue coordination of the Mo atom by an Asp side chain. recently solved X-ray structure of NarGHI, an elongated
The structure shows that the eight redox cofactors are hydrophobic cavity exposing both hemes to the lipid bilayer
organized in a linear way, suggesting that electron transferwas proposed as a potential binding site for one or two
takes place through a unique chain within the enzyme. quinones {1). However, no quinone could be modeled in
However, the alternation of high- and low-potential FeS the electron density map. Therefore, the number, the location,
clusters along this chain casts doubts on its efficiency. Indeed,and the role of quinones are still controversial in NarGHI.
the remarkably broad range over which the FeS redox |n membrane proteins of the respiratory chains, the
potentials are spread-600 mV) and the significant activities  stabilization of the intermediate semiquinone state is an
displayed by mutated enzymes where a high-potential clusterobligatory step in the catalytic cycle of the enzymes. Electron
was selectively removed/( 13) raise questions about the paramagnetic resonance (EPR) spectroscopy has already been
role of the FeS clusters. used to detect several semiquinone radical species in mutant
In contrast with metal centers, little is known about the or wild-type enzymes oE. coli respiratory chains, such as
number, the location, and the role of quinones which are quinol:fumarate reductase (QFR)4j and cytochromebd
the NRA physiological partners. A first indication about the (25) andbo (26, 27). For the latter, the use of more advanced
presence of intrinsic quinones in NarGHI came from a work EPR methods such as higher frequency ERB-@B0) or
on the extraction and purification of NarGH, which suggested electron nuclear double resonance (ENDOR) spectroscopies
the presence of a tightly bound (nondissociable) menaquino-(28, 30) has proven to be useful to gain further insights into
ne-9 which is copurified with the NarGH catalytic dimé#y. the binding of the high-affinity semiquinone Qo the
In a subsequent study, a transient 2-heptyl-4-hydroxyquino- protein.
line N-oxide (HQNO) sensitive radical signal detected by  |n this work, we report the detection and the characteriza-
EPR spectroscopy in two NarH mutants of NarGHI lacking tion by EPR spectroscopy of a thermodynamically stabilized
the iron—sulfur cluster FS1 (NarGH®4 and NarGH?**4) semiquinone irE. coli membrane preparations containing
was attributed to a SQ radical). During enzyme turnover,  gyerexpressed wild-type NRA. A semiguinone species is also
f0||0Wing the addition Of nitrate to dithionite'reduced Observed in membrane preparations Where 0n|y the Narl
membranes containing overexpressed NRA, the decrease o§ypunit is overexpresssed. ENDOR experiments carried out
the radical signal intensity was followed by the appearance gn these radicals in NarGHI and NakiGH) demonstrate

of the [3Fe-4S}" EPR signal, suggesting that the radical tnat they arise from the same species bound to a single site.
species is located before the [3Fe-4S] cluster in the electron

transfer pathway to nitrate. This species was proposed to beMATERIALS AND METHODS
the anionic semiquinone form of the menaquinone previously ) ) )
identified in NarGH (5). Since this radical could not be =~ Bacterial Strain and Plasmids. E. calCB20480, aapA:
detected in the wild-type enzyme, its observation in both €ry derivative of LCB2048, was used as the host for all of
mutants was explained by a decrease of the electron transfefh® experiments described here®1). NarGHI was ex-
rate within NarGHI consecutive to the loss of FS1. pressed from plasmid pvVA700, which encodes the entire
Using quinol analogue substrates and inhibitors in com- NarGHI operon 7). Plasmid pCD7 was used to express a
bination with optical, fluorescence, and EPR spectroscopiesNarl(AGH) mutant ¢, 15).
(16, 17), it was shown that both HQNO and stigmatellin are ~ Growth Conditions and Preparation of Membrane Frac-
strong inhibitors of the quinol:nitrate oxidoreductase activity tions. Cells were grown semianaerobically in 2.5 L Erlen-
(16). HQNO binding appears to occur at a single site and meyer flasks containing Terrific Broth medium at 35 and
strongly affects the spectroscopic and thermodynamic prop-PH 7.0 according to the method described ingeEnzyme
erties of hemdy, (16, 17). On the basis of these data, a model overexpression was induced with 0.2 mM isopropy! 1-thio-
for quinol binding was proposed in which a single high- B-D-galactopyranoside (IPTG). When appropriate, ampicillin
affinity site (the @ site) is located toward the periplasmic (100xg mL™), spectinomycin (5@g mL™?), and kanamycin
side of Narl in close proximity to hera,. Quinol binding (50 ug mL™*) were included in the growth medium.
and oxidation by NarGHI have also been addressed byJCB20480 membranes lacking NarGHI were prepared by the
several steady-state enzymatic studies. However, the conclusame method as above except that ampicillin and IPTG were
sions about the number and the nature of the quinone bindingnot used in the growth medium. Cells were harvested and
sites are different: when the menaquinol analogues reducedvashed, and membranes were prepared by French pressure
lapachol and plumbagin were used as substrates, the observeeell lysis and differential centrifugation3g). Membrane
kinetics were consistent with the binding to a single site vesicles were suspended in 100 mM MGPS mM EDTA
within the NarGHI complex 18, 19). However, a more  atpH 7.5.
detailed analysis using menaquinol and ubiquinol analogues Membrane preparations were assayed for protein concen-
suggested the presence of two quinol binding sites, one fortration by the method of Lowry et al.38), modified as
ubiquinol and the other for menaquin@Q, 21). Recently, previously described16). Rocket immunoelectrophoresis
stopped-flow experiments detected a transient species bywas carried out as described in @4 After concentration
measuring absorbance changes at 390 nm (corresponding tof membrane preparations, the total protein content was
the maximum absorption of the menadione radical anion) estimated to be in the 50130 mg/mL range, depending on
after mixing NarGHI membranes with menadiol, a menaquinol preparations. According to the level of protein overexpression
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(~20%), this corresponds to NRA concentrations in the 40
120 uM range.

Redox Titration ExperimentfRedox titrations were per- (A)
formed at room temperature (about 28) in an airtight \

vessel flushed with oxygen-free argon. Redox potentials were \
measured with a combined Pt-Ag/AgCI/KCI (3 M) micro- e |

electrode as described in i@&nd are given in the text with |

respect to the standard hydrogen electrode. The following

redox mediators were used at M final concentrations: e f,ﬁ?
dichloroindophenol£217 mV), 1,2-naphthoquinone-(45 . , . : .
mV), phenazine ethosulfate-65 mV), methylene bluef11 332 334 336 338 340

mV), resorufine £51 mV), indigocarmine£125 mV), and Magnetic field (mT)

phenosafranine{252 mV). Reductive titrations were carried FIGURE 11 X-band EPR spectra of stabilized radicals in dithionite-

out by stepwise addition of an anaerobic sodium dithionite ¢duced. colimembranes (JCB20480). The samples were poised
at the potential leading to the maximum SQ signal, which was

solution (100 mM), and samples were transferred anaerobi- yoq,ced from the titration curves at pH 7.5. (A) Wild-type NarGHI-
cally into calibrated EPR tubes which were frozen and stored enriched membranes (JCB20480/pVA708),= —90 mV. (B)

in liquid nitrogen. The variation of the normalized semi- Membranes containing NaAGH) overexpressed from the pCD7
quinone EPR signal amplitudé) was fitted to a theoretical ~ Plasmid,E = —13 mV. (C) JCB20480 membrands= —87 mV.

: ; _ Spectra were recorded under the following conditions: temperature,
curve corresponding to two successive one-electron redox60 K: microwave power, 1@W; modulation amplitude, 0.3 mT;

processes: modulation frequency, 100 kHz; microwave frequency, 9.425 GHz.
A= 1K1+ exp[E — E)F/RT] + exp[(E, — E)F/RT]} the proton hyperfine coupling constas, The ENDOR
1) frequenciesyenpor, are therefore given by enpor = vu =+
A2 (36).

where E; and E, are the midpoint potentials of the Q/SQ
and SQ/QH couples, respectivel\R andF are the molar ~ RESULTS
gas and Faraday constants, respectively, Bl absolute
temperature. The midpoint potential of the Q/Q¢buple,
which corresponds to the maximal amount of semiquinone
is Em = (E; + E2)/2. The stability constarks of SQ defined
with respect to the disproportionation reaction is

Stabilization of a Semiquinone Radical in NarGH&D-
expressed in E. coli Membrane$o investigate whether
" transient semiquinone radicals can be observed in wild-type
nitrate reductasek:. coli membranes enriched in NarGHI
complexes were prepared and reduced in the absence of
> substrate by addition of sodium dithionite in excess. The
Ks = [SQI7[Q]IQH,] = exp[E, — E)F/RT  (2) reduction was performed directly in an EPR tube which was
frozen after 2 min incubation. The EPR spectra of this sample
EPR and ENDOR Spectroscopi@dd. EPR measurements  recorded at 60 K revealed an intense isotropic radical signal
were performed on a Bruker Elexsys E500 spectrometer.centered ag ~ 2.0045 with a peak-to-peak line width of
X-band EPR spectra were recorded using a standard rectabout 0.8 mT (not shown). This signal was strongly attenu-
angular Bruker EPR cavity fitted to an Oxford Instruments ated when the experiment was repeated in the presence of
helium flow cryostat (ESR900). Q-band EPR spectra were NQNO (500u4M) (not shown). This behavior and the spectral
measured using a standard Bruker resonator (ER 5106QT)properties strongly suggest that this radical signal arises from
equipped with an Oxford Instruments CF 935 cryostat. For a semiquinone species.
g-value measurements, the microwave frequency was mea- To further study the thermodynamic stability of the
sured by using a Hewlett-Packard HP1552B frequency observed radical, a redox titration followed by EPR of a
counter, and magnetic field values were corrected against anembrane preparation buffered at pH 7.5 was carried out
known g-standard (weak pitclg = 2.0028+ 0.0001). The betweernt400 and—400 mV. A radical signal was observed
simulation of powder spectra was carried out using a Matlab in the 0 to—200 mV range with a maximum amplitude at
program (The MathWorks, Inc., Natick, MA) described in about—100 mV (Figure 1). No change of the signal shape
ref 35. The powder spectrum given by a disordered frozen was observed in this potential range. The variation of the
solution is obtained by summation over approximately 1000 signal amplitude displayed the bell shape expected for
orientations uniformly distributed on a half-sphere. To quinone species undergoing a reduction in two successive
account for inhomogeneous broadening effects, the spectrunone-electron transfer steps (Figure 2). The same behavior
is then convoluted with an isotropic Gaussian line. was observed with different membrane preparations. When
IH-ENDOR spectra were recorded using a Bruker DICE the data were fitted with theoretical curves based on eq 1,
extension, a 250 W radio-frequency amplifier from Amplifier midpoint potential values equal & = —40 + 10 mV and
Research, and a Bruker EN 801 cw-ENDOR resonator. TheyE> = —150+ 10 mV were obtained, givingm = —95 mV
are presented in the first-derivative mode. The radio- and a SQ stability constaiits ~ 70.
frequency wave was modulated at 25 kHz with a modulation  To check that the radical species is located in the NarGHI
depth of 200 kHz. For isotropic ENDOR spectra of weakly complex, similar titration experiments were carried out on
coupled protons, each coupled proton is expected to givemembrane fractions frork. coli strain JCB20480 devoid
rise to two lines which are symmetrically spaced with respect of NRA. No significant radical signal could be detected in
to the proton nuclear Larmor frequeney and separated by  the whole potential range (Figure 1C). Titration experiments
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E (mV) FiGure 3: Power saturation profile of the semiquinone signals
recorded at 150 K in NarGHI-enriched membrar®sgnd in Narl-
(AGH)-enriched membrane®) poised aE = —90 and—13 mV,

B respectively (pH 7.5). The data were analyzed by computer fitting
( ) to the empirical equatioh = Av/P/(1 + P/P1,)"2, wherel is the
peak-to-peak intensity of the EPR sigriais the microwave power,
Py, is the half-saturation microwave poweiris the “inhomogeneity
parameter”, and\ is a normalization constant. The best fits shown
as solid lines were obtained by usifig, = 0.22 mW andb =
1.57 for NarGHI andPy, = 0.25 mW andb = 1.43 for Narl-
(AGH). arb. units= arbitrary units.

Microwave power

3.|76

(@)

estimated to be 0.2F 0.05 SQ/[3Fe-4S] cluster at pH 7.5,
3.50 (b) which indicates that a SQ radical is present in about 30% of

NRA enzymes. In addition, the saturation behavior of the
radical signal was studied at 150 K. To facilitate the
174 184 194 204 214 224 comparison with other studies carried out on protein-bound
semiquinones, the data were fitted with a curve calculated

E 2. (A) Potentiometic titrati the SQ radical i from an empirical equatior8{y). TheP,/, value of 0.22 mW
IGURE Z. otentiometric titration curves o e raaical in . H H H H
NarGHI in the absencem) and in the presenceaj of 500 uM dedL_Jceq from the _f|t (Figure 3) is typical of slow relaxing
NQNO. The peak-to-peak amplitude measured &t 2 is plotted semiquinone specieg4).

as a function of the ambient potential. The solid line is the  Stabilization of a Semiquinone Radical in Naxi&H)
theoretical curve calculated from eq 1 wiq = —40 mV andE,  Qperexpressed in E. coli Membrand® specify the location
= —150 mV. EPR experiments were conducted as described in ¢ the radical within NRA, similar experiments were carried
the legend of Figure 1. (B) Effect of NQNO on the low-spin heme I b iched onlv in th buni
EPR spectrum of NarGHI ifE. coli membranes. Spectra are (a) Ut ONE. colimembranes enriched only in the Narl subunit.
without inhibitor and (b) in the presence of 5aM NQNO. The As in the case of the wild-type enzyme, a radical species
spectra were obtained by accumulating nine scans; a polynomialcould be detected by EPR, either trapped by reduction with
baseline correction was applied to the experimental spectrum in githjonite and freezing or stabilized during a redox titration.

order to remove the background signal arising from the free iron . .
signal atg ~ 4.3. Spectra were recorded at 12.5 K with a microwave In both cases, the EPR intensity was found to be comparable

power of 20 mW and a field modulation of 1 mT at 100 kHz. (0 that given by the radical observed in the wild-type enzyme.
Although the positions of the two signals are very similar

were also performed dB. coli NarGHI-enriched membranes (g ~ 2.0045), the signal given by the NatlGH) subunit
in the presence of the menaquinone analogue NQNO, anexhibits a composite shape (Figure 1B) which could arise
efficient quinone binding site inhibitor of respiratory mem- from a conformational heterogeneity of the radical. Alter-
brane proteins. Binding of the inhibitor to the oxidized natively, it could come from partially resolved splittings due
enzyme was manifested by a characteristic shift of the g either to hyperfine coupling to closely associated nuclear
peak of hemdop from 3.34 to 3.50, which is similar to that  spins or to spia-spin interactions with another paramagnetic
observed in the enzyme with bound HQNO at the e center. The results of a potentiometric redox titration of the
(16) (Figure 2B). In these conditions, no radical signal could radical signal in NarlhGH) are shown in Figure 4. No
be detected by EPR in the whole potential range (Figure 2A). change of the signal shape was observed in+#i€0 to
This provides strong support in favor of the semiquinonic —200 mV potential range and in the 2200 K temperature
nature of the detected radical species. range. The signal titrates according to a bell-shaped curve
To measure the semiquinone occupancy level in NarGHI, which is slightly shifted toward higher redox potentials by
the spin intensity corresponding to the maximal SQ signal comparison with that observed in the case of NarGHI. Curve-
was determined by double integration of the EPR spectrum fitting computer analysis provide; = —8 + 10 mV and
recorded in nonsaturating conditions (60 K, 2%/). This E, = —110+ 10 mV, which corresponds &, = —59 mV
intensity was compared to that given by the [3Fel48gnter andKs ~ 50. The saturation profile of the SQ signal recorded
in an oxidized sample of the same membrane preparation.at 150 K is shown in Figure 3. The data could be fitted to a
The maximum concentration of the semiquinone species wassingle saturation curve characterized by value equal

Magnetic Field (mT)
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Table 1: g-Tensor Principal Values of Membrane Protein-Bound Semiquinone Radicals As Determined by EPR Spectroscopy

E. colinitrate E. coli spinach Rb. sphaeroideseaction center spinach Rps.viridis
reductase A, cytochromebo, photosystem II, photosystem |,  reaction center,
menaS®' ubiSQ QP plastoSQ Q° ubiSQ Q¢ ubiSQ Q¢ phylloSQ A9 menasSQ Q"
Ox 2.0061 2.00593 2.00661 2.0066 2.00626 2.00609 2.00597
Oy 2.0051 2.00543 2.00506 2.0054 2.00527 2.00503 2.00492
o 2.0023 2.00220 2.00215 2.0022 2.00210 2.00210 2.00216
Jiso 2.0045 2.00452 2.0046 2.0047 2.00455 2.00441 2.00435

aThis work.? From ref30. ¢ From ref52. 9 From ref53. € From ref54. f From ref55. 9 From ref56. " From ref57. | Abbreviations: MenaSQ,
menasemiquinone; ubiSQ, ubisemiquinone; plastoSQ, plastosemiquinone; phylloSQ, phyllosemigyireii®i3)(©x + gy + 9,); Rb, Rhodobacter

Rps, Rhodopseudomonas
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Ficure 4: Potentiometric titration curve of thg ~ 2.00 semi-
quinone signal in NarkGH)-enriched membranes. Experimental
data were fitted as described in Materials and Methods UEirg

—8 mV andE; = —110 mV. Experimental conditions were as
described in the legend of Figure 1. The fit of the titration curve of
the radical in NarGHI is recalled as dotted lines for comparison.

T T T
-400 -300 -200

to 0.25 mW (Figure 3), which is a value very similar to that
obtained for the SQ in NarGHI.

Q-Band (35 GHz) EPR Characterization of Semiquinones

in NarGHI and NarlAGH). X-band EPR experiments
performed on NarGHI and Narl yield only the average
g-value of the radical signals. To resolve tlgetensor

1210 1212 1214 1216

Magnetic field (mT)

1208

Ficure 5: Q-band EPR spectra of the semiquinone species in
overexpressed (A) NarGHI (JCB20480/pVA700) and (B) Narl-
(AGH) (JCB20480/pCD7). Membranes were redox poised %1
mV (A) and —22 mV (B). Experimental conditions: temperature,
80 K; microwave power, 0.zW; microwave frequency, 33.9776
GHz (A) and 34.0021 GHz (B); modulation amplitude, 0.5 mT,;
modulation frequency, 100 kHz. A numerical simulation of the
NarGHI spectrum, shown as dotted lines, was obtained itk
2.0061,g, = 2.0051,g, = 2.0023 (0.0001), and an isotropic
Gaussian line width of 0.38 mT. Signals indicated by asterisks are
due to impurities in the Q-band cavity.

to that given by NarGHI, and of a minor species exhibiting
partially resolved structures.

X-Band Continuous W& ENDOR Spectroscopy of Semi-

principal values, higher frequency EPR measurements wereguinones in NarGHI and NarlKGH). To detect hyperfine

carried out. The Q-band EPR spectrum of NarGHEircoli

couplings between the semiquinones and the surrounding

membranes at 90 K is shown in Figure 5. The sample was magnetic nuclei, ENDOR experiments were carried out on
poised at the potential value where the amount of SQ is E. coli membrane fractions enriched in either NarGHI or
maximum (90 mV). The spectrum exhibits the character- Narl complexes. The samples were prepared at the redox
istic axial line shape expected for a single semiquinone potential where the amount of SQ is maximum, and ENDOR
species withgy = 2.0055 (measured at the zero crossing of experiments were performed at different temperatures in the

the EPR line) andy, = 2.0023 (high-field minimum of the
first derivative). Theg-tensor principal values deduced from
the numerical simulation of the spectrum age= 2.0061,
gy = 2.0051, andg, = 2.0023 @0.0001). An isotropic

20—120 K range. At each temperature, the microwave and
radio-frequency powers were optimized so as to get the
maximum ENDOR signal. ENDOR spectra obtained at 80
K from overexpressed NarGHI-containing membranes (A)

Gaussian line with a 0.38 mT width was used to account for and overexpressed NatlGH)-containing membranes (B) are

unresolved hyperfine splittings. Tlgevalues are very similar

shown in Figure 6. They were recorded with the static

to those reported for semiquinones observed in other respiraimagnetic field value set at the center of the radical EPR
tory systems (Table 1), which confirms the semiquinonic spectrum. Due to the relatively low enzyme concentration
nature of the radicals detected in nitrate reductase. Q-bandn the membrane fractions (typically 5M) and to the
measurements were also performedEncoli membranes  intrinsically low sensitivity of the ENDOR technique, it was
containing overexpressed NakiGH). The Q-band EPR  necessary to accumulate the spectra during several hours to
spectrum of the sample poised at a redox potential whereachieve an acceptable signal-to-noise ratio. The dominant
the SQ signal is maximum is depicted in Figure 5. The spectral feature appears around 14 MHz, which is'tte
overall anisotropy of thg-tensor is similar to that observed Larmor frequency in the experimental conditions used. It
in the case of NarGHI, but as at X-band, additional features arises from weakly coupled protons located in the vicinity
can be observed in the spectrum. This indicates that the Narl-of the SQ species, the so-called matrix protod®).(Other
(AGH) spectrum is composed of a main component, identical ENDOR features symmetrically positioned with respect to



Semiquinone in Nitrate Reductase A

A4
A,
As
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Ficure 6: H-ENDOR spectra of (A) NarGHI-enriched membranes

(—90 mV) and (B, C) NarlAGH)-enriched membranes-£3 mV).

In (A) and (B), the magnetic field was set at the maximum of the
EPR spectrum [(A) 338.20 mT and (B) 337.96 mT]. In (C), it was

4 6

set outside the EPR signal (335.89 mT). Other experimental

conditions were as follows: temperature, 80 K; microwave fre-
quency, 9.478 GHz; microwave power, 5 mW; radio-frequency
power, 110 W; time constant and conversion time, 20.48 ms;
number of scans, 1680 (A), 552 (B), and 490 (C).

the*H Larmor frequency could be identified, corresponding
to hyperfine couplings equal t8; = 5.7 MHz, A, = 3.3
MHz, and A; = 1.8 MHz. These resonances were not
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such as théxc, complex @3—46), NADH dehydrogenase
(47, 48), cytochromedo (26, 27) andbd (25), and quinol:
fumarate reductase24). Moreover, theg-values deduced
from the numerical simulation of Q-band spectra are also
very similar to those obtained with other protein-bound
semiquinones (Table 1). This allows an unambiguous as-
signment of the radical detected in NarGHI to a semiquinone
species, which is also supported by the sensitivity of the
spectrum to the NQNO quinone analogue. Besides, the
Q-band measurements and the saturation data strongly
suggest that a single semiquinone species contributes to the
EPR spectrum.

Our results reveal that the binding of quinone to the nitrate
reductase complex induces a strong stabilization of the SQ
form. Indeed, the stability constari{~ 70) of the radical
in NarGHI is even larger than that of the high-affinity;Q
ubisemiquinone in cytochromiao (26, 27) and appears to
be several orders of magnitude larger than iheof the
semiquinone radical observed in a mutant of quinol:fumarate
reductase fronk. coli (24). This indicates that the semi-
quinone is tightly bound to its binding site in NarGHI.

A strong EPR signal arising from a semiquinone radical
could also be generated and stabilized in Ns@H)-
enriched membranes. The EPR and redox properties of this
SQ were found to differ slightly from those observed in
NarGHI. In Narl(AGH), the midpoint potential of the Q/QH
couple is shifted at higher potential by about 40 mV, and
the stability constant of SQ is slightly decreasedio- 50.

observed when the static magnetic field value was set outsidgMioreover, the EPR signal of SQ in NaNiGH) displays
the SQ EPR spectrum (Figure 6C). Previous ENDOR studies@dditional f_eatures Whlch_could arise e|ther from spectral
of semiquinone radicals in membrane-bound proteins havenétérogeneity or from different interactions with other
shown that couplings of this magnitude come from protons Magnetic species. It is worth noting that thg values of
which are more strongly coupled to the radical, such as thosen€mebe drops from+120 mV in NarGHI to—178 mV in

involved in hydrogen bonding to the quinone or those
belonging to the quinone rin@8, 39—42). The magnitude

Narl(AGH) (17) so that the SQ and hemks can be
simultaneously paramagnetic in NaklGH). However, the

of these couplings is strongly dependent on the electronic Peculiar shape of the SQ signal is not modified when the
structure of the semiquinone and of its close environment. {€mperature is raised from 12 to 200 K, which demonstrates

Interestingly, the ENDOR spectra given by the NarGHI and
Narl(AGH) preparations display the same proton ENDOR
line shapes and hyperfine coupling values (Figure 6A,B).

that the additional spectral features are not due to the-spin
spin coupling between SQ and heime This is confirmed
by the fact that the relaxation properties of the SQ species

This demonstrates that the same semiquinone radical is2'€ €ssentially the same in NaxigH) and NarGHI (Figure

responsible for the NarGHI spectrum and for the major 3)- Moreover, thePy, value is much smaller than that
spectral component of Narl. ENDOR resonances associatedneasured for the fast relaxing SQ species detected in quinol:

with the minor spectral component found in the NAGH)

fumarate reductase, which is likely coupled to a [3Fel4S]

EPR spectrum could not be detected, presumably becaus€&!USter by spirrspin interactions24). The peculiar shape

of the low sensitivity of cw-ENDOR.
DISCUSSION

of the SQ EPR signal in NatNGH) could arise from
different hyperfine interactions with one or several nuclei
of the binding pocket. However, ENDOR experiments

In this study, we have demonstrated that a SQ radical performed on SQ in NarGHI and NaNGH) preparations
species can be thermodynamically stabilized in membrane-gave essentially identical spectra with dominant hyperfine
bound NarGHI overexpressed . coli. By working on coupling constant8y = 5.7 MHz, A, = 3.3 MHz, andA; =
NarGHI-enriched membranes, one avoids possible alterationsl.8 MHz. Such values are typical of methyl group protons
of the thermodynamic and spectroscopic properties of the of the semiquinone and of protons involved in hydrogen
prosthetic groups which could result from the extraction of bonding to the oxygen atom of the quinone. For instance,
the protein from the membranes. Moreover, overexpressionthe methyl protons were found to give a strong ENDOR
facilitates the specific detection of prosthetic groups belong- signal at cryogenic temperatures, characterized by an ap-
ing to NarGHI complex. proximately axial hyperfine coupling tensa3g, 49). The

The characteristics of the EPR spectrum displayed atvalues of the two component&g and A, of this tensor are
X-band by the radical species in NarGHI (e.g., isotropic line 4 and 7.1 MHz and 4.7 and 7.9 MHz foraAQand @~ in
centered ag ~ 2.0045 with a 0.8 mT line width) and its  the reaction center frorRhodobacter sphaeroidesespec-
saturation properties are very similar to those reported for tively (39, 50), and reach 9.7 and 13.3 MHz foryQ in
membrane-bound semiquinone radicals in respiratory systemsytochromebo from E. coli (28, 30). Moreover, exchangeable
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protons assigned to H-bond with hyperfine coupling constants the
equal to 4.7 and 6.5 MHz for Q and 3.1 and 5.1 MHz for
Qs~ have been detected in thHeb. sphaeroideseaction
center. In the case of cytochrorhe from E. coli, coupling
constants equal to 2.1, 5.2, and 10.4 MHz have been
measured for Q (28, 51).

Grimaldi et al.

radical is sensitive to NQNO and that it is highly

stabilized in a Q-site located within the Narl membrane
subunit.
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