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ABSTRACT: We have investigated the functional relationship between three of the prosthetic groups of
Escherichia colinitrate reductase A (NarGHI): the two hemes of the membrane anchor subunit (Narl)
and the [3Fe-4S] cluster of the electron-transfer subunit (NarH). In two site-directed mutants (R&RGHI

and NarGHH205Y) that lack the highest potential heme of Narl (hemg a large negativAE, 7 is elicited

on the NarH [3Fe-4S] cluster, suggesting a close juxtaposition of these two centers in the holoenzyme. In
a mutant retaining hemiay, but lacking hemdo. (NarGHIH66Y), there is no effect on the NarH [3Fe-4S]
cluster redox properties. These results suggest a role for lhgne electron transfer to the [3Fe-4S]
cluster. Studies of the pH dependence of the [3Fe-4S] cluster, bgnaad hemey. E., values suggest

that significant deprotonation is only observed during oxidation of the latter heme (a pH dependence of
—36 mV pH™). In Narl expressed in the absence of NarGH [Na@H)], apparent exposure of herbg

to the aqueous milieu results in both it and hemehaving E,, values with pH dependencies of
approximately—30 mV pH-L. These results are consistent with helmpéoeing isolated from the aqueous
milieu and pH effects in the holoenzyme. Optical spectroscopy indicates that inhibitors such as HOQNO
and stigmatellin bind and inhibit oxidation of herlaebut do not inhibit oxidation of hemiay. Fluorescence
guench titrations indicate that HOQNO binds with higher affinity to the reduced form of NarGHI than to
the oxidized form. Overall, the data support the following model for electron transfer through the Narl
region of NarGHI: @ site— hemeb_. — hemeby — [3Fe-4S] cluster.

Escherichia coli when grown anaerobically with nitrate  plasmically localized membrane-extrinsic catalytic dimer
as respiratory oxidant, develops a respiratory chain termi- (NarGH) anchored to the membrane by Narl. The Mo of
nated by a membrane-bound quinol:nitrate oxidoreductasethe nitrate-reducing Mo-bisMGD cofactor h&s, s values
(NarGHIY (1, 2) that can be overexpressed to high levels in of approximately +95 mV [Mo(IV/V)] and +195 mV
the cytoplasmic membran8-5). Intensive biophysical and  [Mo(V/VI)] (3, 4, 7). The NarH [Fe-S] clusters comprise
biochemical characterizations have revealed that NarGHI one [3Fe-4S] cluster and three [4Fe-4S] clustérs9). In
comprises a molybdenum cofactor-containing [molybdobis- membranes enriched in NarGHI, the [3Fe-4S] cluster appears
(molybdopterin guanine dinucleotide), Mo-bisMGD] catalytic to exist as two potentiometrically distinct subpopulations with
subunit [(NarG; 139 kDa4)], an [Fe-S] cluster-containing  very similar EPR spectra: a major (70%) component with
electron-transfer subunit [NarH; 58kD&)], and a heme- anEmgof +180 mV and a minor (30%) component with an
containing membrane-anchor subunit [Narl; 26kBg. (The Emgof +100 mV @). The three [4Fe-4S] clusters hakg s
catalytic and electron-transfer subunits comprise a cyto- values of+130 mV, —55 mV, and—400 mV (). Narl
contains two hemes with, 7 values of+20 mV (hemeb,)

"This work was funded by the Canadian Institutes of Health and-+125mV (hemeby) (10). Thus, electron transfer through
EeSearcp;otgge?grétireené\leag;galr gri gngr?if;g;nglr? ECéenJJggug. anoo:ttef:jel\larGHl potentially involves seven prosthetic groups with
b;rgi/nisiting Scientist awardgfrom thegAIberta Heritége Fourliggtion Em V.alues over a range of approximately 600 mv. The
for Medical Research. precise electron-transfer pathway through the enzyme has
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2761. Fax: (780) 492-0886. . .
% Universit(y Of)A|berta_ The membrane anchor and diheme cytochrénsebunit

§ Laboratoire de Chimie Baatenne, CNRS. (Narl) is a 225 amino acid protein with five transmembrane
FrdCAB, Wolinelia Suctinogenchimarate reductacer HALS. nighy olceS (TME TMS) in which, based on hydropathy analyses
anisotr_ofoic low spin; HOQNO, a-hepty|-4-_hydroxyqyiﬁolined-éxide; and _blophyswal studies, the N—termlnuslls perlp!asmwglly
IPTG, isopropyl 1-thig8-p-galactopyranoside; Mo-bisMGD, molybdo-  localized 6, 10, 11). Both hemes have highly anisotropic
bis(molybdopterin guanine dinucleotide); NarGHI, nitrate reductase low-spin (HALS) EPR spectral@) that are consistent with

holoenzyme; NarGH, nitrate reductase soluble dimer; M&3kK), _ ; ; ; i
nitrate reductase cytochronbesubunit in the absence of NarGH; PB, a near-perpendicular orientation of the imidazole planes of

5-hydroxy-2-methyl-1,4-naphthoquinone; PBeduced PB; SdhCAB, the heme iron ligandsl@). Hemeb, has a 90f_3-3§= and
Bacillus subtilissuccinate dehydrogenase. hemeby has a gof 3.76 6, 10). Analyses of site-directed
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mutants of NarGHI place hemntg toward the periplasmic  potentiometry in combination with EPR spectroscopy. We
side of Narl (coordinated by His-66 and His-187) and heme have investigated the solvent exposure of the [3Fe-4S] cluster
by toward the cytoplasmic side (coordinated by His-56 and and the two hemes of NarGHI and the two hemes of
His-205) (L4). The hemes are coordinated between two Narl(AGH) by performing redox titrations at a range of pH
transmembrane helices (TM2 and TM5) rather than the four values. In addition, we have reinvestigated the phenomenon
helices found in some other bacterial hydrophobic diheme of HOQNO- and stigmatellin-dependent inhibition of heme
cytochromed (15—-17). Hemeby has been localized to the  oxidation and have determined the effect of the redox state
NarGH-Narl interface region on the basis of its modified of the protein on its affinity for HOQNO. In the absence of
EPR and redox properties when expressed in the absence ofletailed structural data, these studies provide important
NarGH @0). This form of Narl is referred to as NaAGH), information on the electron-transfer pathway from the
and the modification of the properties of its helpgs likely dissociable @site of Narl to the [3Fe-4S] cluster of NarH.

a result of exposure of this center to the aqueous milieu.

Also, EPR and potentiometric studies of the purified NarGH MATERIALS AND METHODS

dimer indicate that the [3Fe-4S] cluster is modified in the Bacterial Strains and Plasmids. E. calCB2048 fhi-1,

Zg?i?f;grgirzg lnoTj_Tg(r)a;%t()%uangr%gﬁ%lntgsu[;;':e_ thr-1, leu-6, lacY1, supE44 rpsL175 Anar25aarG-narH)
m.8 J P ' A(narU-narZ), Q (Sp&), KmR] (28) was used as the host

whereas it has aBimg30f +60 mV in purified NarGH 7). for all the experiments described herein. Wild-type, Narl-

This large negative\E could also p_e explained by exposure H56R, Narl-H66Y mutant NarGHI were expressed from

of the cluster to the aqueous m|I|e_u. Thus, both héme pVA7(30 PVA700-H56R, and pVA700-H66Y, respectively

and the [3Fe-_4S] cluster can tentatively be localized to the ©). Narl-,H205Y mutant er,wzyme was expresse(;i from pVA700-

NarGH-Narl interface region of the h(.)lt.).enzyme.. H205Y which was constructed as previously descridgd (
Another measure of solvent accessibility that is relevant Narl(AGH) was expressed from plasmid pCI5J. (pVA700

to the electron-transfer pathway out of Narl is the response and pCD7 bear their respective genes under the control of

of the redox chemistry of the hemes and [3Fe-4S] cluster to the tac promoter.

variations of pH. The ambient pH can be expected to have  Groyth of Cells and Preparation of Membrane Vesicles

a significant effect on thée, values of centers that are g riched in Wild-Type and Mutant NarGHCells were

exposed to the aqueous milieu, provided that there areg .oy microaerobically overnighni2 L batch cultures of
suitable protonatable side chains in the vicinity of the affected T¢rific Broth (29) at 30°C in the presence of 108y mL~?

center ((8—21). For example, heme edge exposure of heme streptomycin, 10Qug mL~ ampicillin, and 50xg mL*
b, (due to its probable proximity to the periplasmic side of kanamycin as previously describerd), Protein overexpres-
Narl) might result in the redox chemistry of this heme having sion was induced by addition of 0.2 mM isopropy! 1-thio-
a greater pH dependence than that of hémeassuming g5 gajactopyranoside (IPTG) to the growth cultures. Crude
that the latter is almost completely buried within NarGHI). \embranes were prepared by French pressure cell lysis and
pH dependence may also be mediated by the residues liningyirerential centrifugation in 100 mM MOPS and 5 mM
Q-sites or by bound quinone/quinol deprotonations. It would gpTa (pH 7.0) which contained the protease inhibitor
therefore be of interest to determine the pH dependence Ofphenylmethanesulfonyl fluoride (0.2 mM3@). Cytoplasmic
the hemes and [3Fe-4S] cluster of NarGHI and the hemes e mpranes were isolated from resuspended crude mem-
of Narl(AGH). branes by layering them on top of a 55% (w/v) sucrose step
The use of the quinol binding site (Q-site) inhibitors (made up in buffer) in an ultracentrifuge tube. Following
HOQNO (2n-heptyl-4-hydroxyquinolinéN-oxide) and stig- centrifugation at 40 000 rpm for 2 h, the floating band
matellin has indicated the presence of a dissociable Q-siteenriched in the cytoplasmic membrane fraction was removed,
in the vicinity of hemeb, toward the periplasmic side of diluted in buffer, and subjected to a further centrifugation.
Narl (10, 22). This is consistent with the proposed bio- Finally, to ensure complete removal of residual sucrose, the
energetics of NarGHI1(1, 23) in which quinol oxidation pellet was resuspended in buffer and recentrifuged. Mem-
occurs at a single periplasmically oriented dissociable Q-site, branes were then resuspended in buffer to a protein concen-
releasing protons into the periplasm during enzyme turnover. tration of approximately 30 mg mt, flash frozen in liquid
However, three lines of evidence suggest the presence of amitrogen, and stored at70 °C until use. Membranes of
additional Q-site (the @site) that is located within the  LCB2048 lacking NarGHI were prepared as described above
NarGH dimer. (i) A single menaquinone-9 molecule co- except that ampicillin and IPTG were omitted from the
purifies with the NarGH dimer24). (ii) Both HOQNO and growth medium.
stigmatellin appear to inhibit nitrate-dependent heme oxida-  Growth of Cells and Preparation of Membrane Vesicles
tion (22). (iii) Two apparent sites of quinol binding were  Enriched in NarlAGH). Cells (LCB2048/pCD7) were grown
detected in one analysis of the steady-state kinetics of quinolas described above, except that the growth temperature was
oxidation @5). However, in two other studies kinetics were 37 °C and the cultures were grown for 4 h rather than
observed that are consistent with quinol binding and oxida- overnight. The cytoplasmic membrane fraction was isolated
tion occurring at a single site (thep@ite) 26, 27). Thus, as described above.
further clarification is necessary of the relationships between  Redox Potentiometry and EPR Spectroscdpgdox ti-
the Q-site(s) and the prosthetic groups of the membrane-trations were carried out under argon at’Z5as previously
intrinsic arm of the electron-transfer conduit through NarGHI.  gescribed 1) in the following buffers, each of which also
In this paper, we have studied the relationship between contained 5 mM EDTA: 100 mM MES (pH 5.5 and 5.9);
hemeby of Narl and the [3Fe-4S] cluster of NarH by redox 100 mM MOPS (pH 6.7); 100 mM HEPES (pH 7.5); 100



5262 Biochemistry, Vol. 40, No. 17, 2001 Rothery et al.

mM Tricine (pH 8.0 and 8.5), and 100 mM CHES (pH 9.0). 2.02

Prior to carrying out the titrations, membranes were thawed,

diluted in the appropriate buffer, pelleted by ultracentrifu-

gation, and resuspended in buffer to a protein concentration

of approximately 30 mg mt*. The following redox media-

tors were used at a concentration of A@: quinhydrone,

2,6-dichloroindophenol, 1,2-naphthoquinone, toluylene blue,

phenazine methosulfate, thionine, duroquinone, methylene (a)
blue, resorufin, indigotrisulfonate, indigodisulfonate, anthra-

quinone-2-sulfonic acid, phenosafranine, benzyl viologen,

and methyl viologen. All samples were prepared in 3 mm

internal diameter quartz EPR tubes and were rapidly frozen

in liquid nitrogen chilled ethanol and stored under liquid (b)
nitrogen until use. EPR spectra were recorded using a Bruker

ESP300 spectrometer equipped with an Oxford Instruments

ESR-900 flowing helium cryostat. [3Fe-4S] cluskgyvalues

were obtained from plots of signal intensity of the= 2.02

peak in spectra of potentiometrically poised samples versus (©)
En in spectra recorded under the EPR conditions described

in the legend to Figure 1. Hent&, values were obtained

from spectra recorded at 12 K with a modulation amplitude (@)
of 20 Gy,. For analyses of hent®,; (g, = 3.76), spectra were ©
recorded at a microwave power of 100 mW, whereas for _

hemeb, (g, = 3.36) spectra were recorded at a microwave
power of 20 mW. In all cases, estimatessfwere obtained
from n = 1 fits of the potentiometric data to the Nernst

T Y YA T T S Y S S T Y OO0 S S S T T Y S S S N S TR W |

3100 3200 3300 3400 3500 3600 3700 3800

equation. Where appropriate, EPR spin quantitations were Field intensity (Gauss)
carried out as previously describe@2( usig a 1 mM FiGURE 1: Effect of hemeby mutants on the [3Fe-4S] cluster EPR
CUuEDTA sample as standard. spectrum. EPR spectra were recorded of inner membrane samples

. L ; of strains overexpressing wild-type and mutant NarGHI. Spectra:
Optical SpectroscopyKinetic data on the quinol-depend- (a) wild-type; (b) ?\larGH%GGY; (C)y,F\)larGHﬁzosy; (d) NarGHﬁSGpR;

ent reduction and nitrate-dependent oxidation of the hemes(e) packground strain (LCB2048). EPR conditions: temperature,
of NarGHI were collected using a Hewlett-Packard 8453 12 K; microwave power, 20 mW at 9.47 GHz; modulation
diode array spectrophotometer equipped with a Hewlett- amplitude, 10 G, at 100 kHz. Samples were oxidized with an
Packard 89090A Peltier temperature controller/cuvette stirrer. ﬁxcess of dichloroindophenol{al) or ferricyanide (€). The vertical

. . . ine represents g-value of 2.02.
All experiments were carried out at 2@. Experiments were
carried out in N-saturated 100 mM MOPS, 5 mM EDTA, Protein AssaysProtein concentrations were assayed by
and 20 mM glucose (pH 7.0) using 4 mL acryl cuvettes the Lowry method, modified by the inclusion of 1% (w/v)
(Sarstedt 67.738) with machined Teflon stoppers constructedsodium dodecyl sulfate in the incubation mixture to solubilize
in the Faculty of Medicine’s Biomedical Workshop (Uni- membrane proteins3f).
versity of Alberta) 27). These had a 11 mm plug that inserted
into the acryl cuvettes, creating an effective seal against RESULTS

oxygen diffusion. As an additional precaution against residual Effect of the Loss of Hema,lon the EPR Spectrum of
oxygen_diffusion into the cuvettes, 5 units.of glucose oxidase the [3Fe-4S] Cluster of NarGHION the basis of optical and
containing trace amounts.of catalase (Slgma G-6891) weregpr spectroscopy, NarGHIPR and NarGH295" hoth lack
added to each cuvette prior to _each experlmSG).(Eac_h hemeby, whereas NarGHFo" lacks heméb, (5, 14). Thus,
cuve'tte was stirred using a spinbar (3,7 150 Cell Spinbar) these mutants enabled us to investigate the effect of the
rotating at 200 rpm. Quinones (plumbagin or lapachol) were gpsence of either of the hemes on the EPR spectrum of the
reduced by zinc in acidified ethand?). Additional details NarH [3Fe-4S] cluster. Figure 1 shows EPR spectra of
of the optical experiments performed are described in the oxidized membranes containing no NarGHI (membranes

legend to Figure 4. from untransformedE. coli LCB2048, Figure 1e) and
Fluorescence Quench Titrationshe affinity of NarGHI membranes enriched in NarGHI (Figure 1a), NarGEH
and NarlAGH) for HOQNO was determined using fluores- (Figure 1b), NarGH12%Y (Figure 1c), and NarGHPeR
cence quench titrations performed as previously described(Figure 1d). EPR spectra of oxidized wild-type NarGHI and
using a Perkin-Elmer LS-50B luminescence spectromi®@r ( NarGHIT®Y in membranes are identical to those previously
34) with the following modifications. Experiments were reported by us3, 5, 10) and indicate that the environment
carried out in acryl fluorescence cuvettes (Sarstedt 67.755)of the [3Fe-4S] cluster is unaltered in the Narl-H66Y mutant.
with machined Teflon stoppers similar to those described In contrast, the spectra of NarGH®Y (Figure 1c) and
above. N-saturated 100 mM MOPS and 5 mM EDTA (pH NarGHI®R (Figure 1d) are significantly altered compared
7.0) were added to the cuvette, and fluorescence quencho the wild type. In NarGHI?%5Y, the signal appears broader,
titrations were carried out in the presence of oxidized or and in the case of NarGHf®R there is a significant
reduced duroquinone (reduced as described above). diminution of intensity compared to the wild type. Spin
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Table 1: Effect of Heme Ligand Mutants on [3Fe-4S] Cludigr
Values

highest
potential
[4Fe-4S]
[3Fe-4S] cluster cluster
mutant Em-H (%) EnL(%) AEn-H? Em
(ligand to) (mV) (mV) (mV) (mV)
wild type 185 (70%) 100 (30%) 125
Narl-H56R () 0(78%) —90(22%) —185 110
Narl-H205Y (by) 95 (73%) —30 (27%) -90 110
Narl-H66Y (b)) 200 (68%) 125(32%) +15 120

a Change inEn 7 elicited on the major subpopulation of the [3Fe-
4S] cluster compared to the wild-type enzyme.

EPR feature versus,, data not shown). The highest potential
[4Fe-4S] cluster has &y, 7 of approximately 125, 120, 110,
and 110 mV in membranes containing wild-type, Narl-H66Y,

the NarH [3Fe-4S] cluster. Data were obtained from EPR spectra Narl-H205Y, and Narl-H56R, respectively. These data are
recorded under the conditions described for Figure 1. Symbols: symmarized in Table 1 and indicate that the absence of heme

squares, NarGHH;, 7 values: +185 mV (70%);+100 mV (30%)];
circles, NarGH®Y [Ey, 7 values: +200 mV (68%);+125 mV
(32%)]; diamonds, NarGHP%Y [E, ;7 values: +95 mV (73%);—30
mV (27%)]; triangles, NarGH¥PeR[E, ; values: 0 mV (78%):-90

mV (22%)]. For each titration presented, data were normalized to

a maximum intensity of 100.

by in the Narl-H205Y and Narl-H56R mutants modifies the
environment of the [3Fe-4S] cluster, yet has little effect on
the highest potential [4Fe-4S] cluster.

pH Dependencies of the [3Fe-4S] Cluster, Hemednd
Heme b Midpoint Potentials The pH dependence of the
En values can provide important information on the involve-

quantitation of the samples used to generate the spectra Ofpent of redox-coupled protonations in enzyme turnogs (
Figure 1 indicates that they contained 1.68, 1.86, 1.52, 1.15,19, 21). Redox titrations of the NarGHI [3Fe-4S] cluster

and 0.31 nmol (mg of protein} detectable [3Fe-4S] cluster
in membranes containing wild-type NarGHI, NarGFfl",
NarGHI2%5Y, NarGHF%¢R and membranes containing no

performed at pH 5.9 and 8.5 indicate that the major
components titrate witlky, values of+195 and+170 mV,
respectively (data not shown). Similar titrations performed

ously reported valueslL().

Redox Potentiometry of the [3Fe-4S] Cluster in NarGHI,
NarGHIN8Y, NarGHIM205Y and NarGHIS6R In the recently
determined structure ofolinella succinogenefumarate
reductase (FrdCAB), one of the hemes (hebag of the

intensities of they = 3.76 peak (hemby) and theg = 3.36
peak (hemeb.) at pH 5.9 and 8.5 indicate that herbg
titrates withEy, values of+110 and+90 mV, respectively.

In contrast to the relatively low apparent pH dependence of
the En, of both the [3Fe-4S] cluster and herbg, hemeb,

membrane anchor subunit (FrdC) is located approximately titrates withE,, values of+30 and—60 mV at pH 5.9 and

11 A from the [3Fe-4S] cluster that is located in FrdBY,
This, and our previous observations that heime of
Narl(AGH) has a significantly altered EPR spectrum and
modified electrochemistry compared to what is found in
NarGHI (10), prompted us to investigate the effect of the
loss of hemeby on the electrochemistry of the [3Fe-4S]
cluster of NarGHI. Figure 2 shows potentiometric titrations
of the [3Fe-4S] cluster in NarGHI, NarGHfY, NarGHF205Y,
and NarGHI"®R In the wild-type enzyme, the [3Fe-4S]
cluster titrates with a majdgn, 7 of +185 mV (70%) and a
minor En 7 of +100 mV (30%), in close agreement with
previously published value8,(10). In the case of NarGH¥f®Y,
which lacks hemé, but retains hemby, the [3Fe-4S] cluster
titrates with a majoiEy, 7 of +200 mV (68%) and a minor
Emof +125 mV (32%), indicating that loss of herbghas
little effect on the redox chemistry of the [3Fe-4S] cluster.
In contrast, mutants in which hemlg; is absent have
significantly modified [3Fe-4S] cluster redox chemistry: in
NarGHIM?0%5Y the [3Fe-4S] cluster titrates with a majé, 7

of +95 mV (73%) and a minoE, ; of —30 mV (27%); in
NarGHIFS6R the [3Fe-4S] cluster titrates with a majBy, 7

of 0 mV (78%) and—90 mV (22%). We also investigated

8.5, respectively, indicating a much more significant apparent
dependence on pH than for the other two prosthetic groups
studied herein. To further investigate the effect of pH on
the E, values of the [3Fe-4S] cluster and the two hemes,
we carried out redox titrations at a number of pH values
between 5.5 and 9.0 (Figure 3a). It is clear that the two [3Fe-
4S] cluster components and helmeboth have a relatively
low pH dependence of approximately1l5 mV pHY,
whereas hemé, has a pH dependence 6f36 mV pH?
(Table 2). The data clearly indicate that hemeappears to

be more susceptible to the pH of the aqueous milieu than
either hemeb, or the [3Fe-4S] cluster.

In the absence of the NarGH dimer in Nax(&H), we
have shown that th&, of hemeby is approximately 300
mV lower than it is in the NarGHI holoenzymelQ).
Likewise, the appareri,, of the [3Fe-4S] cluster has been
determined to be approximately 120 mV lower in the NarGH
dimer compared to its value in NarGHI,(10). Both of these
observations can be interpreted in terms of increased
exposure of the prosthetic group to the aqueous milieu,
resulting in a significant-AEn. To further explore this
possibility in the case of heni®, we investigated the effect

the effect of the heme mutants on the redox chemistry of of pH on theE, values of both hemes in NaAGH) (Figure
the highest potential [4Fe-4S] cluster (by analyzing plots of 3b). In this case, both hemes exhibit a pH dependence of

the intensity of theg = 1.87 peak-trough [4Fe-4S] cluster

approximately—30 mV pH™* (Table 2).
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Ficure 3: (a) Effect of pH on theE, values of the hemes and [3Fe-4S] cluster of NarGHiimbols: closed squares, high-potential
[8Fe-4S] cluster component ([3Fe-4S]-H)16 mV pH™%; open squares, low-potential [3Fe-4S] cluster component ([3Fe-4S}14,mV

pH™%; closed triangles, hemiay, —14 mV pH%; open triangles, hemls,, —36 mV pH™. Data were obtained from potentiometric redox
titrations followed by EPR spectroscopy at 12 K and 20 mW for the [3Fe-4S] clugters2(02 signal), 12 K and 100 mW for the heme

by signal @ = 3.76), and 12 K and 20 mW for the herbg signal @ = 3.36). (b) Effect of pH on the midpoint potentials of the hemes
of Narl(AGH). EPR spectra were recorded at 12 K at a microwave power of 2 mW (9.47 GHz) and a modulation amplitude,of 20 G
Symbols: open squares, hefae(—33 mV pH™); open triangles, hemiey (—30 mV pH1).

Table 2: pH Dependence of the NarH [3Fe-4S] Cluster and the Trac_es a and b In Flgure_4 S_hOW, PBéependent heme,
Two Hemes of Narl reduction and nitrate reoxidation in membranes lacking
prosthetic group pH dependence NarGH.I (LCB2048 membranes). PBHlicits heme red_uq—

or subpopulatioh En? (MV) (mV pHY) tion (Figure 4b) which does not appear to be reoxidized
[3Fe-4S]-H 188 16 significantly by addition of nitrate. The rate of nitrate-
[3Fe-4S]-L 97 —14 dependent PBH oxidation (Figure 4a) is insignificant
by 108 (—178y —14 (—30) compared to that observed in membranes containing over-
b —5(30) —36(—33) expressed NarGHI (see below). Traces ¢ and d in Figure 4
aThe [3Fe-4S] cluster appears as two subpopulations, one of higher show the effect of 54M HOQNO on PBH-dependent heme
5[3':;3-45]"{') a”dtloneHOf7|%Weft_([3Fte'd4§]"_-)tmidpf)i?t P‘;ten“?'hlo)f-_t t reduction and nitrate-dependent heme reoxidation in mem-
e " branes lacking NarGHL. The orly signiicantchange eliied
their pH dependencies in NaNGH). by HOQNO is a slight inhibition of nitrate-dependent PBH

oxidation. Figure 4f shows PBHlependent heme reduction
and nitrate-dependent heme reoxidation in membranes

HQQNO-Dependent Inhibition of Heme_ReoxidaIih)mlas_ containing overexpressed NarGHI (LCB2048/pVA700 mem-
previously been suggested that there is a second site Ofbranes). In this case, PBHelicits a significant heme

inhibitor and quinol binding located between heipeand reduction (Figure 4f), and subsequent addition of nitrate
the [3Fe-43] cluster of Nart2@). The data presented above 5,565 a rapid heme oxidation which is accompanied by a
suggest that the arrangement of the NarH [3Fe-4S] cluster iq oxidation of the PBHinitially added to the cuvette
and hemeby is similar to that found inW. succinogenes (Figure 4e). Figure 4h shows the effect of A HOQNO
FrdCAB, in which the heme edge is located1 A from o pBH,dependent heme reduction and nitrate-dependent
the cluster, with no obvious Q-site in between. However, heme reoxidation. Within the time scale of the technique
Magalon et al. 22) clearly demonstrated inhibition by ysed, no inhibition by HOQNO of PBjependent heme
HOQNO of nitrate-dependent heme oxidation in an assay reduction is observed (Figure 4h). However, the kinetics of
system utilizing sodium borohydride-reduced menadione as njtrate-dependent heme oxidation appear to reflect a mech-
reductant. Because of the excess reductant often utilized inanism in which approximately 50% of the heme is rapidly
such assays, we reevaluated the effect of HOQNO on hemepxidized with the remaining heme being oxidized after
oxidation using an assay system in which no excess reductanexhaustion of PBH (Figure 4g). This is supported by the

is present and in which a quinol substrate that has a clearlyobservation that the second step of heme reoxidation is con-
resolved visible-region absorption peak is used. This assaycurrent with complete PBioxidation. Similar results are

is based on the use of reduced plumbagin (RB+hydroxy- obtained when the alternative chromogenic quinol-reduced
2-methyl-1,4-naphthoquinol) that has been reduced by zinclapachol is used. Stigmatellin elicits inhibition kinetics similar
in acidified ethanol Z7). to those observed with HOQNO (data not shown).
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L Data were fit toKq4 values for HOQNO of 0.34M (oxidized) and
It (h) 0.07 uM (reduced). In both cases, the concentration of HOQNO

binding sites was estimated to be 44 at a protein concentration

0 I S T S Of 0.87 mg ml:l.
0 100 200 300 duroquinol, theky is 0.074M (1.3 «M binding sites). Thus,
Time (sec) duroquinol-mediated heme reduction significantly increases

FiGURE 4: Use of reduced plumbagin to follow heme and quinol e affinity of the enzyme for HOQNO.

redox states in the presence of HOQNO. Membranes from a strain
lacking NarGHI (a-d) and from a strain overexpressing NarGHI DISCUSSION

(e—h) at approximately 1 mg mt! protein were incubated in N P _
saturated 100 mM MOPS/5 mM EDTA/20 mM glucose (pH ) to , "¢ modification of the EPR spectrum of the NarH [3Fe
which 1.7 units mLt® glucose oxidase had been added. After 4S] cluster in mutants lacking herbg but not in the mutant

incubation for at least 60 s, reduced plumbagin (PBkbs added ~ lacking hemeb, is consistent with hemby being in close
to a concentration of 0.35 mM. Following a further 140 s incubation, juxtaposition with the [3Fe-4S] cluster in the NarGHI
nitrate (KNQy) was added to a concentration of 8.7 mM. Where holoenzyme. This is supported by the effect of the mutants

appropriate (traces,a, g, and h), HOQNO was present at a ) . e i
concentration of 54:M. ODsgo_s7s (x11.25) was used to follow on theE, 7 of the [3Fe-4S] cluster; mutants of the His ligands

the responses of the hemes present in the membrane samples (tracé@ Nemeby elicit a large negativeAEy ; on the [3Fe-4S]
b, d, f, and h). ORye 575 (x 1.0) was used to follow the appearance cluster, whereas the mutant of a His ligand to héinéas
of oxidized plumbagin (PB) (traces a, c, e, and g). HOQNO was little or no effect. The increased intensity of the effect in
present in the experiments represented by traces ¢, d, g, and h)NarGHIHS6R compared to NarGHIPY may be due to the
Absorbance values were offset on the absorbance axis to aldCluster being closer to Narl-H56 than to Narl-H205. These
presentation. ) ;
data suggest that the overall orientation of the heme and [3Fe-
Effect of the Heme Reduction State on the Affinity of 4S] cluster may be similar to that observed in the crystal
NarGHI for HOQNQ We have previously demonstrated that structure ofW. succinogenesrdCAB (17), with the cluster
both HOQNO and stigmatellin raise tH&, of hemeb_ heme edge distance being approximately 11 A. In the
[HOQNO, AE,, = +100 mV; stigmatellin AE,, = +30 mV structure ofW. succinogenethere is no evidence for a Q-site
(10)]. This is consistent with the hentg-associated Rsite located between the proximal heme of FrdC and the [3Fe-
having a greater affinity for HOQNO (and stigmatellin) when 4S] cluster of FrdB, but there is evidence for a Q-site located
the heme is reduced compared to when it is oxidized. This in the vicinity of the distal heme3g). In the structurally
phenomenon could explain the unusual heme reoxidationclosely related succinate dehydrogenase (SdhCAB) from
kinetics in the presence of either of the two inhibitors, and Bacillus subtilis succinate-dependent MQ reduction is
this was tested by measuring tkgof reduced and oxidized  eliminated in mutants lacking the distal hen8¥)( Thus,
NarGHI for HOQNO by fluorescence quench titratiakO( although there is no sequence similarity between Narl and
34). A range of quinol/quinone species were tested: plum- W. succinogenéB. subtilis FrdC/SdhC, it is clear that a
bagin, lapacholZ7), menadione, and duroquinone. Of these, broadly similar arrangement of Q-sites and hemes exists in
only duroquinone was found to not interfere with the both families of proteins: the [3Fe-4S] cluster is in close
fluorescence of HOQNO under the experimental conditions proximity to the proximal heme (heml, in Narl), and
used herein. quinol binding occurs in the vicinity of the distal heme (heme
Figure 5 shows fluorescence quench titrations carried outb, in Narl). This is despite the fact that the two hemes are
in the presence of duroquinone and duroquinol. In the coordinated by four TM helices in FrdC/SdhC, but in Narl
presence of duroquinone, NarGHI binds HOQNO witk@a  they are coordinated by two TM helices.
of 0.34uM (1.3 uM binding sites in a sample containing It has previously been suggested that there may be two
0.87 mg mL?! membrane protein). In the presence of distinct regions of dissociable quinol binding within NarGHI,
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one located in the vicinity of hemla. (Qp) and the other
located between henig and the [3Fe-4S] cluster () (22).

Rothery et al.

observed pH dependence of approximate§0 mV pH?
being mediated by heme propionate exposure to the aqueous

In some respects, such an arrangement of Q-sites would bemilieu. Alternatively, the pH dependence may arise from

similar to that observed in the structure®f coli fumarate
reductase (FrdABCD)38). In FrdABCD, menaquinone is
observed to bind at agsite (Proximal to the FrdAB dimer)
and at a @-site Distal to the FrdAB dimer). It has been
demonstrated that HOQNO binding to the FrdABCR-Q
site perturbs the EPR spectrum of the [3Fe-4S] clus8r (
40), whereas no such perturbation of the NarH [3Fe-4S]
cluster is observed in NarGHLQ). This is consistent with
there being an HOQNO binding site within approximately
11 A of the [3Fe-4S] cluster of FrdB [based on the structure
of lverson et al. 88)] and there being no such site within an
equivalent distance of the [3Fe-4S] cluster of NarH. In
NarGHI, the evidence for a henie-associated dissociable
Qe site is compelling 10, 22) and its presence and proposed
location toward the periplasmic side of Narl are entirely

multiple protonatable groups with weakly couplé¢,palues

that are within the pH range studied. Overall, the pH
dependence data presented herein support a model for
NarGHI in which both the [3Fe-4S] cluster and helne

are relatively isolated from pH effects.

The pH dependencies of the heme and [3Fe-4S] cluster
En values bear interesting comparison with those reported
for the two hemes of the cytochrorbe, complex and those
reported for [Fe-S] clusters in general. In the case of the
cytochromebc; complex, heme$y and b, have apparent
pH dependencies of approximately37 and —27 mV,
respectively 47). These values are in approximate agree-
ment with those reported herein for hemas and b, of
Narl(AGH), but only for hemeb,. in NarGHI. In the
cytochromebc, complex, electrons from quinol oxidation

consistent with the proposed bioenergetics of respiratory oi ihe Q site are transferred both to herbe (and then to

nitrate reduction bye. coli and other bacterial(Q, 11, 23).
The proposed presence of a second Q-site, thesi€@, is

hemeby) and to the Rieske [2Fe-2S] clustd]. In contrast
to what is observed for the [3Fe-4S] cluster of NarGHI (a

more problematic. The presence of two dissociable and H dependence of approximatefi5 mV pH-), the Rieske

redox-active Q-sites, one located toward the periplasmic side

(the @-site) and one located toward the cytoplasmic side
(the Qy-site) of Narl would generate a conflict with the

proposed bioenergetics of NarGHI with the transmembrane
proton ele_ctrochemlca_ll potential rerydermg_ a cytop_lasm|ca_lly in a range of [Fe-S]
oriented site more active than a periplasmically oriented site.

However, the putative @Qsite could exist but be non-
dissociable, such as the nondissociable sites fouid aoli
cytochromebo (41—-43) and in the well-characterized bacte-
rial photoreaction center (the so-called Qite) @4, 45).

Because quinol redox reactions are proton dependent anob
the possibility that protonatable amino acid side chains may

therefore be involved in defining the putative-@nd Q-
sites of NarGHI, we determined the effect of pH on e
values of the three prosthetic groups potentially involved in
directly accepting electrons from reduced quinols during

enzyme turnover. Prosthetic groups that are either directly

cluster exhibits a well-defined pH dependence of ap-
proximately —60 mV pH! above a well-defined K, of
approximately 7.518, 48). The pH dependence of th&,

of the NarGHI [3Fe-4S] cluster is more typical of that found
proteins in which no well-definelp

is observed Z0).

The precise origin of the low-potential (minor) component
of the [3Fe-4S] cluster signal is not known. It is notable that
its Em and pH dependence are very similar to those of heme
u. It is therefore tempting to speculate that the low-potential
subpopulation of the [3Fe-4S] arises as a result of a redox
interaction between the [3Fe-4S] cluster and hebpe
However, it has also been reported that its potential (and
that of the highest potential [4Fe-4S] cluster) is significantly
lowered in apomolybdo-NarGHBJ and that there is negative
redox cooperativity between these centers in the NarGH

exposed to the aqueous milieu or undergo redox linked dimer (7). Thus, further studies will be required to clarify

protonation would be expected to have a higher pH depen-

the redox interactions between the [Fe-S] clusters of NarGHI.

dence than those isolated from these phenomena. Of the three The effect of the loss of hen®, in the Narl-H56R/Narl-

prosthetic groups studied herein, only thg of hemeb,
has a significant pH dependence36 mV pH ). Given that

H205Y mutants and the pH dependence data are consistent
with a model for NarGHI in which there is only a short

hemeby and the [3Fe-4S] cluster both have a dependence distance between the [3Fe-4S] cluster and hemélowever,

of approximately—15 mV pH™1, we are reluctant to interpret
the pH dependence of herbgin terms of a formal number

it is clear that such a model does not explain the previously
reported apparent inhibition of nitrate-dependent heme

of protons being taken up upon its reduction. We have oxidation 2). To resolve this issue, we reduced the hemes

previously demonstrated that, in NakiGH), the En, 7 of
hemeby undergoes a\E;,; of approximately—300 mV

of NarGHI with PBH, (27). By avoiding the use of excessive
amounts of reductants such as sodium borohydride, we were

compared to its value in NarGHI, and this change has beenable to observe heme reduction that appears to be exclusively
interpreted in terms of exposure of this heme to the aqueousquinol-dependent (Figure 4). As previously report@a)(

milieu (10). In Narl(AGH) both hemes have a pH depend-
ence of approximately-30 mV pH™, suggesting that this

there appeared to be little inhibition by HOQNO of PBH
dependent heme reduction on the time scale of the experi-

effect may also be mediated by heme edge exposure inments reported herein. Addition of nitrate to PBié¢duced
Narl(AGH). The propionate-bearing heme edges are orientedHOQNO-inhibited membranes elicited a two-step oxidation
toward the outside edge of the membrane in both the of the hemes (each phase representing approximately 50%

cytochromeb subunit of the cytochrombc, complex @6)
and in the cytochromb subunit (FrdC) ofW. succinogenes
FrdCAB (17). In the case of NarlkGH), the absence of
NarGH would render the hent®, propionates more acces-
sible to the aqueous milieu. This is consistent with the

of the total 566-575 nm absorbance), with the second phase
being concurrent with the exhaustion of reducing substrate
(PBH,). These observations are consistent with nitrate being
able to oxidize heméy but not hemed, in the presence of
an excess of quinol and HOQNO.
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The observed inhibition by HOQNO of electron transfer
between hemb, and hemdoy is consistent with the Rsite
having a higher affinity for HOQNO when hema is
reduced. This is in agreement with the large posithg, ;
elicited by HOQNO on hemdy, in redox titrations of
NarGHI (10), potentially explaining the observed inhibition
without invoking the presence of a dissociable, inhibitor-
binding Q,-site. To further test this hypothesis, we measured
the Ky in the presence of both reduced and oxidized quinol
(Figure 5). In the presence of oxidized quinol, ke for
HOQNO is approximately 0.34M, whereas in the presence
of reduced quinol it is 0.04M. Quinol-dependent heme
reduction has no effect on the concentration of HOQNO
binding sites. These data are consistent with the following
hypothesis for the effect of HOQNO on nitrate-dependent
heme oxidation. (i) The rapid first phase is due to oxidation
of hemeby, and its kinetics are defined solely by the rate of
nitrate reduction by the Mo-bisMGD cofactor/active site and
the rate of intercenter electron transfer within NarGHI. (i)

The second phase is dependent on exhaustion of reducing °

substrate and dissociation of HOQNO from the §ite
located in the vicinity of hemd,. Thus, the inhibition of
enzyme turnover observed in previous studi 26) arises
primarily from inhibition of hemeb, oxidation rather than
from inhibition of hemeb, reduction. Further characterization
of HOQNO- and stigmatellin-dependent inhibition of NarGHI
will require the use of stopped-flow kinetics to determine
the extent of inhibition of heme reduction.

It has been suggested that electron transfer from quinol
to nitrate can proceed along two pathways through the [Fe-
S] clusters of NarH, one of which being sensitive to the
absence of the highest potential [4Fe-4S] clusieR®). For

this reason, we determined the effect of the absence of hemes

by and b_ on the redox chemistry of the highest potential
[4Fe-4S] cluster. No significant effect was observed com-
pared to the effect of the absence of hemeon theE,, of
the [3Fe-4S] cluster (Table 1). On this basis, it is unlikely
that the highest potential [4Fe-4S] cluster is in close
juxtaposition to heméy. In fact, two sets of evidence suggest
that it is more likely located in a position relatively close to
the Mo-bisMGD of NarG (but within NarH): (i) in apo-
molybdo-NarGHI, there is a significant decrease inHts
compared to its value in the cofactor-containing enzy&eg (
and (ii) oxidation of the remaining [Fe-S] clusters is inhibited
in a mutant lacking the highest potential [4Fe-4S] cluster
(49).

Overall, we have demonstrated a significant structural link
between the [3Fe-4S] cluster of NarH and hemef Narl.
The absence of the latter center in two mutants lacking the
latter prosthetic group (NarGEfPR and NarGH1205Y) owers
the midpoint potential of the former prosthetic group and
significantly modifies its EPR line shape. These results
support the hypothesis that the two centers are in close
juxtaposition within the holoenzyme, as is observed for the
hemebp and [3Fe-4S] cluster in the structuié succinogenes
fumarate reductasel). In agreement with this, we have
demonstrated that only heni experiences a significant
effect of pH on itsEy, suggesting that hent®, and the [3Fe-
48] cluster are in a solvent-inaccessible location within the
holoenzyme, located close to the NarNarl interface. The
Em values of both hemes appear to have a similar, significant
dependence on pH in NaGH), suggesting that the absence

Biochemistry, Vol. 40, No. 17, 20056267

of NarGH exposes heméy to the aqueous milieu, in
agreement with our earlier findingsl@. The apparent
solvent inaccessibility of hemiy in the holoenzyme, the
observation that inhibitors such as HOQNO and stigmatellin
only affect the EPR line shape of herng(10, 22), and the
detection of a single HOQNO binding site support a model
for quinol binding and oxidation at a single site close to heme
br.
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