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ABSTRACT. We have studied the transient kinetics of quinol-dependent heme reductiescirerichia

coli nitrate reductase A (NarGHI) by the menaquinol analogue menadiol using the stopped-flow method.
Four kinetic phases are observed in the reduction of the hemes. A transient species, likely to be associated
with a semiquinone radical anion, is observed with kinetics that correlates with one of the phases. The
decay of the transient species and the formation of the second reduction phase of the hemes can be fitted
to a double-exponential equation giving similar rate constdats, 9.24+ 0.9 s* andk, = 0.22+ 0.02

s~ for the decay of the transient species, &ad= 9.23 + 0.9 st andk, = 0.22+ 0.02 s! for the
formation of the reduction phase. The quinol-binding-site inhibitorsHptyl-4-hydroxyquinolineN-

oxide (HOQNO) and stigmatellin have significant and different inhibitory effects on the reduction kinetics.
The kinetics of heme reduction in Narl expressed in the absence of the NarGH catalytic dimex@#8rl(
exhibits only two kinetic phases, and the decay of the transient species also correlates kinetically with the
second reduction phase of the hemes. We have also studied nitrate-dependent heme reoxidation following
quinol-dependent heme reduction using a sequential stopped-flow method. HOQNO elicits a much stronger
inhibitory effect than stigmatellin on the reoxidation of the hemes. On the basis of our results, we propose
schemes for the mechanism of NarGHI reduction by menaquinol and reoxidation by nitrate.

During anaerobic growthEscherichia coli develops mV) (9—11). In the overall structure of the enzyme, the NarG
specialized respiratory chains that consist of a group of and NarH subunits are anchored as a NarGH catalytic dimer
primary dehydrogenases, an intermediate electron carrierto the inner surface of the cytoplasmic membrane by the
(menaquinol, MQH; ubiquinol, UQH; or demethyl- Narl subunit.
menaquinol, DMQH), and a series of terminal reductases  The electron-transfer pathway in NarGHI has been inves-
(1). Nitrate reductase A (NarGHHpne of these terminal  tigated using biochemical and biophysical methods (for
reductases, catalyzes MQbl UQH; oxidation accompanied  reviews, see refsl, 12, 13). Based on available data, a
by proton release at the periplasmic side of the membrane,p|ausib|e electron-transfer pathway begins at a MQIQH,
and nitrate reduction accompanied by consumption of protonspinding site (Q-site) located toward the periplasmic side of
at the cytoplasmic side of the membrae-§). NarGHIis  the Narl subunit 14). Electrons from quinol oxidation are
a heme-containing ironsulfur molybdoenzyme and consists  transferred from this site, via hemesdnd by, the [3Fe-49]

a catalytic subunit (NarG, 140 kDa) having a molybdo-bis- c|uster, and some of the remaining [4Fe-4S] clusters located
(molybdopterin guanine dinucleotide) cofactor (Mo-bisMGD)  jn the NarH subunit, to the Mo-bisMGD cofactor of the NarG
at its active site§, 6), an electron-transfer subunit (NarH,  supunit in the catalytic dimeB( 10). Based on the presence
58 kDa) with four iron-sulfur clusters (three [4Fe-4S]  of an N-terminal Cys group within the sequence of the NarG
clusters and one [3Fe-4S] clusteB) T, 8), and a membrane  sypunit, it is also possible that there is an additional [4Fe-
anchor subunit (Narl, 26 kDa) with two hemes (one, heme 4S] cluster coordinated by this subunit5( 16), although

bu, has a higher midpoint potentié, of +120 mV, and  no experimental data exist to date to support its presence
the other, heméb_ has a lower midpoint potenti&, of +20 (6). Overall, as proposed by Iwata and co-worket3)(
protons are released into the periplasm by quinol oxidation
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Health Research (CIHR) and the Human Frontier Science Program

Organization to J.H.W. Although some s_teady-state kinet_ic studi_és, @9 apd
* To whom correspondence should be addressed. Telephone: (780)spectroscopic studied4, 20) on the interaction of quinol

493:]27{61\/-\/':@‘; ((:2?1%) dgzé)gfe%ra”&ﬂ;irjﬁ]ehvgﬁigféﬁugi'gggggﬁy with nitrate reductase fror&. coli have been carried out, a
1 Abbreviations: DmsABC Escherichia colidimethyl sulfoxide “transient kinetic study on the initial fast reactions has not

reductase; EPR, electron paramagnetic resonance; FrdABCEnli been reported. It was proposed from a steady-state kinetic
fumarate reductase; HOQNO r2heptyl-4-hydroxyquinolinéN-oxide; study that a two-site enzyme-substitution (ping-pong) mech-

Mo-bisMGD, molybdo-bis(molybdopterin guanine dinucleotide) co- ; ; ; ; _
factor: MO, menaduinone: MOHmenaguinol: NarGHIE. coli nitrate anism could be applied to describe the nitrate-dependent

reductase A; NarliGH), nitrate reductase cytochronbesubunit in quinol oxidation catalized b¥. coli nitrate reductaself).
the absence of the NarGH dimer; STIG, stigmatellin; UQHbiquinol. It has been observed in conventional spectroscopy studies
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that the reduction of the hemes in NarGHI by M@tdkes MATERIALS AND METHODS
several seconds to complete4( 20). However, it was not

possible to follow the initial fast reaction processes occurring
during the first few seconds in detail due to the limitations -1, leu-6 lacYl supE44 rpsL175Anar2§narG-narH)

of the spectroscopic techniques employed. A(narU-narZ), Q (Spc), KmR] (26) was used for express-
2-n-Heptyl-4-hydroxyquinolineN-oxide (HOQNO) is a ing wild-type NarGHI. Wlld—t_ype NarGHI and NatNGH)
structural analogue of menaquinol (M@H It has been  Were expressed from plasmids pVA700 and pCD?7, respec-
shown that both HOQNO and stigmatellin (STIG) can inhibit Vel (8, 10). _ _
quinol:nitrate oxidoreductase activitg4). The binding of Growth of Cells and Preparation of Membrane Vesicles
HOQNO to NarGHI causes an inversion of the midpoint LCB2048/pVA700 cells were grown microaerobically in 2-L
potentials E,) of the two hemes by decreasing thg of batches at 3C°C and pH 7.0 in a B. Braun Biostat B

Bacterial Strains and Plasmids. E. cdlCB2048 fhi-1,

hemeby from +120 to+60 mV and increasing thE,, of fermenter on a growth medium containing 127 tryptone,
hemeb, from +25 to+120 mV. The binding of STIG has 24 g L™ yeast extract5 g L™* NaCl, 4 g L™* glycerol, and
a moderate effect on hente, increasing it<E,, from +25 0.2 g L™* vitamin By. pH was controlled using aliquots of 1

to +50 mV (11). It was reported, in a study using a M HClor 1M NaOH. The medium also contained 100
conventional spectroscopic technique, that the binding of ML~ streptomycin, 10@g mL~* ampicillin, and 5Q.g mL™
HOQNO and STIG to NarGHI inhibited both the rate and kanamycin. Overexpression of NarGHI was induced with 1
the extent of nitrate-dependent heme reoxidation, but no MM isopropyl 1-thiof-p-galactopyranoside (IPTG) when the
inhibitory effect was observed on the reduction of the hemes culture achieved an Qj of 2.0, after which the culture
by menadiol (a menaquinol analog) within the time reso- Was grown for a further 10 h. Cells were harvested by
lution of the spectrophotometers usddl)( Previously, we  centrifugation, and crude membranes were prepared by
have successfully applied the stopped-flow fast kinetic Passage through a French pressure cell and differential centri-
method to investigate the interactions of HOQNO with other fugation in a buffer containing 100 mM 3N{morpholino)-
terminal reductases in respiratory chain€otoli, dimethyl propanesulfonic acid (MOPS) and 5 mM ethylenediamine-
sulfoxide reductase (DmsABC21), and fumarate reductase tetraacetic acid (EDTA) (pH 7.0) containing the protease
(FrdABCD) (22). The stopped-flow technique allows us to inhibitor phenylmethanesulfonyl fluoride (0.2 mME79.
study the initial fast reactions that occur immediately after Resuspended crude membranes were layered on top of a 55%
mixing of NarGHI with menaquinol on the previously —(W/v) sucrose Iayer in an ultracentrifuge tube and subje_cted
uncharacterized time scale. Such studies are essential in ordei© @ further centrifugation at 40 000 rpm for 2 h. The floating
to gain insights into the catalytic mechanism of the enzyme. band containing the cytoplasmic membranes obtained after
Electron paramagnetic resonance (EPR) spectroscopy ha§entrifugation was removed, diluted with buffer, and recen-
been used to detect several semiquinone radical species iffifuged. Following a further resuspension and centrifugation,
mutant or wild-type enzymes d&. coli respiratory chains,  the pellet was resuspended, frozen in liquid nitrogen, and
such as FrdABCDZ3) and quinol oxidases cytochronhel then_ stored at-70 °C until used 11). LCB2048 membranes
(24) and cytochromebo; (25). There is no report on the lacking NarGHI were prepared by the same me_thod as above
observation of semiquinone species in wild-type NarGHI. except that ampicillin and IPTG were not used in the growth
In the mutants of NarGHI, NarGH[C16A]l, and NarGH- medium. LCB2048/pCD7 cells (overexpressing NarkH))
[C263A]l, however, a HOQNO-sensitive semiquinone radical Were grown on Terrific Broth, as previously describéd)(
species was observed by using ERR)(It is believed that ~ The cytoplasmic membranes were isolated as described
the mutations reduce the rate of the electron transfer in @bove. Protein concentrations were determined by a modified
NarGHI, which stabilizes the radical species and makes it LOWry assay in the presence of 1% SDS using a BioRad
possible to be observed. It is of great interest, therefore, to S€rum albumin protein standarag).
explore the potential of using the fast kinetic method, Preparation of Stock Solutionslenadione (2-methyl-1,4-
stopped-flow, to detect the possible formation of the semi- haphthoquinone) and HOQNO were obtained from Sigma-
quinone radical species in the reduction of the hemes of Aldrich, and STIG was from Fluka Chemie GmbH. Stock
NarGHI by menaquinol. solutions of these chemicals were prepared by dissolving
In this study, we have utilized the stopped-flow kinetic them in pure ethanol and were stored-&0 °C in the dark.
method to investigate the initial fast reaction processes in Menadiol was prepared just before use by reducing mena-
the reduction of the hemes in NarGHI by a menaquinol dione with zinc in an acidic ethanol solution as described
analogue, menadiol, in the absence and in the presence opreviously @9), placed on ice, and protected from light.
the inhibitor HOQNO or STIG. We have observed, for the  Stopped-flow Experiments and Data Analysisopped-
first time, that there are four kinetic phases for the reduction flow experiments were performed using a Sequential Bio
induced by menadiol, and a transient species, likely to be SX-17MV stopped-flow spectrofluorimeter (Applied Photo-
associated with a semiquinone radical anion, is correlatedphysics Ltd., Leatherhead, U.K.) at either 25 otfG The
kinetically with one of these kinetic phases. The Q-site flow system was flushed thoroughly with.$aturated buffer
inhibitors HOQNO and STIG both inhibit heme reduction, (100 mM MOPS and 5 mM EDTA, pH 7.0) before
but in kinetically distinct ways. We have also investigated experiments. All solutions were saturated wity) kept under
the reduction of the hemes of Narl, that is assembled in the N, atmosphere, and protected from light during experiments.
absence of the NarGH subunits (referred to as MaBK)). Unless otherwise stated, all concentrations quoted are the
On the basis of these studies, we propose schemes for thénitial concentrations before mixing. The mixing ratios of
mechanism of the reduction of NarGHI by menaquinol and two solutions were all 1:1. In a typical experiment for
the reoxidation of the reduced enzyme by nitrate. studying the reduction of the NarGHI hemes by menadiol,



Reduction of NarGHI by Menaquinol

1 mg mL* of NarGHI (estimated to be 2M, based on
EPR spin quantitation1()) in 100 mM MOPS and 5 mM
EDTA (pH 7.0) was mixed with the menadiol solution in
the absence or in the presence of a0 concentration of
the inhibitor HOQNO or STIG (preincubated with mem-
branes for 10 min). We found that heme reduction kinetics
was relatively independent of menadiol concentration in the
range from 350 to 65@&M. Therefore, 50QuM menadiol
was chosen for all experiments. For the inhibitors HOQNO
and STIG, it has been shown that the maximum inhibition
can be achieved at an inhibitor concentration oft60(14).
Thus, a 6QuM concentration of HOQNO or STIG was used
for all inhibition studies.

To investigate the reoxidation of the menadiol-reduced
NarGHI hemes by nitrate, a sequential mixing method was
adopted. In this method, 1 mg mtof NarGHI in 200 mM
MOPS and 5 mM EDTA (pH 7.0) was mixed with an equal
volume of 50QuM menadiol in the same buffer. After aging
for 50 s to allow the complete reduction of the hemes, this
mixture was then mixed with an equal volume of 1 mM
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Ficure 1: Reduction of NarGHI hemes by menadiol and the
inhibitory effects of HOQNO and STIG observed on a 0.1-s time
scale Absorbance changes observed after mixing of 1 mgmL
LCB2048 membranes lacking NarGHI (trace 1) or the membranes
enriched with NarGHI (trace 2) in 100 mM MOPS and 5 mM
EDTA (pH 7.0) with an equal volume of 5Q@M menadiol in the
same buffer at 28C, in the absence (traces 1 and 2) and in the

nitrate in the same buffer, and the reoxidation process waspresence of a 68M concentration of the inhibitor HOQNO (trace

followed.
Since the reduced forms of the hemes in NarGHI have

higher absorption at 560 nm compared to the oxidized forms

3) or STIG (trace 4) by preincubation with the enzyme. The smooth
solid line in trace 2 shows the kinetic fit to eq 1, which gives rate
constantk; = 412+ 40 st andk, = 734 7 s71, and amplitudes

= —0.0033 andA, = —0.007, respectively. The residual of the

(14), the reduction (causing the absorbance to increase) an itliS less than+0.0005 (not shown).

the oxidation (resulting in the absorbance to decrease) of

the hemes can be followed spectroscopically. In both single by preincubating the membranes with&@ concentrations

and sequential mixing experiments, at least three runs wereof the inhibitors before mixing with menadiol solutions.
performed, and 500, 2000, or 4000 data points were collected Figure 1 shows the absorbance changes observed on the
(depending on the time scale used) at two wavelengths, 5600.1-s time scale after mixing of 1 mg mkt LCB2048

and 575 nm (as reference). The raw data were averaged, anehembranes lacking NarGHI (trace 1) or 1 mg ThNarGHI-

the data for the reduction or reoxidation of the hemes were enriched membranes (2M, see Material and Methods
obtained by subtracting the reference data collected at 575section) (trace 2) with 500M menadiol in 100 mM MOPS

nm from the data obtained at 560 nm. After subtraction, data and 5 mM EDTA (pH 7.0) at 23C in the absence (traces
were fitted to an appropriate equation using the software 1 and 2) and in the presence of a @Bl concentration of
supplied by Applied Photophysics. The absorbance changeghe inhibitor HOQNO (trace 3) or STIG (trace 4). As shown

observed for the reduction of hemes by menadioAlfs)
were fitted to either a double-exponential equation (in the
majority of the cases),

AAbs=Ae ™+ Ae ™ +b 1)
or a single-exponential equation,
AAbs=Ae M+ b (2)

whereA;, A, and A are the amplitudek;, k;, andk are the
rate constantd, is time, andb is the end point of the data
trace.

by trace 1, there was no detectable reduction after LCB2048
membranes were mixed with the menadiol solution. In
contrast to trace 1, after NarGHI-enriched membranes were
mixed with the menadiol (trace 2), an increase of the
absorbance at 560 nm (after subtracting the absorbance at
575 nm) was observed, indicating that reduction of the hemes
occurred. This reduction was fitted to the double-exponential
equation (eq 1), as shown by the smooth line, which gave
rate constantsk; and k, of 412 + 40 and 73+ 7 s1,
respectively. Because of spectral overlap, it should be noted
that the reduction observed here is the sum of the reduction
contributed by either or both of the hemes in the subunit
Narl. In other words, it is not possible to identify which heme

The transient species formed in the reduction of the hemes,gceives the electron first just by examining the reduction

in NarGHI and NarlAGH) by menadiol was observed at

traces. However, the data obtained from mutants having only

390 nm, where the semiquinone radical anion of menadione gne of the two hemes indicate that the electron is received

has its maximum absorptio3@, 31).

RESULTS

Reduction of the Hemes of NarGHI by Menadiol and the
Inhibitory Effects of HOQNO and STIG o investigate the

first at the hemdo, since there is no reduction observed for
the mutants lacking the henm® but there is a reduction
observed for the mutants without helme(unpublished data
and ref14).

In the presence of inhibitors, by comparing trace 3 with

initial fast reaction processes in the reduction of NarGHI by trace 4, HOQNO appeared to have a stronger inhibitory effect
menadiol, the stopped-flow technique was adopted to follow than STIG on the reduction of NarGHI hemes by menadiol.
the processes systematically from a short time scale (0.1 s)in the presence of HOQNO (see trace 3), the reduction
to a longer time scale (100 s). The inhibitory effects of observed on this time scale appeared to be insignificant,
HOQNO and STIG on the reduction processes were studiedwhereas in the presence of STIG, a slow reduction was
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Time (s) FicUrRe 3: Reduction of NarGHI hemes by menadiol and the

. . . inhibitory effects of HOQNO and STIG observed on a 20-s time
FiGURe 2: Reduction of NarGHI hemes by menadiol and the gcae  Absorbance changes observed after mixing of 1 mgtmL
inhibitory effects of HOQNO and STIG observed on a 5-s time 4t | cB2048 (trace 1) or NarGHI (trace 2) with an equal volume
scale. Absorbance changes observed from the same experimentgg 500 M menadiol in 100 mM MOPS and 5 mM EDTA (pH

as described in Figure 1 carried out at’Z5 Traces 1, 2, 3, and 4 7 ) 5:'25°C, in the absence (traces 1 and 2) and in the presence

represent the data for LCB2048, NarGHI, NarGHI preincubated of a 60uM concentration of the inhibitor HOONO (trace 3) or
with HOQNO, and NarGHI preincubated with STIG, respectively. gT1|g (tr%ce 4) by preir|1cubation. IniIItor Q (tr )

The smooth solid line in trace 3 shows the kinetic fit to eq 1, which
givesk, = 3.4+ 0.4 57, k; = 0.7+ 0.07 s, A, = —0.005,and O ONO (trace 3) or STIG (trace 4). There was no detectable

A, = —0.012. The residual of the fit is less thar0.0005 (not . . .
shown). Similarly, the smooth solid line in trace 4 shows the kinetic réduction when LCB2048 membranes were mixed with

fit to eq 1, givingk, = 8.6 0.09 s, k, = 1.7+ 0.2 S1, A, = menadiol, as shown by trace 1. Interestingly, on this extended
—0.0073, andA, = —0.0031. The residual of the fit is less than time scale, after NarGHI-enriched membranes were mixed
+0.0006 (not shown). with the menadiol (trace 2), the change of the absorbance

exhibited three phases. After mixing, a very fast increase in

observed (trace 4) which was too slow to yield a reliable apsorbance up to about 0.1 s (phase 1), a slower decrease
kinetic fit on this time scale. In previous studies using |asting for abotil s (phase 2), and a relatively fast increase
conventional spectroscopy, the authors co_uld not detect any|asting for abotl5 s (phase 3) were observed sequentially
effect of HOQNO and STIG on the reduction of the hemes \yith time. The appearance of the second phase implied that
of NarGHI by menadiol 14, 20). As shown clearly by traces  the reduction of the hemes was followed by a reoxidation
3 and 4, HOQNO and STIG both inhibited the reduction of (see Discussion section). Since 500 data points were obtained
the hemes. Obviously, in the previous studies, the inability within the 5-s time scale, at the first data point (0.01 s after
to detect the inhibitory effect of the two inhibitors on the mixing) about 45% of the reduction, calculated as mentioned
reduction was due to the limitation of the time resolution of egrlier, had already occurred. In Figure 2, trace 3 and trace
the spectroscopic technique employed. 4 show the observed absorbance changes and the kinetic fits

It was noted that, in the absence of the inhibitors (trace after menadiol solution was mixed with the membranes
2), the reduction of the NarGHI hemes by menadiol was so preincubated with a 6@M concentration of the inhibitor
fast that 20% of the total reduction of the hemes had occurredHOQNO or STIG, respectively. In the presence of HOQNO,
within the dead time of the stopped-flow instrument (about the data were fitted to eq 1 (the fitted line was overlapped
2 ms). The total reduction was calculated by subtracting the with the data), which gavik, = 3.4+ 0.4 s andk, = 0.7
absorbance value obtained by mixing the enzyme with the + 0.07 s*. STIG had a less inhibitory effect than HOQNO,
buffer from the final value of the reduction trace observed and the data were fitted to eq 1, wikh = 8.6 + 0.09 st
100 s after the enzyme was mixed with menadiol (see below).and k, = 1.7 &+ 0.2 s'1. About 20% of the reaction was
Even in the presence of STIG, about 5% of reduction was complete by the time of the first data point.
not observed. To observe the initial missing portion of the  Experiments similar to those described in Figure 2 were
reduction, similar experiments were carried out 8C5 As also carried out at 5C on a 5 gime scale. It was observed
expected, a slower reduction compared to that #i%as  that, in the absence of the inhibitors, the interaction of
observed on a 0.1-s time scale after NarGHI-enriched NarGHI with menadiol exhibited only two phases (compared
membranes were mixed with menadiol, which could be fitted to Figure 2, trace 2) due to the slower rate of reaction at the
to eq 1, givingk; andk, values of 93+ 9.0 and 0.7 0.07 decreased temperature (data not shown). In the presence of
s ! respectively (data not shown). At this temperature, a small the inhibitors, the double-exponential fits to eq 1 géve
portion of the reduction, about 10%, was still not observed. 2.9+ 0.3 st andk, = 0.42+ 0.04 s for HOQNO, andk;
In the presence of the inhibitors, the reductions observed at= 6.5+ 0.7 s* andk, = 1.1+ 0.01 s for STIG (data not
5°C on this time scale were not significant (data not shown). shown). The effect of temperature on heme reductions was

Figure 2 shows the absorbance changes observed on a 5-swuch smaller in the presence of inhibitors. This could be
time scale after mixing of 1 mg mit LCB2048 (trace 1) or  due to some kind of conformational change caused by
the NarGHI-enriched membranes (trace 2) in 100 mM MOPS inhibitor binding.
and 5 mM EDTA (pH 7.0) with 50«M menadiol in the Figure 3 shows the absorbance changes observed on a 20-s
same buffer at 28C in the absence (traces 1 and 2) and in time scale from the same experiments as described in Figure
the presence of a 6@M concentration of the inhibitor 2 carried out at 25C. Traces 1, 2, 3, and 4 represent the
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4 Table 1. Kinetic Constants for the First Phase of Heme Reduction
Abs 10.01 (Phase 1) Observed after Mixing of 1 mg mLNarGHI with 500

uM Menadiol in the Absence and in the Presence o860
HOQNO or STIG in 100 MM MOPS and 5 mM EDTA (pH 7.0) at
3 25°C
first reduction of hemes
e

—

30%
reduced

time
sample scale (s) observation k,(s™) k2 (s7Y)
2 NarGHI 0.1 fast 412240 73+£7.0
NarGHI/HOQNO 0.1 insignificant rfa na
NarGHI/STIG 0.1 slow na na

NarGHI 5.0 four phases na na

. NarGHI/HOQNO 5.0 slow 3.4-0.4 0.7£0.07
50% ] NarGHI/STIG 50  slow 8.6£0.9 1.7+0.2
reduced

: r ; ; ) ana, not applicable.
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FIGURE 4. Reduction of NarGHI hemes by menadiol and the AbSIO-005 3
inhibitory effects of HOQNO and STIG observed on a 100-s time
scale. Absorbance changes observed after mixing of 1 mgtmL 2

of LCB2048 (trace 1) or NarGHI (trace 2) with 51 menadiol

in 100 mM MOPS and 5 mM EDTA (pH 7.0) at 2% in the

absence (traces 1 and 2) and in the presence of auMO 1
concentration of the inhibitor HOQNO (trace 3) or STIG (trace 4)

by preincubation.

data for LCB2048 membranes, NarGHI-enriched mem-
branes, and NarGHI-enriched membranes preincubated with
HOQNO and STIG, respectively. After NarGHI-enriched ' ' ' ' '
. K . .. 0 5 10 15 20
membranes were mixed with menadiol (trace 2) on this time
scale, apart from the three phases observed in Figure 2, Time (s)
another phase appeared (phase 4). In the presence of STIGicure 5: Reduction of NarliGH) hemes by menadiol and the
(trace 4), in addition to the significant inhibition of the inlgibitorxclJI %f;ecgsz%szgrgé\lgcglréd aizerm@%s;rg?nfem%hﬁﬁes
r tion, thr istinguishable ph f the absorbancePsServe -
cergllw%eovdere gt?sg:/edgse?quezteialrl)y iiet?]ig timee‘ scgfg: Zafacsé) arl(AGH) membranes in 100 mM MOPS and 5 mM EDTA (pH
. : .0) with 500uM menadiol in the same buffer at’® in the absence
INncrease, fO||0W€d by a SIOW deCI’ease and then a relanvely(traces 1) and in the presence of am concentration of the
quick and steady increase. In the presence of HOQNO, theinhibitor HOQNO (trace 2) or STIG (trace 3) by preincubation.
observed trace did not clearly exhibit multiple phases (trace
3). When experiments similar to those described in Figure 3 the role of the prosthetic group composition of the membrane-
were carried out at 8C on a 20-s time scale, multiple phases extrinsic catalytic dimer (NarGH), studies of the interaction
similar to that described in Figure 2 (trace 2) were observed of menadiol with NarlAGH) were performed. It was
for the interaction of NarGHI-enriched membranes with observed that the rate for the reduction of the hemes was
menadiol, but phase 3 appeared later, abaiafter mixing significantly decreased compared to that of the holoenzyme.
rather tha 1 s (data not shown). No significant reduction was observed within 0.1 s after
Figure 4 shows the absorbance changes observed on anixing of 1 mg mL ! Narl(AGH)-enriched membranes in
100-s time scale from the same experiments carried out at100 mM MOPS and 5 mM EDTA (pH 7.0) with 500M
25°C as described in Figure 3. Traces 1, 2, 3, and 4 represenimenadiol at 5°C, and even on the 5-s time scale, only a
the data for LCB2048, NarGHI-enriched membranes, pre- slow reduction appeared (data not shown). On the 20-s time
incubated with HOQNO, and with STIG, respectively. For scale, as shown in Figure 5, a clear two-phase reduction was
the interaction of NarGHI with menadiol (trace 2), phase 4 observed: the first phase lasted for about 5 s, and then the
of the reduction trace (see the description of Figure 3 above)second phase appeared (trace 1). Both phases could be fitted
increased with time and reached a plateau about 20 s afterto the single-exponential equation (eq 2) separately to give
mixing. In the presence of HOQNO (trace 3), only two the same rate constant of 042 0.02 s. After preincu-
reduction phases were observed, and the plateau of the tracbation with a 60uM concentration of inhibitor HOQNO
appeared much later, about 30 s after mixing. On this time (trace 2) or STIG (trace 3), the reduction rate was reduced,
scale in the presence of STIG (trace 4), three distinguishableand the two-phase feature was not observed on this time
phases were clearly observed, especially the decrease o$cale.
absorbance that followed the first reduction phase. Kinetic  The absorbance changes observed on the 100-s time scale
constants for the first phase of heme reduction (phase 1),are shown in Figure 6. For the interaction of menadiol with
observed within 0.1 ah5 s after mixing of 1 mg mt! Narl(AGH) (trace 1), the reduction trace approached a
NarGHI with 500uM menadiol in the absence and in the plateau about 30 s after mixing. The effect of the inhibitors
presence of a 60M concentration of HOQNO or STIG at  on the reduction kinetics was obvious. In the presence of
25 °C, are summarized in Table 1. HOQNO (trace 2), there was no clear-cut two-phase feature
Reduction of the Hemes of NahlGH) by Menadiol and (compared to trace 1). In the presence of STIG (trace 3),
the Inhibitory Effects of HOQNO and STIGo investigate however, the two-phase feature was observed, but the second
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FIGURE 6: Absorbance changes observed on a 100-s time scaleFicure 8: Observation of the transient species and its correlation
from the same experiments as described in Figure 5. Traces 1, 2with heme reduction in NarXGH) by menadiol. Absorbance

and 3 represent the reaction of menadiol with NaG@),
Narl(AGH) preincubated with HOQNO, and NadlGH) pre-
incubated with STIG, respectively.
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Ficure 7: Observation of the transient species and its correlation

changes observed after mixing of 1 mg mWNarl(AGH) mem-
branes with 50M menadiol in 100 mM MOPS and 5 mM EDTA
(pH 7.0) at 25°C. Trace 1 represents the observed formation and
decay of the transient species at 390 nm, and the smooth solid line
in trace 1 shows the kinetic fit to eq 1, which gives= 2.3 +

0.23 s, k; = 0.33+ 0.03 s, Ay = 0.0087, andA, = 0.0071.

The residual of the fit is less thah0.0005 (not shown). Trace 2
shows the observed reduction of the hemes at 560 nm (after
subtracting the 575 nm absorbance), and the smooth solid line in
trace 2 shows the kinetic fit to eq 1, givikg= 2.1+ 0.21 s, k;
=0.394+0.04 s, A; = —0.0031, and®\, = —0.0053. The residual

of the fit is less thant0.0004 (not shown).

trace 1 clearly demonstrates the kinetic profile of the
formation and decay of a transient species, and trace 2
represents the reduction kinetics of the NarGHI hemes with
three phases. Interestingly, the decay of this transient species
was kinetically correlated to the buildup of the second
reduction of the hemes (phase 3), and they both were best
fitted to the double-exponential equation (eq 1), giving
similar rate constant&; = 9.244+ 0.9 st andk, = 0.22+

with heme reduction in NarGHI by menadiol. Absorbance changes 0-02 s* for the decay of the transient species, &ner 9.23

observed after mixing of 1 mg nmit of NarGHI membranes with
500 M menadiol in 100 mM MOPS and 5 mM EDTA (pH 7.0)

at 25°C. Trace 1 represents the observed formation and decay of
the transient species at 390 nm, and the smooth solid line in trace

1 shows the kinetic fit to eq 1, giving rate constakis= 9.24 +
0.9 standk, = 0.22+ 0.02 s'1, and amplitude#; = 0.0042 and
A, = 0.005. The residual of the fit is less th#&1®.0006 (not shown).

+ 0.9 standk, = 0.22+ 0.02 s for the buildup of the
second reduction.

In the reduction of the hemes of NarGHI preincubated with
HOQNO or STIG, the transient species was formed and
decayed with slower rates compared with the situation in
the absence of inhibitors (data not shown). This transient

Trace 2 shows the observed reduction of the hemes at 560 nm (aftespecies was also kinetically correlated to the second reduction

subtracting the 575 nm absorbance), and the smooth solid line show:

the kinetic fit to eq 1, withk; = 9.234+ 0.9 s'1, k, = 0.22+ 0.02
s1 A, = —0.0024, andd, = —0.0041. The residual of the fit is
less thant0.0004 (not shown).

f the hemes. The decay of the transient species and the

buildup of the second reduction of the hemes were both fitted
to eq 1, yielding similar rate constants. In the presence of
HOQNO, the rate constants wekge= 0.134 0.01 st and

phase appeared much later (about 15 s after mixing) than ink, = 0.01+ 0.001 s* for the decay of the transient species,

the absence of the inhibitor.

andk; = 0.124 0.01 st andk, = 0.01+ 0.001 s for the

Transient Species Formed in the Reduction of the Hemesbuildup of the second reduction of the hemes. In the presence

of NarGHI and NarlAGH) by Menadial It has previously
been reported that a mutation in NarGHI stabilized a

of STIG, ky = 2.42+ 0.24 s andk, = 0.09+ 0.01 s* for
the decay of the transient species, &nek 2.18+ 0.22 st

semiquinone radical species by reducing the rate of electronand k, = 0.09 & 0.01 s* for the buildup of the second

transfer in NarGHI, which resulted in the observation of the
radical species using EPRQ). The menadione radical anion
has an absorption maximum at 390 ri80,(31). In this study,
therefore, we utilized the stopped-flow fast kinetic method

to detect the formation of the radical species spectroscopi-

reduction.

For NarlAGH), the transient species was also observed.
Figure 8 shows the absorbance changes observed at 390
(trace 1) and 560 nm (after the subtraction of 575 nm
absorbance) (trace 2) after mixing of 1 mg MiNarl(AGH)-

cally. Figure 7 shows the absorbance changes observed aénriched membranes with 5QdM menadiol in 100 mM
390 (trace 1) and 560 nm (after subtracting the 575 nm MOPS and 5 mM EDTA (pH 7.0) at 25C. This transient

absorbance) (trace 2) after mixing of 1 mg mMINarGHI-
enriched membranes with 5Q0M menadiol in 100 mM
MOPS and 5 mM EDTA (pH 7.0) at 25C. In Figure 7,

species was also kinetically correlated to the reduction of
the hemes. However, its formation and decay were much
slower than those for the holoenzyme (Figure 7). Table 2
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Table 2. Comparison of Kinetic Constants for the Decay of the
Transient Species and for the Second Reduction of the Hemes
Observed after Mixing of 1 mg mi! NarGHI or NarlAGH) with
500 uM Menadiol in 100 mM MOPS and 5 mM EDTA (pH 7.0) at
25°C

decay of second reduction
transient species of hemes
sample ki (s79) ko (s79) ki (s7Y) ko (s79)
NarGHI 9.24+ 0.9 0.22+:0.02 9.23£ 0.9 0.22+0.02
NarGHI/ 0.13+ 0.01 0.01+0.001 0.12+0.01 0.01+ 0.001

HOQNO
NarGHI/STIG 2.42+0.24 0.09+ 0.01 2.18+ 0.22 0.09+ 0.01
Narl(AGH) ~ 2.30+ 0.23 0.33+ 0.03 2.10+ 0.21 0.39+0.04
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Ficure 9: Reoxidation of menadiol-reduced NarGHI hemes by
nitrate and the inhibitory effects of HOQNO and STIG. Absorbance

changes observed by mixing 1 mg mLLCB2048 membranes
(trace 1) or NarGHI membranes (trace 2) with 50@ menadiol
in 100 mM MOPS and 5 mM EDTA (pH 7.0) at 2% in the
absence (traces 1 and 2) and in the presence of auMO

concentration of the inhibitor HOQNO (trace 3) or STIG (trace 4)
by preincubation with the enzyme, and then by mixing the mixture

with 1 mM nitrate in the same buffer.

Biochemistry, Vol. 42, No. 18, 2005409

When the NarGHI was reduced after preincubation with
HOQNO or STIG, the reoxidation process was affected
significantly, and two inhibitors exhibited different inhibitory
kinetics. HOQNO (trace 3) had a stronger effect than STIG
(trace 4) on the reoxidation process.

DISCUSSION

In the work reported herein, we have observed that the
reduction of NarGHI hemes by menadiol proceeds via four
kinetic phases (phases-4). These phases are as follows:
(1) rapid first reduction, (2) slow reoxidation, (3) moderately
fast second reduction, and (4) slow reduction to the fully
reduced form. Both inhibitors HOQNO and STIG have
strong effects on the reduction and reoxidation kinetics. As
menadiol is an analogue of MQHhe data we reported here
could represent the situation for NarGHI heme reduction by
MQH; and the reoxidation by nitrate. On the basis of the
results, we propose mechanisms for the reduction of NarGHI
by MQH, (Scheme 1) and the reoxidation of reduced NarGHI
by nitrate (Scheme 2).

In Scheme 1, we propose that, after mixing, MQgpidly
binds to NarGHI to form a complex (step 1). In this complex,
initially the hemesb, andby, the iron—sulfur clusters, and
the Mo-bisMGD cofactor are all in their oxidized forms.
Upon formation of the complex, MQHmmediately delivers
one electron (the first electron) to hellne accompanied by
a fast deprotonation, releasing one proton to the periplasmic
side of the membrane (step 2). This reaction is observed as
the first reduction phase of the hemes (phase 1, Figur&s 1
and 7) and results in the formation of a complex of the
hydroquinone radical (MQH bound to NarGHI. In this
complex, hemedo is in its reduced form, while hemiy,
the iron—sulfur clusters, and Mo-bisMGD cofactor are still
in their oxidized forms. The electron is next transferred from
the reduced hemla_ to the oxidized heméy (intra-subunit
electron transfer, step 3). Heni®, reduced in step 3,
transfers the electron to the iresulfur clusters (inter-subunit

summarizes the rate constants for the decay of the transientlectron transfer, step 4, phase 2). The inter-subunit electron
species and the buildup of the second reduction of the hemegransfer from the subunit Narl (via henhg) to the subunit

in NarGHI and NarlAGH).

NarH (through [3Fe-4S] clusters) would be slower compared

Reoxidation of Menadiol-Reduced NarGHI Hemes by with intra-subunit electron transfer from herbeto heme

Nitrate and the Inhibitory Effects of HOQNO and STI&S

by. This is because the difference betweenBheralues of

sequential stopped-flow method was adopted to investigatehemeby and the [3Fe-4S] cluster (60 mV) is lower than

electron transfer from Narl through the [Fe-S] clusters of
NarH to the Mo-bisMGD located in NarG. In these experi-

ments, 1 mg mL* membranes was mixed rapidly with 500
uM menadiol in 100 MM MOPS and 5 mM EDTA (pH 7.0)

at 25°C, resulting in the reduction of the hemes. After aging

for 50 s, this mixture was then mixed with 1 mM nitrate

that between the two hemes (100 mV), although both
gradients ofE,, are in the direction favorable for electron
transfer. Thus, during step 4, helmewould be only partially
oxidized (strictly speaking, the electron density on hdime
could be decreased during this step). This is in agreement
with the observation that the absorbance is decreased but

solution in the same buffer. Using this method, the reoxi- not to the background level during the reoxidation phase,
dation of the hemes of NarGHI induced by the reduction of described as phase 2 in Figures 2, 3, and 7. Step 4 leads to
the nitrate can be followed spectroscopically. As a control, partial reduction of the FeS—Mo box. That phase 2 arises
the same sequential stopped-flow experiment was also carriedrom electron transfer from heniy to the prosthetic groups

out for LCB2048 membranes. In this case, as shown in of the catalytic dimer is evident from the absence of a similar
Figure 9, trace 1, there was no significant absorbance changghase in membranes lacking NarGH (NA®H)) (Figures

after mixing with the nitrate solution, indicating that there 5 and 6). In parallel to the reoxidation, a deprotonation also
was no reoxidation in the system. For NarGHI (trace 2), a takes place and releases a second proton into the periplasm,
decrease of absorbance was observed, indicating a reoxidawhich gives a complex of menasemiquinone radical anion
tion of the hemes. It was noticed that, when the first data (MQ*~) bound to the enzyme. The MQdelivers the second
point was taken (0.1 s after mixing), about 50% of the hemes electron to the oxidized heni® (step 5, phase 3) followed
were already reoxidized as a consequence of nitrate reducby an intra-subunit electron transfer from hebpeto heme

tion. by (step 6) and an inter-subunit electron transfer from heme
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Scheme 1. Simplified Mechanism for the Reduction of NarGHI by Menadiol
Phase 1 Phase 2 Phase 3
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transfer exchange transfer exchange
Fe-S processes of third processes of second Fe-S
Mo similar to MQH, similar to MQH, Mo
red  those in steps with MQ those in steps with MQ prd
@~ @-) red

a For simplicity, the following has been done. (i) The iron-sulfur clusters and the Mo-bisMGD cofactor are symbolized by a box. The subscripts
“oxd”, “red”, “prtl oxd”, and “prtl red” represent the oxidized, reduced, partially oxidized, and partially reduced forms, respectively. (ith®nly
association of the first MQkto the enzyme and the subsequent electron-transfer processes are shown. After step 6, the association of the second
MQH; by a ligand-exchange reaction replacing MQ from the binding site is simplified by step 7, and the subsequent electron-transfer processes
(similar to those in steps—27) are simplified by an arrow (step 8). The same simplifications are also made for the association of the third MQH
(step 9) and the subsequent electron-transfer processes (step 10) leading to the final product. (iii) The inter-subunit electron transferbffom heme
to iron-sulfur clusters would be slower compared with intra-subunit electron transfer fromthetméiemeby (see the text), and this process is
labeled “slow”. Hemeby would take two steps (4 and 5) to be fully oxidized.

Scheme 2. Simplified Mechanism for the Reoxidation of Menadiol-Reduced NarGHI by Ritrate
MO any M gy Mgy Mgy MO g5 MQ

Gored  NoO,” (b,_ired i HO (b;_ired (bp)red (b,_l)oxd (b,_|)oxd
) _
e
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| I NO; slowl e | slow le- |
Fe-S Fe-S Fe-S Fe-S Fe-S Fe-S
M Mo Mo Mo Mo
Mo red o red oxd ortl ot od
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a For simplicity, the iron-sulfur clusters and the Mo-bisMGD cofactor are symbolized by a box and the subscripts are as in Scheme 1. For the
same reason as described for Scheme 1, the inter-subunit electron-transfer processes froyntdénme—sulfur clusters are labeled “slow”. For
simplicity, however, heméy is described to be fully oxidized in a slow single step (step 13 or 15), which would be equivalent to the two steps
in Scheme 1 (steps 4 and 5) in terms of time scale.

by to the iron-sulfur cluster, accompanied by a ligand- menaquinol is a two-electron donor (if one or two more
exchange reaction replacing MQ by MQkstep 7). iron—sulfur clusters are involved in electron transfer, more
Mo(VI) can be reduced to Mo(IV) by receiving two MQH, would be required). Eventually, in the absence of
electrons. We assume that only those tworsulfur clusters nitrate, the hemes, the irersulfur clusters which are
which have positivé,, are involved in electron transfer (the involved in electron transfer, and the Mo-bisMGD cofactor
other two clusters have negatit,). The two clusters and  are all reduced, and this would lead to a scheme with about
two hemes each can be reduced by accepting one electron20 steps. To simplify the scheme, only the association of
Together, it would take six electrons from three menadiol the first MQH, to the enzyme and the subsequent electron-
molecules for a NarGHI molecule to be fully reduced since transfer processes are shown. After step 6, the association
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of the second MQHKlby a ligand-exchange reaction replacing likely, therefore, that the observed rate constants of the first
MQ from the binding site is simplified by step 7, and the phase of heme reductiok; and k,, represent binding of
subsequent electron-transfer processes (similar to those irmenadiol at a high- and a low-affinity site and the subsequent
steps 2-7) are simplified by an arrow (step 8). The same electron transfer from the site to herbg respectively.
simplifications are also made for the association of the third  After preincubation of NarGHI with the inhibitor HOQNO
MQH, (step 9) and the subsequent electron-transfer processesr STIG, the rate for reduction of NarGHI hemes by
(step 10) leading to the final product, the complex of MQ menadiol was significantly reduced (Figures4). Further-
with the fully reduced enzyme. It should be pointed out that more, these two inhibitors exhibit different behaviors. First,
there could be an equilibrium between MQ or MQFif it HOQNO appears to be a stronger inhibitor of heme reduction
is available) with the fully reduced enzyme. than STIG. Second, three phases were clearly observed on
Steps 1 and 2 are rapid and result in a fast reduction phasehe 100-s time scale in the presence of STIG, and only two
of the hemes (phase 1), which can be fitted to the double- phases were observed in the presence of HOQNO (Figure
exponential equation (eq 1) to gikg andk, values of 412 4). The loss of the reoxidation phase (phase 2) when
+ 40 and 73+ 7 s, respectively. The dependence of both  HOQNO is bound to NarGHI could be due to significant
observed; (the fast phase) ank (the slow phase) values  slowing-down of the electron-transfer process from héme
on menadiol concentration ((MQH exhibited a hyperbolic ~ to hemeby (step 3). This can be understood from the effects
curve when the concentration of menadiol was increasedof inhibitor binding on the midpoint potential&g) of the
from 50 to 700uM (before 1:1 mixing) (data not shown), two hemes. Binding of HOQNO to NarGHI causes a reversal
which can be described by a two-step equilibrium model of the E,, values of the two hemed 1), which results in a
(34): a fast equilibrium of menadiol (MQ#l binding to the change of theéE, differences between the two hemes from
oxidized enzyme (Enzymg), followed by a slow electron- 100 mV in the direction favorable to the electron transfer
transfer process (rate limiting) from the bound menadiol to from the hemeb, to hemeby to 60 mV in the direction
the oxidized enzyme (hemg). This yields a complex of  against the electron transfer. Binding of STIG results in an
hydroquinone radical (MQHlwith partially reduced enzyme  increase of th&;, of hemeb, (11), which leads to a decrease
(Enzymenieq), accompanied by a deprotonation (see Scheme of the E, differences between the two hemes from 100 to

1), 70 mV, but still in the direction favorable to the electron
transfer. Thus, the inhibitory effect of STIG is smaller than
MQH, + Enzymg,; = (MQH,—Enzyme, ) < that of HOQNO. It has been reported in a previous steady-

(MQH._EnZym%rtl red) T HT state kinetic study that STIG exhibited stronger inhibition
than HOQNO on the activity of NarGHIL@). However, it

The observed rate constarksandk, can be fitted to the  is not valid to make a direct comparison between the different
equationkons = Kond snd MQH 2]/ (Kq irst = [MQH2]) + Kang rvs inhibitory effects observed in this transient kinetic study and
whereKg 15tis the apparent dissociation constant of the first that from the steady-state kinetic one, because the reaction
equilibrium, andkang g @andkong wsare the rate constants for  systems under investigations are different. In this transient
the forward and the reverse reactions of the second equilib-kinetic study, we investigate the effect of inhibitors on heme
rium, respectively 4). reduction in NarGHI in the absence of the substrate (nitrate),

The fit of the observed; (for the fast phase) to the whereas in the steady-state kinetic study, the authors
equation gaveéq1st= 65+ 10 uM andkang wa = 450 &+ 50 measured the effect of inhibitors on the activity of the
s 4, the fit of k; (for the slow phase) yieldeldg 1st= 180+ enzyme in the presence of the substrate (nitrate).
20 uM and kongwa = 110 + 10 s, and both fits gave an The inhibition by the MQH analogue, HOQNO, on the
approximate zero value f@snq vs(data not shown). Obtaining  reduction of NarGHI hemes by menadiol implies that there
two differentKq 15t values may imply the presence of two may be more than one MQHbinding site (Q-site) in
menadiol binding sites in the enzyme, one with higher NarGHI. If only one Q-site exists in NarGHI, then the
affinity for menadiol (65«M) than the other (18@M). This reduction of the NarGHI preincubated with HOQNO can take
is in agreement with the inhibition data, which indicate that place only after a ligand exchange replacing HOQNO with
there could be more than one menaquinol binding site in MQH in the binding site. This ligand-exchange reaction,
NarGHI. The rate constant for the forward reaction of the as expected, would delay the formation of the complex of
second equilibriumkong e, can be described as an apparent menadiol with NarGHI (step 1). After formation of the
rate constant for the electron transfer from bound menadiol complex, however, the reduction would proceed with kinetics
to hemeb, of the oxidized enzyme. The 4-fold greakeq fwd similar to the pattern in the absence of HOQNO. The loss
for the observed fast phase compared to the one for the slowof the reoxidation phases by HOQNO binding suggests that
phase could indicate that this high-affinity binding site is HOQNO is still bound to the enzyme during the reduction
closer to hemé, than the low-affinity site. The rate constant processes induced by menadiol.
for the reverse reaction of the second equilibriligg rvs IS On the basis of steady-state kinetic analysi3, (it has
approximately zero for both the fast and slow phases, been suggested that NarGHI contains multiple Q-sites, one
indicating that the reverse electron transfer from reduced specific for MQH and another for UQH This is consistent
hemeb, back to oxidized menadiol is not feasible due to with results suggesting that both quinol species can support
the gradients of the reduction potentials between the reducedNarGHI-mediated respiratory growth on nitrag2,(33). We
hemeb, and the oxidized hemby, and between the heme have demonstrated by fluorescence quench titration that there
b. and the oxidized menadiol, which are favorable for an appears to be only a single dissociable site that is able to
electron transfer from the reduced heleto the oxidized bind the MQH analogue HOQNO(1, 20). However, we
hemeby, rather than back to the oxidized menadiol. It is cannot rule out the possibility of existence of another binding
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site for a different quinol. It should be emphasized that the of MQ*~ with the partially reduced NarGHI but bound with
chemical structures of HOQNO and MQlholecules are  the inhibitor in this case.
different, although they are analogues; specifically, there are  |n Narl(AGH), theE,, differences between the two hemes
a nitrogen and a relatively long aliphatic side chain in (11) was in the direction against the electron transfer from
HONQO. These structural differences may resultin HOQNO the hemeb, to hemeby (step 3). Therefore, the formation
and MQH preferring to bind to different residues. In other and the decay of the transient species were significantly
words, they might prefer to bind at different sites, as slowed (Figure 8 and Table 2). The transient species, in this
suggested for MQKHand UQH (19). This would explain  case, would be a complex of MQassociated with the
the result of fluorescence quench titration that there is only partially reduced Narl{GH).
one HOQNO binding site in NarGHI. _ - Scheme 2 is proposed as a simplified mechanism for the
The reduction of NarihGH) hemes by menadiol exhibits  reoxidation of menaquinol-reduced NarGHI by nitrate. Like
two kinetic phases (Figure 5); compared to NarGHI (Figures scheme 1, it is assumed in Scheme 2, for simplicity, that
2—4), the reoxidation phase of the hemes (Phase 2) is notmQ would bind to the reduced enzyme through all reaction
observed. This is consistent with the suggestion that this processes. In Scheme 2, after mixing with the solution
phase is due to the inter-subunit electron transfer from Narl containing menadiol-reduced NarGHI, nitrate binds to the
to the prosthetic groups of the membrane-extrinsic NarGH reduced NarGHI via an equilibrium (step 11), to form a
dimer. There is no NarGH dimer in NaAGH). ~ complex. Upon the formation of the complex, the reduced
According to Scheme 1, following the partial reoxidation NarGHI reduces the nitrate to nitrite by two-electron reduc-
of the hemes and a deprotonation of the hydroquinol radical tion and takes two protons from the cytoplasmic side of the
(step 4, phase 2), a transient species of a complex ofmembrane (step 12). This is followed by release of nitrite
menadione radical anion with the enzyme is formed. and a water molecule from the complex. The reduction of
Moreover, the decay of this transient species can be pjtrate by the enzyme results in the oxidation of the Mo-
correlated kinetically to the second reduction of hemes (stephisMGD cofactor, which initiates a series of electron-transfer
5, phase 3). It has been reported that menadione radical aniorocesses, occurring sequentially from the reduced-iron
has an absorption maximum at 390 r0,31), with amolar  sylfur clusters to the oxidized Mo-bisMGD cofactor, from
extinction coefficient of 13 000 M cm™* (30). The transient  the reduced hemby, to the reoxidized irorsulfur cluster
species observed at 390 nm in this study has a molar resulting in the reoxidation of henis; (step 13)), from the
extinction coefficient about 14 000 M cm™?, calculated reduced heméy to the reoxidized hemby (step 14), and
using the absorbance value@.014) and the concentration  from the reduced hemby to the reoxidized irorsulfur
of the membrane protein (LM after mixing). In this  clysters and to the oxidized Mo-bisMGD cofactor (step 15);
calculation, it is assumed that there would be only one eyentually, both hemes are reoxidized. For the same reason
menadiol binding site in each NarGHI molecule (although a5 described for Scheme 1, the inter-subunit electron-transfer
the possibility of more than one binding site cannot be ruled processes are labeled “slow”. For simplicity, however, heme
out), and all binding sites would be fully occupied by 1, is described to be fully oxidized in a slow single step

menadiol since the concentration of menadiol is in excess. (step 13 or 15), which would be equivalent to the two steps
The value of the molar extinction coefficient calculated here 3 Scheme 1 (steps 4 and 5) in terms of time scale.

is close, but not equal, to the one published for menadione \yhen the NarGHI hemes were reduced after preincubation
radical anion. This is understandable because the publisheqyt NarGHI with HOQNO or STIG, the rate of the reoxidation

molar extinction coefficient is for free menadione radical ¢ is reduced enzyme by nitrate was decreased (Figure 9).
anions and the one calculated by us is for a transient speciesriis could be again due to the change of Biegradient
associated with a membrane protein. We propose, thereforey ..veen the two hemes induced by inhibitor binding, which

that the transient species observed at 390 nm is a compleXqid lead to the decrease of the rate for the electron transfer
of menadione radical anion with the partially reduced o the heméb, to hemeby (step 14). Furthermore, these

NarGHI. The observation of this transient species (Figure .o its agree with our speculation that HOQNO and MQH
7) and its kinetic correlation to heme reduction (Table 2) .4 bind at different sites in NarGHI.

strongly support the mechanism for the reduction of NarGHI

by MQH, proposed in Scheme 1. To further characterize

this transient species, EPR studies of menadiol-reduced
nitrate reductase and the reoxidation of dithionite-reduced
enzyme by nitrate are in progress in our laboratory.

In the presence of HOQNO or STIG, the decay rate of
the transient species was significantly reduced (Table 2),
indicating that the presence of the inhibitor stabilized the
transient species. This can be explained from the effects of
HOQNO and STIG binding on the midpoint potentials of
the two hemesHy,). As discussed earlier, the change of the
En gradient induced by inhibitor binding reduces the rate of
electron transfer from the herbgto hemeby (step 3), which ACKNOWLEDGMENT
in turn slows-down the electron transfer from MQo the
hemeb, (step 5) and thus stabilizes the transient species. We thank Dr. F. Blasco of Laboratoire de Chimie
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In summary, this is the first report on the transient kinetic
study for the reduction of NarGHI hemes by menaquinol.
We found that the reduction exhibits four phases, and a
transient species, described as a complex of Mf3sociated
with the enzyme, is kinetically correlated to the second
reduction of the hemes. The inhibitory effect of HOQNO
on the reduction indicates that there are more than one
menagquinol binding sites in NarGHI. The schemes proposed
in this study can help us to understand the mechanism of
electron transfer in the reduction of NarGHI by menaquinol
and in the reoxidation of the reduced NarGHI by nitrate.
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