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ABSTRACT: The respiratory molybdoenzyme nitrate reductase (NarGHI) femcherichia colihas been
studied by protein film voltammetry, with the enzyme adsorbed on a rotating disk pyrolytic graphite edge
(PGE) electrode. Catalytic voltammograms for nitrate reduction show a complex wave consisting of two
components that vary with pH, nitrate concentration, and the presence of inhibitors. At micromolar levels
of nitrate, the activity reaches a maximum value at approximat&d mV and then decreases as the
potential becomes more negative. As the nitrate concentration is raised, the activity at more negative
potentials increases and eventually becomes the dominant feature at millimolar concentrations. This leads
to the hypothesis that nitrate binds more tightly to Mo(V) than Mo(IV), so that low levels of nitrate are
more effectively reduced at a higher potential despite the lower driving force. However, an alternative
interpretation, that nitrate binding is affected by a change in the redox state of the pterin, cannot be ruled
out. This proposalimplicating a specific redox transition at the amti site is supported by experiments
carried out using the inhibitors azide and thiocyanate. Azide is the stronger inhibitor of the two, and each
inhibitor shows two inhibition constants, one at high potential and one at low potential, both of which are
fully competitive with nitrate; closer analysis reveals that the inhibitors act preferentially upon the catalytic
activity at high potential. The unusual potential dependence therefore derives from the weaker binding of
nitrate or the inhibitors to a more reduced state of the active site. The possible manifestation of these
characteristics in vivo has interesting implications for the bioenergeti&s obli.

Escherichia coliand many other facultative anaerobic related to the well-characterized soluble DMSO reductase
bacteria possess the ability to utilize several simple oxides from Rhodobacte(2). The enzyme NarGHI is bound at the
as terminal oxidantslj. Depending on their availability, inner face of the cytoplasmic membrane where it couples
nitrate, dimethyl sulfoxide (DMSO),and trimethylammo-  the reduction of nitrate to nitrite with the oxidation of
nium N-oxide (TMAO) can each serve as terminal electron membrane-bound quinol and proton translocation by a redox
acceptors irE. coli, in which their reduction, represented loop mechanism3—5). Respiratory nitrate reduction iB.
generically by eq 1, is catalyzed by the respective enzymes:coli is further complicated by the existence of two other

nitrate reductases, NapAB and NarZYV. NapAB is a soluble
XO + 26 +2HM — X + H,O (1) periplasmic enzyme which accepts electrons from a membrane-
bound c-type cytochrome (NapC)3( 4). NarZYV is a

nitrate reductase, DMSO reductase, and TMAO reductase.
The catalytic, substrate-reducing subunits of these enzymes 1 Apbreviations: A, electrode area; DMSO, dimethyl sulfoxige;
contain a Mo cofactor, in which a Mo atom is coordinated electrode potential, EDTA, ethylenediaminetetraacetic acid; EPR,

; i ; inhic ini electron paramagnetic resonance; F, Faraday constant; FAnGHI, formate
by two special dithiolene ligands, each of which is joined to dehydrogenase®, coverage of enzyme on the electrode (mol &m

a pterin group. The entire cofactor is referred to as molyb- {epgs N-(2-hydroxyethyl)piperazinét-2-ethanesulfonic acid; cur-
dobis(molybdopterirguanine dinucleotide), commonly ab-  rent; iim, limiting current at high driving forcek.., rate constant for
breviated as Mo-bisMGD. These enzymes are also closelycatalytic turnoverKy, Michaelis-Menten constantKy, dissociation
constant of inhibitor; MES, 2N-morpholino)ethanesulfonic acid; MGD,
molybdopterir-guanine dinucleotide; MOPS, 3{morpholino)pro-
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paralogue of NarGHI and may be involved with the transition an interesting proposal since little is established on how a
from aerobic to anaerobic condition3, @). substrate might select for different oxidation states of Mo
The structure of NarGHI has recently been solved by cofactors, let alone the influence that potential (the electro-
Bertero and co-workers5). In overall architecture it is  chemical driving force) has on catalytic electron transport
similar to the formate dehydrogenase complex, FAn@jl (  in general. In a recent study &. coli DMSO reductase,
this similarity is remarkable as it is proposed that NarGHI which is also a multisubunit, multicenter membrane-bound
and FdnGHI function together in a redox loop to translocate enzyme, we observed a similar optimal activity suggesting
protons across the cytoplasmic membrabe6). NarGHI a higher activity for Mo(V) 20).
contains a Mo-bisMGD cofactor, which is used to reduce |n this paper, we present electrochemical investigations

cytoplasmic nitrate to nitrite. The Mo-bisMGD catalytic site  of the NarGHI holoenzyme frori. coli, for which the results
of NarGHI has a number of unusual features). (The  also reveal a complex activity-potential dependence. To probe
protein—-Mo ligand is provided by an unprecedented Asp the origin of this behavior, we have used two inhibitors, azide
residue, with both carboxylate oxygens within the coordina- and thiocyanate, to examine separately the different regions
tion Sphere of the Mo atom. As a result of this, and in contrast of the Ca_ta|ytic V0|tammograms' These are known to be
to the other structurally characterized Mo-bisMGD-contain- competitive inhibitors of nitrate reduction and therefore
ing enzymes&—9), the Mo coordination sphere in NarGHI  provide direct probes for catalytic processes located at the
appears to lack an oxo group or hydroxyl oxygen in what is Mo site. This paper presents a detailed examination of the
believed to be the oxidized stat8)( catalytic and inhibited forms of NarGHI, which suggests a
NarGHI utilizes a pair ofo hemes bound in the trans- redox-sensitive model of substrate/inhibitor binding that

membrane domain (Narl) and five iresulfur clusters  provides insight into the mechanism of nitrate reduction.
contained (mostly) within th@ subunit (NarH, 58 kDa) to

convey electrons to the Mo-bisMGD active site in the MATERIALS AND METHODS

membrane-extrinsic catalytic subunit (NarG, 139 kDa). The

redox cofactors transfer electrons across a potential range Preparation of Enzyme SamplésarGHI was expressed
from +420 mV (nitrate/nitrite at pH 7.0) to betweern100 in E. coliLCB2048, from which inner membranes containing
and +100 mV, depending on the quinone composition, amplified levels of NarGHI were prepared as described
menagquinol or ubiquinoll(). Redox titrations show that the ~ previously (3, 21, 22). Enzyme was purified from the
Mo(V) state is stable over a wide potential region. For the membranes as follows: (i) Membranes were extracted at pH
“low-pH” form, the reduction potentials of the Mo(VI/V) 7.0 with 1% Thesit (Sigma) in 50 mM MOPS, 5 mM EDTA,

and Mo(V/IV) couples were reported ast+450 and+200 10% glycerol, and 100 mM NacCl (pH 7.0). (i) The extract
mV, respectively, whereas for the “high-pH” form (at pH Wwas loaded onto a DEAE-Sepharose FF column (Amersham
8.1), the corresponding potentials wer@50 and+90 mV Pharmacia Biotech) previously equilibrated at pH 7.5 with
(11). The reduction potentials for the four Fe-S clusters found 50 MM HEPES, 100 mM NacCl, 0.05% Thesit, and glycerol.
in NarH and the two hemes in Narl have been measured by(iii) The column was reequilibrated to pH 7.5 with the
optical and/or EPR spectroscop215). Surprisingly, the HEPES buffer, and protein was eluted with a NaCl gradient
reduction potentials of these Fe-S clusters span a range 0f100-400 mM). (iv) Enriched fractions were pooled, con-
more thant600 mV (+180 mV to—420 mV) (L3, 16). From centrated, and then diluted in a pH 6.5 buffer containing 50
the structure determination, it is now known that NarG also MM MES, 100 mM NacCl, 0.05% Thesit, and 10% glycerol.
contains an Fe-S cluster, a [4Fe-4S] cluster with a novel His This was then subjected to a further round of chromatography

ligand, which has so far proven recalcitrant to spectroscopic 0N & second DEAE-Sepharose column in the MES buffer.
examination ). Peak fractions eluted from this second column were judged

Protein film voltammetry, electrochemistry of protein t0 be=95% pure on the basis of SB®AGE analyses. This

molecules confined to an electrode surface, is a highly Procedure produced upward of 20 mg of NarGHI per liter
effective approach for investigating redox enzymes and their Of bacterial culture.

mechanisms of catalysid 7). Provided that the supply of Electrochemical Measurementall water used in elec-
substrate to the electrode is not limiting and interfacial ET trochemical studies was purified with a Milli-Q system to a
is fast, the catalytic current is a direct measure of the resistivity of 18 M2 cm. Sodium nitrate, potassium thio-
enzyme’s activity. The redox states of different centers, and cyanate, sodium chloride, sodium azide, and buffer compo-
correspondingly the activities that may depend critically on nents (HEPES, TAPS, MOPS, MES) were of analytical grade
these redox states, are easily controlled and vatiezttly such as SigmaUltra or AnalaR from BDH. Cyclic voltam-
by applying the electrode potential over a continuous range. metry was performed with an Autolab potentiostat PG-
Recently, Butt and co-workers used protein film voltammetry STAT10 or 20 (Eco Chemie, Utrecht, The Netherlands)
to examine the catalytic properties of a soluble form of nitrate equipped with an analogue or digital generator and an ECD
reductase that is related to tEe coli enzyme, the NarGH  module. All data collection was performed using the GPES
subcomplex fromParacoccus pantotrophuél8, 19). The (Eco Chemie) software package, and data analysis was
catalytic voltammograms obtained for NarGH adsorbed on carried out using an in-house program, as described previ-
a PGE electrode were complex; most significantly, it was ously 23). The rotating disk electrode (RDE) was con-
found that at low nitrate concentrations the activity decreasesstructed using an embedded pyrolytic graphite cylinder
at higher driving force, i.e., as the electrode potential is made oriented with one of the edge plane ends facing the solution
more negative. Different possibilities were proposed, one (hence pyrolytic graphite “edge”; PGE) and was used in
being that nitrate binds more tightl¥{, is lower) to the conjunction with an EG&G Model 636 electrode rotator. The
active site in the Mo(V) state compared to Mo(lV). This is all-glass cell was designed for a three-electrode configura-
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tion: the counter electrode (positioned in the sample
compartment) was a piece of platinum wire, while the 0.0~
reference was a standard calomel electrode (SCE) located
in a long side arm (filled with 0.1 M NaCl) which was joined

to the sample compartment via a Luggin capillary tip. The
sample compartment was enclosed by a water jacket and

thermostated using a Neslab circulator. All experiments were < 04f
performed under anaerobic conditions in a glovebox (Vacuum =
Atmospheres) with @< 4 ppm. Potentials were adjusted to g 06k 4
correspond to the standard hydrogen electrode (SHE) scale o
using Esye = Esce + 241 mV (at 25°C) (24).

For each set of experiments, a film of NarGHI on the PGE 08
electrode was prepared by first polishing the PGE electrode
with an aqueous slurry of alumina (1 micron, Buehler), 1.0} . 1 . . .
sonicating it briefly in water, and then immersing it in an 06 04 102 00 02 o4
~10 uM solution of NarGHI, containing 20@g/mL poly- Potential (V vs. SHE)

myxin._ The electrode was rotated slowly (50 rpm), and the Ficure 1: Catalytic response of a film of NarGHI on a PGE
potential was cycled betweehn240 mV and—450 mV vs electrode in the presence of different concentrations of nitrate at

SHE at a scan rate of 10 mVsfor 30 min. The electrode 30 °C and pH 7.0. Cycles (10 mV/s) were initiated at the positive
was then removed from the cell solution, rinsed, and returned potential limit, and the electrode was rotated at 2100 rpm. A typical
to the cell after the buffer had been exchanged for a protein-Packground cycle with a polished PGE electrode is included for
free solution. Mixtures of buffer components, 260 mM comparison. Nitrate was added as small (microliter) volumes of a
. o ) ’ concentrated NaN@stock solution to a cell solution of 2 mL
were selected to give stability over the desired pH range. yolume.
The enzyme film was most stable between pH 6 and pH 8,
and good stability was achieved over the temperature rangeobtain values for the Michaelis constaki,. Similar results
25-30 °C; these conditions allowed the catalytic responses were obtained using a film prepared using a gold electrode
for several concentrations of nitrate to be measured for the modified with the alkanethiol 3-mercaptopropanol, although
same film over several hours. Attempts to grow a film by the electroactive coverage was poor and the film response
either simply soaking an electrode in a dilute protein solution was unstable over time. Experiments were also carried out
or painting on a concentrated solution (as has been demon-using the complete inner membrane fraction, and the
strated to be effective for thRearacoccusenzyme) did not  voltammetry obtained at a PGE electrode showed the same
yield such reproducible voltammetr§). For studying the  features as did the purified enzyme. Samples of a NarGH-
pH dependence, the PGE electrode coated with the enzymeHiss; construct, devoid of the Narl subunit, gave similar
film was transferred randomly between different solutions, results, though the film was less stable in the absence of
while frequent checks were made with a standard (e.g., pHNarl. Thus, the catalytic activity and the complex shape are
7.0) which served as a reference to correct for film loss over not dependent on the presence of Narl. All further experi-
the course of the experimerQ). ments were carried out by adsorbing purified NarGHI on
PGE electrodes.
RESULTS Figure 2A shows the results for experiments at pH 7.0,
Dependence of Catalytic Rates on Nitrate Concentration 25 °C, spanning a nitrate concentration range-B1ImM.
and Electrode PotentiaFigure 1 shows cyclic voltammo-  To aid comparison and simplify the figure, only the scan in
grams recorded for a NarGHI film prepared on a PGE the positive direction is shown, and the background capaci-
electrode as described above and exposed to increasingance contribution has been subtracted. At low nitrate
concentrations of nitrate at 3€ and pH 7.0. The faradaic  concentrations the voltammetry is dominated by a prominent
waveshapes observed for each nitrate concentration areeduction current maximum (this appears as a negative peak)
independent of scan direction but display an intriguing at a potential of approximately25 mV. This activity drops
complexity that is described further below. At sufficiently away quite sharply as the potential is lowered. As the nitrate
negative potential the current due to nitrate reduction reachesconcentration is raised the reduction current peak maximum
a limiting value with no significant residual slope. In the shifts to lower potentials, but the main observation is that
absence of substrate no signals due to reversible electrorthere is a marked increase in catalytic activity at more
transfers to the enzyme’s redox centers (nonturnover signals)negative potentials. The voltammetry is eventually dominated
could be observed by cyclic voltammetry, showing that the by a large sigmoidal component at low potential that moves
electroactive coverage must be very low. However, NarGHI to more negative values as nitrate is added, although the shift
adsorbed on the electrode is highly active: indeed, at low is quite small (less than 50 mV as gauged from the half-
nitrate concentrations the current depends on the rate at whichwave potentials for experiments with 0.2 and 3.2 mM).
the electrode is rotated until this is sufficiently high to relieve Eventually the limiting current is reached at potentials below
substrate supply to the electrode as the determining step. For-300 mV, and in this limit the high potential activity appears
Figure 1, the electrode is rotating at 2100 rpm, well in the as a smaller sigmoidal wave superimposed on the main wave.
region for which there is no dependence on rotation rate. The results resemble those reported earlier for nitrate
By ensuring that the electrode rotation rate was always reductase fromP. pantotrophus but the high- and low-
sufficiently high, the nitrate concentration dependence of potential activities are better separated. The fact that there
currents at different electrode potentials could be used tois little residual slope at the lower potential limit suggests
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coverage (the surface density of enzyme molecules actually
able to exchange electrons easily with the electrode) is too
low. Alternatively, the population of adsorbed enzyme
molecules might be significantly heterogeneous, thus broad-
ening the signals beyond detection; however, the excellent
and well-defined catalytic voltammetry that is observed
suggests that this is not the case. Considering the large
number of redox centers in the enzyme, this suggests that
the coverage is below 1 pmol c/h(17). From this value
and a typical maximum current ofidA, the turnover number

at high and low potentials is estimated to be at least 90 and
170 s, respectivel). Weak nonturnover signals were
observed using square-wave voltammetry, which provides

Potential (V vs. SHE) amplification because the potential is modulatg@—<29).

The square-wave voltammograms consisted of a broad
envelope of two overlapping weak signals betwele00
and —300 mV, which will be brought into discussion later.
pH Dependence of Catalytic Actiy. The pH dependence
of the NarGHI catalytic waveforms was investigated at a
high (2 mM) concentration of nitrate. As described above,
catalytic reduction waves were observed over the pH range
5.0-9.0, and the electrochemistry was sufficiently stable that
a single film could be used to obtain all of the measurements.
Data for each pH were corrected for film loss and normalized
with respect to the maximum limiting current observed at
pH 5.0. Results from several experiments were reproducible.
The scans from complete data sets are shown in Figure 3A.
Only the scans in the negative direction are shown, and the
background capacitance has been subtracted to aid compari-
Ficure 2: Nitrate dependence of the catalytic activity of NarGHI son. There are large variations in current as a function of
at pH 7.0 and 25°C (other conditions as for Figure 1). (A)  pH, with maximum activity occurring at pH 5.0. Due to poor
Voltammograms after background subtraction, normalized against fm, stability, data for lower pH values were not used. The
the maximum current observed for a NarGHI film in the presence . ’ . ) o .
of 3.2 mM nitrate. For clarity, only the scan in the positive direction two regions of the catalytic wave |d_ent|f|ed earlier were now
is shown. (B) LineweaverBurk plots for the catalytic activites ~ analyzed separately by measuring the potential values
observed at-25 mV (empty circles) o400 mV (filled circles). corresponding to the half-wave potential of each component
sigmoid (this was facilitated by determining the derivative
strongly that interfacial electron transfer is sufficiently fast di/dE). The high-potential activity is centered at a potential
so as not to influence the shape of the catalytic voltammo- E.,(1) while the low-potential activity is associated with a
gram @5). potentialEc(2). From the broad widths of the peak shapes
The nitrate dependences of the two potential regions canin the derivative of the voltammogram, the electron coop-
be analyzed using a Michaetidlenten model. The high-  erativity over both regions of activity is low, suggesting a
potential activity was measured from the current reading at discrete one-electron rate-limiting step for the two-electron
a constant high potentiaH25 mV) while the low-potential ~ transfer reaction. As the pH is raisdfls(1) shifts to more
activity was determined from the current at low potential negative potential (Figure 3B) where&s,(2) does not
(—400 mV). Data were collected by monitoring the increase change with pH. The data obtained for the variation of
in reductive current with successive additions of nitrate, Eca(1) with pH gave a good fit to eq 2 in whidBaciq is the
taking care that there was negligible overall loss of activity
(current) throughout the course of the titration. The results E.{1) = E.iy— @Iog(lJr Ko a-) 2)
were used to construct a Lineweav@&urk plot, which is nF
shown in Figure 2B and analyzed in terms of the Michaelis
Menten equation. Average valueskyj for several substrate
titrations were 41 and 161M for the high- and low-potential
activities, respectively. By comparing the two plots, the
turnover number kK) for the low-potential activity is
approximately twice that observed at high potential.
Attempts to generate nonturnover signals in cyclic volta-
mmetry experiments were unsuccessful: varying the pH,
temperature, ionic strength, buffer concentration, and the
inclusion or absence of other coadsorbates known to stabilize _ _ — -
2 The turnover number is estimated from the limiting curragt, at

electroactive protein films (SUCh as I?/Tg neomycin, or saturating substrate concentration using the relationshig iim/NACF,

tobramycin) did not lead to nonturnover signals. The mMost yherer represents the electroactive surface coverage for the enzyme
plausible explanation for this is that the electroactive on an electrode of surface aréa(26).
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limiting (upper) value at low pHK. is the acid dissociation
constant for the oxidized form of the redox coupde; is

the proton activity (pH= —log a4+), and the other terms

are defined in footnote 1. We obtainé&gq = 35 mV and

pKox = 7.8. In other words, the high-potential catalytic
process is dependent on a species that undergoes a reversible
acid—base transition in the oxidized form withKp, = 7.8,

below which no net reversible proton transfer is involved
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and the catalytic activity (the current) is large. By contrast,
the zero pH dependence Bf.(2) shows that this pathway
involves catalytic species that do not change their protonation
states over the pH range-8. Significantly, both of these
components appear at potentials far more negative than the
two-electron N@Q /NO,~ couple (-420 mV), which is a two-
proton reaction; consequently, the catalytic action being
observed by voltammetry is determined by the characteristics
of the enzyme rather than the substrate.

Experiments with InhibitorsTo identify the origin of the
variations in catalytic activity as a function of potential, we 0006 0000 0005
carried out experiments in the presence of inhibitors. First, 1/[NOg], uM-1
we.examlned the effect o.f adding nitrite, the reaction product. FiGURE 5: (A) Catalytic voltammograms at pH 7.0 and 26,
This gave no change in the voltammetry, so we could packground-corrected and normalized with respect to the activity
conclude that its binding is very weak and it is not of the uninhibited enzyme with 3.2 mM nitrate, showing the effect
responsible for the unusual waveform observed. Experimentsof nitrate concentration on the waveshapes obtained in the presence
with and without 100 mM chloride also showed little ©f 3uM azide. (B) LineweaverBurk plots based on the normalized

. . . : currents measured for high-potentiald5 mV) and low-potential
difference, consistent with the reportéd for chloride of 7,55\ activities, both with and without azide. The shared

0.5 M (30). However, the results were strikingly diﬁer.e.nt y-intercepts show that azide is fully competitive with nitrate at both
when we tested the effect of two known competitive potentials; this was seen for both 1 angld azide (the latter is

inhibitors of nitrate reduction, azide1) and thiocyanate  omitted for clarity). The shifts in the-intercepts show that the

(32). Figure 4 shows the effect of kM azide on the apparentKy increases with increasing azide concentration, with
. . . the effect greater at25 mV.

voltammograms measured for different nitrate concentrations.

Comparison of the results obtained for 10 nitrate with metry. This observation was investigated further (Figure 5A)

and without azide shows that both high- and low-potential by recording the catalytic voltammograms for varying

activities are almost abolished by azide; however, when the concentrations of nitrate in the presence pM azide. These

nitrate concentration is raised to 1 mM, only the low-potential showed that even with nitrate as high as 6 mM, there is little

activity makes any significant contribution to the voltam- recovery of the activity at higher potential.
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Lineweaver-Burk plots are shown in Figure 6B; an analysis
as before gives averadig values of 11 and 33M for high

and low potentials, respectively. The average results obtained
from several measurements of the different substrate and
inhibitor binding constants are summarized in Table 1. Also

0.0

=01}
EY tabulated are different ratios that are of interest in this study,
5 i.e., ratios of Michaelis/dissociation constants for nitrate/
5 02k inhibitors and ratios of low-potential/high-potential binding
30
constants.
No inhibitor, 100 uM nitrate
o3k 0 - 200 UM SCN, 100 M nitrate | DISCUSSION
— — = 200 M SCN", 400 pM nitrate _ . _
' - ' , ' ; ' Two Different Actiities for Nitrate ReductaseThe
-0.4 0.2 0.0 0.2

NarGHI holoenzyme adsorbed on a PGE electrode displays

Potential (V vs. SHE . . .
( ) catalytic voltammetry that is stable for long periods at

8— — ———T— 30 °C, even when no additional enzyme is present in the
- LB | e cell solution. The electroactive coverage is too low to enable
S | o i noson nonturnover signals to be observed by cyclic voltammetry,
gor. fips, 10 SCN- - ST bu_t When_ substrate is_added the catalytic activity is _suf-
S } _ ficiently high that the signal from even a small population
> [ " o 200pMSCNT T 7 ] of enzyme is greatly amplified. The exact form in which
E 4fo iz 200MSCN | e the enzyme is adsorbed is not known, but the observations
2 | | 7 | (a) that a similar but attenuated response is obtained at a
& /iﬁ’*—— modified gold electrode and (b) that a soluble construct
§ 2F i — lacking the Narl subunit also gives a similar catalytic wave
5 | ‘5/‘/'/ together suggest strongly that the results are reporting on
= s the inherent properties of the NarGH subcomplex and not
— — | those of the electrode interface or the membrane domain. It
-0.005 0.000 0.005

is possible that adsorption on PGE causes the complex to
_ ) separate into its individual subunits, but it is clear that
FlfG[i]JREGel:—H (A) Effect d°f :hloHc¥acr)1ate dogsth(etﬁatalytlc d?{.o'tamm'?“y whatever processes occur, the resulting enzyme is very active
[0} ar measurea at p .U an other conditions as In . :

Figure 1). Adding 20:M thiocyanate to a solution containing 400 af‘d.the catalytic compongnts are unlikely to be altered.
M nitrate results in a decrease in activity, as well as a simplifica- Similar results were obtained over the course of many
tion of the shape of the voltammogram. Increasing the substrate experiments, including using NarGHI samples from different
concentration to 1.6 mM restores activity but not the full level of preparations. Therefore it is most unlikely that the high- and

enhanced activity at higher potentials exhibited by the uninhibited low-potential activities are a result of different states of the
enzyme. (B) LineweaverBurk plots based on the currents mea-

1/INO37], uM-1

sured for high-potential{25 mV) and low-potential {400 mV) enzyme.
activities, both with and without thiocyanate (results for G0@ The observation of two different reactivities for nitrate
thiocyanate omitted for clarity). reductase, one optimized within a narrow high-potential

A quantitative analysis of the inhibition characteristics was region and one reaching a sigmoidal maximum at low
carried out by measuring the currents at h|g.|'25 mV) and potential, is the central feature of this Study. At pH 7.0, the
low (—400 mV) potentials as functions of both nitrate and rate of turnover at the higher potential is approximately one-
azide concentrations. The results are shown in Figure 5B inhalf that at low potential, whereas the value Kf is
the form of Lineweaver Burk plots. The data give excellent approximately four times less. This observation is similar
fits, with the coincidence ofy-axis intercepts for data !0 that reported earlier for the. pantotrophusenzyme by
obtained at either potential showing that azide acts competi-Butt and co-workers, who considered different ways in which
tively in both the high- and low-potential activities. The the complex catalytic waveform might arises( 19). Apart
presence of the inhibitor causes a large increase in thefrom processes occurring at the Mo site, other possibilities
apparent Michaelis constariy, for nitrate as determined ~ Wwere that the rate of catalysis is sensitive to the redox state
from the x-intercepts in the plot, with the greater effect of an Fe-S cluster or that two distinct active conformations
occurring for the data at25 mV, indicating much tighter of the NarGHI protein exist on the electrode, one of which
binding of azide at higher potential. The increased value for iS less active, yet more populated at lower reduction potential.
Kv, Ku®P, was used to find the competitive inhibi- However, while these other possibilities could easily explain

tion constantKy, for azide at each potential for both 1 and @ potential dependence for the rate of turnover, they are more

3 uM azide according to a standard treatmeB)( difficult to reconcile with the apparent potential dependence
Ku2PP= Ku(1 + [1)/ Kq). The averag&y values for high and  ©f the nitrate binding affinity.
low potentials are 0.08 and 0.2V, respectively. Analysis of the Potential-Dependent Adtes. The defini-

Similar experiments were carried out with thiocyanate. tive information we are now able to provide is the effect on
Figure 6A shows the effect of 0.2 mM thiocyanate on the the waveform of adding a competitive inhibitor such as azide.
voltammetry of 0.4 and 1.6 mM nitrate. Thiocyanate is a The results not only show that azide is a competitive inhibitor
much weaker inhibitor than azide, requiring much higher of nitrate reductase bound to an electrode just as it is in
concentrations to have an appreciable effect. The resultingsolution but also reveal that the inhibitory effect is especially
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Table 1: Compilation of Michaelis and Inhibition Constants for Nitrate Reduttase

Km(NO3™)/[uM Kd(N3™)/uM ratio (Km/Kg) K4(SCN)/uM ratio (Km/Kg)
high potential 4% 26 0.08+ 0.05 510 147 3.7
low potential 161+ 39 0.22+ 0.02 730 3311 4.9
affinity ratio 3.9+1.9 2.8+ 0.6 3.0+ 0.7

a Average values are provided with standard deviations at both kigh (V) and low (400 mV) potential for ten measurementskaf and
six measurements &y representing two different concentrations for each inhibitor.

pronounced for the high-potential activity. At high potential, upon addition of azide; however, it was not possible to make
azide binds more than 2 orders of magnitude more tightly a definite assignment, as the large width of the signal
than nitrate; furthermore, it is selective for the high-potential (>+400 mV) clearly demonstrated that it arose from multiple
activity by a factor of 3 over the low-potential activity. This redox species, very likely including the Fe-S clusters and/or
fact in particular provides compelling evidence that the heme groups of NarGHI.

potential dependence reflects the differing catalytic properties Redox Transitions at the Ac# Site.lt is also possible

of two oxidation states of the active site, at which competitive that the potential dependence of activity that we observe
inhibition must occur. If instead the catalytic voltammetry arises not from the Mo(V) itself but from redox chemistry
were controlled by the oxidation states of one or more Fe-S associated with the pterin ligands. The bicyclic form observed
clusters or indeed any more remote aspect of the enzyme, itfor one of the molybdopterin cofactors in the NarGHI crystal

would be most unlikely that azide could exert such a high
level of discrimination in its inhibition of high-potential

activity. Azide binds much more tightly than thiocyanate,
which is also more selective for the high-potential activity

structure §) could represent the tetrahydropterin form that
is two hydrogen atoms more reduced than the tricyclic form
observed for the other molybdopterin in NarGHI as well as
for those in all other crystallographically characterized

but with a binding affinity only four times greater than that molybdopterin-containing enzymes34). The intriguing
of nitrate. In terms of “hare soft” characteristics, it is well ~ possibility is that reversible reduction of the pterin occurs
established that azide is a harder ligand than thiocyanate andnot necessarily as a direct part of the catalytic mechanism)
is therefore expected to show a relative preference for metaland that this decreases the binding affinity at molybdenum
ions in higher oxidation states. for substrate and inhibitors, giving a sharp two-electron
The pH dependence of the catalytic waveforms shows thatswitch in the voltammetry. However, determination by
there is a general increase in activity (current) with decreasing voltammetry of the electron cooperativity for an on/off switch
pH; however, only the high-potential activity exhibits a pH- is difficult (20, 35), as it is possible that the shape of the
potential dependence, and this is associated with an ionizationvoltammogram results from the balance of the many other
in the oxidized form with g, = 7.8. Magalon and factors involved in modeling the waveformi§). Further-
co-workers examined the Mo(V) states of NarGHI as a more, ring opening of the pterin can also occur by a
function of pH using EPR spectroscopy, finding two forms rearrangement/scission mechanism without any change in
of the Mo(V) signal that were related by &pof 7.4 (11). redox level of the pterin34). Apart from one paper reporting
Notably, the reduction potentials for both Mo(VI)/(V) and formation of a pterin radical3g), we are not aware of
Mo(V)/(1V) redox couples observed in their study-190 observations so far to suggest that the pterin ligands
and+ 95 mV, respectively) were considerably higher than associated with Mo undergo redox transitions during cataly-
the regions of catalytic activity we now observe. However, sis; but in the absence of crystallographic characterization
in our studies different quantities are being measured, andof both the reduced and oxidized states of the enzyme, it
importantly, the two kinds of measurements are made underremains possible that such a transition could occur in this
very different conditions: equilibrium measurements on system.
concentrated membrane preparations frozen in an EPR tube, Assuming that redox transitions of the Mo atom are the
compared to ambient temperature rate measurements withmost likely origin of the potential dependence, our simplified
enzyme molecules adsorbed on an electrode, for which theattempt to explain the catalytic data is shown in Scheme 1.
potential being applied is that required to maintain a catalytic As required for nitrate reduction, both the high- and low-
steady state oklectron flow to substrateather than a potential activities must involve two electrons and two
reversible stoichiometric equilibrium. Our own arguments protons. Further assumptions made are that the Mo cycles
are based not on any direct and unambiguous observatiorbetween oxidation states VI and IV and that even if nitrate
of Mo(V) but on catalytic activity that implicates the active binds to Mo(VI) [we note that there is only a relatively small
site on account of the sensitivity to competitive inhibitors, shift in Eca(1) with increasing nitrate concentration], the
particularly azide. One other possibility is that our measure- potential region in which this occurs does not provide
ments are necessarily made in the presence of nitrate, whictsufficient reducing power to give a detectable rate of
is not present in the EPR samples. However, the shifts in catalysis. Of the net number of protons required in the
potential with increasing nitrate concentration are small, so catalytic cycle and taken up from solvent, only one is
if nitrate were the factor responsible for lowering the Mo involved in any potential-determining process, that of
reduction potentials, then an additional “nonsubstrate” nitrate Ec.{1), which is associated with &py value of 7.8. Thus,
ion (i.e., one not being catalytically reduced) would have to below pH 7, the rate (current) but not the potential is
be bound very tightly to oxidized forms of the enzyme. dependent on pH. This allows us to separate two protonation
Experiments carried out in the absence of nitrate using squaresteps, one occurring as a fast preequilibrium and one required
wave voltammetry showed a weak envelope of signals for the formation and release of product. Since there is no
betweent100 and—300 mV, the positions of which changed pH dependence fdE..(2), it follows that the same number
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Scheme 1: Proposed Pathways (in Bold) for Nitrate
Reduction Based on Voltammetric Evidence Reported in
This Investigatiof

—= Mo(VI) Mo(V) Mo(TV)
B B B
l pK, =738 pK,>9 pK,>9
Mo(VT) Mo(V) Mo(IV)
BH' BH" BH"
NOy NOy
V r ’ {1V {- ’
Ky Ky
Mo(V)-NOy Mo(IV)-NO;y~
BH* BHl+
/_ kt.'m’ \

+

NO,” + H,0 H

2B denotes a general base that undergoes protonation at the oxidized

active site with K, 7.8.

of protons are bound for both oxidation states involved. We
will assign these as Mo(V) and Mo(IV). It then follows that
the Kox for Eca{1) must be assigned to the active site in the
oxidation state Mo(VI). It should be stressed at this stage
that we cannot assign this proton-transfer equilibrium to any
particular site: it does not have to be at the Mo but only at
a site that is crucial for catalysis and close enough for its
pK to be controlled by the Mo oxidation state. Thus it need
not be correlated with any acithase equilibrium previously
detected, e.g., by EPR.

The following predictions are then made. One exchange-
able proton, crucial for both high- and low-potential activities,
is bound under all conditions, except to Mo(VI) at pt7.8.

At low nitrate concentration, Mo(V) plays a major role in
the catalytic cycle because it has a higher affinity for nitrate
than Mo(lV). Once nitrate has bound to Mo(V), the cycle
continues with the addition of a further electron and proton,
and product is released. At higher nitrate levels, an alternative
pathway that involves nitrate binding to Mo(IV) and a higher
rate of turnover becomes dominant. At pH values above 8,
the high-potential pathway with nitrate entering the cycle at
Mo(V) loses significance aBc(1) becomes close tBcar

(2). The results contrast with those obtained for a different
enzyme, DMSO reductase, for which the substrate concen-
tration makes little difference to the observations of the high-
and low-potential signals2().

Biological Implications.The results show that a consider-
able amount of energy (approximately>x20.4 F, i.e., 80
kJ/mol of nitrate) is expended in the reductive half-cycle,
making this an inefficient but irreversible process. More
subtle, however, is the way in which the catalytic activity
differs across two potential domains. E coli, the natural
electron donors range from menaquinol to ubiquinol depend-
ing on factors such as anaerobicity and availability of
terminal oxidants. The results suggest that low levels of
nitrate can be reduced using ubiquinol, the electron donor
prevailing under aerobic conditions, and this might also be
useful under some intermediate growth conditions. They also
suggest that this high-potential activity is the one most

Elliott et al.

susceptible to azide inhibition. This may have interesting
implications for the practical applications of inhibitors, as
in bacteriostatic preservatives.
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