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ABSTRACT. The chemolithoautotrophic bacterium NT-26 (isolated from a gold mine in the Northern Territory
of Australia) is unusual in that it acquires energy by oxidizing arsenite to arsenate while most other
arsenic-oxidizing organisms perform this reaction as part of a detoxification mechanism against the
potentially harmful arsenite [present as As(@H) neutral pH]. The enzyme that performs this reaction

in NT-26 is the molybdoenzyme arsenite oxidase, and it has been previously isolated and characterized.
Here we report the direct (unmediated) electrochemistry of NT-26 arsenite oxidase confined to the surface
of a pyrolytic graphite working electrode. We have been able to demonstrate that the enzyme functions
natively while adsorbed on the electrode where it displays stable and reproducible catalytic electrochemistry
in the presence of arsenite. We report a pH dependence of the catalytic electrochemical potei&ial of
mV/pH unit that is indicative of proton-coupled electron transfer. We also have performed catalytic
voltammetry at a number of temperatures between 5 arfit€2and the catalytic current (proportional to

the turnover number) follows simple Arrhenius behavior.

Arsenic (As} contamination is a major environmental Despite the known harmful effects of As, there are in fact
concern as the element is extremely toxic to most forms of organisms that require As to survive. One of these is the
life (1—5). Accidental occupational exposure to arsenic is recently characterized bacteriuRhizobiumsp. str. NT-26,
problematic in a number of workplaces such as the mining, which was isolated from a gold mine in the Northern
pesticide, pharmaceutical, glass, and microelectronics indus-Territory of Australia {). This organism grows chem-
tries. It is now established) that chronic exposure to high  olithoautotrophically with arsenite as the electron donor,
levels of inorganic As may lead to a variety of cancers (skin, dioxygen as the electron acceptor, and HQQO, as the
bladder, lung, and possibly other organs) in addition to sole carbon source and has been found growing on samples
serious skin ailments to name but a few. The metabolic of the mineral arsenopyrite (FEAsS, the most common As-
pathways for As in humans are complex but include the containing mineral in the world). The enzyme responsible
formation of organoarsenics which may themselves be activefor the oxidation of arsenite to arsenate in this organism has
toxic forms (). been isolated and characterize). (it is the molybdenum-

The most bioavailable (water soluble) forms of As are containing enzyme arsenite oxidase, which is located in the
when it is present in its trivalent (arsenite) and pentavalent Periplasmic space of the cell. Unlike most other organisms
(arsenate) forms. At neutral pH, arsenite is present exclu-Which typically oxidize arsenite for the purpose of detoxi-
sively as the very weak acid As(OH{pKa: = 9.2) while fication, NT-26 gains free energy from arsenite oxidation.
arsenate is usually a mixture of As(QB)~ and As(OH)@~ All known arsenite oxidase enzymes characterized thus
(PKa2= 6.9). Trivalent As is generally considered to be more far comprise three distinct electron transfer centers: a Mo
toxic to animal and plant life, and there is evidence to suggestactive site and an adjacent high-potential [3Fe-4S] cluster
that it reacts with thiol groups in proteins; on the other hand, (within the o subunit) and a Rieske-type [2Fe-2S] center in
the less toxic pentavalent arsenate is believed to act as aheg subunit @). The only crystallographically characterized
phosphate analogu@)( arsenite oxidase is that isolated from the soil bacterium

Alcaligenes faecalisand the configuration of the three
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Ficure 1: Active site of arsenite oxidase fro faecalis(from
ref 12). The Mo active site is in its tetravalent (inactive) oxidation
state, and the coordination geometry is square-based pyramidal. |
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mM NaCl. The enzyme was stored a0 °C as separate
10 uL aliquots each at a concentration of 2M.
ElectrochemistryAll experiments were conducted with a
BAS100B/W potentiostat coupled to a BAS RDE-2 rotating
disk electrode cell stand. A platinum wire counter and the
Ag/AgCI reference electrode (3 M Na@® = 196 mV vs
NHE) were used. All potentials are cited relative to the NHE.
A thermostated electrochemical cell was employed, and
temperatures in the range of-25 °C (+£0.1 °C) were set
by a Colora Kryo-Thermostat recirculating water bath. No
corrections were made for the potential of the reference as
a function of temperature. It is knowa&) that the Ag/AgCl
reference electrode exhibits a small temperature variation
(~10 mV) between 5 and 2%C. The cell was purged with
nitrogen before the measurement and blanketed with nitrogen

pduring the measurement. The electrochemical cell contained

its active hexavalent state, a sixth water-based ligand is presentl mL of MES buffer (50 mM) and NaCl (10 mM) as the

(11). The [3Fe-4S] and Rieske-type [2Fe-2S] clusters are also
shown.

characteristic of its fully reduced Moform, whereas upon
oxidation, a six-coordinate MEO(X)(MGD), (X = O or

OH) form has been proposed from EXAFS and resonance

Raman spectroscopyll). The two Fe-S clusters are

arranged in a way that suggests electron egress from the Mo

ion after oxidation of arsenite proceeds first via the [3Fe-
48] cluster and then via the Rieske-type [2Fe-2S] cluster

before being transferred to its physiological electron partner

(azurin or ac-type cytochrome). The [3Fe-4S] cluster is
approximately equidistant from the Mo and Rieske centers
(14—15 A) (12). The overall configuration of NT-26 arsenite
oxidase is a3, tetramer, although this is not characteristic
of all arsenite oxidases, with (13, 14) and ogf; (15)
stoichiometries known for other enzymes.

In this work, we report the direct electrochemistry of NT-
26 arsenite oxidase using the technique of protein film
voltammetry (6) where the electroactive enzyme is delib-

supporting electrolyte. The pH was adjusted by addition of
either dilute acetic acid or NaOH. Data analysis was
performed with BAS100W version 2.3.

The working electrode was an edge-oriented pyrolytic
graphite disk £0.1 cn?) that had been cleaned by cleaving
several 2uM layers from its surface with a microtome and
then sonicated in water for 1 min. The optimal electrode
preparation was obtained using polymyxin sulfate as a co-
adsorbate. Specifically, the electrode was dried and inverted
while 5 uL of a polymyxin sulfate solution (1%, w/v) was
added to the exposed graphite surface. After ca. 10 min, 5
uL of a 20uM solution of NT-26 arsenite oxidase was added
to the somewhat concentrated drop of polymixin sulfate and
the electrode was allowed to stand at room temperature for
ca. 30 min to allow the enzyme to adsorb on the graphite
surface. After this time, the electrode was added to the
electrochemical cell comprising a Pt wire counter and the
Ag/AgCI reference electrode. A didodecyldimethylammo-
nium bromide (DDAB) surfactant film of the enzyme was
also prepared on the electrode surface using published

erately adsorbed on the working electrode surface while the procedures 19, 20).

potential of the electrode is swept both positive and negative

of the redox potentials of the cofactors as a function of time.
The catalytic current is a direct indicator of enzyme turnover
(17). Catalysis (in this system) will begin as the applied

RESULTS

Enzyme Immobilization/arious enzyme-modified work-

potential becomes more positive than the redox potentialsing electrode preparations were explored. The optimal
of the cofactors, where the active site and its electron relaysProcedure involved using the peptide polymixin sulfate as a

are all in their fully oxidized and active states. Catalysis is

(non-redox active) promoter to enhance the surface coverage

sustained by the working electrode in its role as an electron Of the electroactive enzyme. In the absence of polymixin,
acceptor (in this particular case), thus supplanting the role i-€., adding the enzyme directly to the inverted freshly

of the physiological electron transfer partner. A key advan-

cleaved pyrolytic graphite electrode, an electroactive enzyme

tage of direct (unmediated) enzyme electrochemistry is that film was still obtained but the catalytic currents were only

the potential at which catalysis occurs is linked with redox

20% of those obtained with polymyxin present. Successful

processes occurring on the enzyme and not masked by théxperiments were also conducted with an enzyme im-

redox potential of an artificial electron transfer mediator. Our

mobilized within a didodecyldimethylammonium bromide

electrochemical results are compared with those reported(DDAB) surfactant film. Again the catalytic currents were

recently for arsenite oxidase frof faecalis

EXPERIMENTAL PROCEDURES

ReagentsAll reagents were analytical grade, and MilliQ
water was employed for all experiments.

Enzyme PreparatiariThe enzyme NT-26 arsenite oxidase
was prepared as previously describ8pexcept that the gel
filtration buffer 50 mM MES (pH 5.5) also contained 100

~20% of the optimal values. However, in all cases, the same
kinetic parameters, relative pH, and temperature dependences
were observed (see below) regardless of electrode prepara-
tion.

Nonturnaer VoltammetryDespite a number of attempts
with different promoters, no convincing cyclic or square
wave voltammetric responses could be obtained from NT-
26 arsenite oxidase in the absence of substrate. The cyclic
voltammogram of NT-26 arsenite oxidase at pH 5.6 and 5
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E (mV vs NHE) Ficure 3: Plot of the limiting catalytic current as a function of

) . ) substrate concentration. The solid curve fit to the Michaggnten
Ficure 2: Cyclic voltammograms of Aro (co-adsorbed with equation with &y of 46 M and animaxof 522 nA. Experimental

polymixin) in the absence (red curve) and presence (green curve)congitions: pH 5.6, 3C, sweep rate of 5 mV/s, stationary working
of sodium arsenite (260M). Experimental conditions: pH5.6,5  gjectrode, polymixin co-absorbate.

°C, sweep rate of 5 mV/s, stationary working electrode.

°C in the absence of arsenite is shown in Figure 2 (red curve).tumover number, the number of electrons N t.he reactipin (
The only discernible responses are a pair of broad and Weakand the Faraday constaﬁt)(The only va_nable is the surfape
peaks around 340 mV which are also present in the coverage of eIeptroactwe enzyme, (in m_oles), and It
voltammogram of the clean, untreated pyrolytic graphite emerges that this is the parameter that will be responsible

electrode and are due to surface redox reactions (quinonef0 ?Lgf{;}?;'ogiémCatcféﬂga?]Tiue(:);p:;'rtger):t ;?a:Sfe r;e:ét (al)l In
hydroquinone) of the graphite electrode itse¥fl). This g 9 P PF).

response exhibits a pH dependence-&9 mV/pH unit. It the absence of nonturnover voltammetric responses, which
is possible that faradaic responses from the enzyme cofactors” hen integrated enable the_ surface cqver&geto be
overlap with this graphite-based signal, but we could not caIcuIated', we are unable to directly quantify the amount_of
deconvolute these with any confidenc,e The absence Ofelectroactlve enzyme on the electrode surface. Solution
responses from the Mo active site or the twofSeclusters sKtu?;sseo;i tl;l;l’ 02f66 ;ﬁe::g :Iz'di?i gtsle eSfSMr(])agjbE)r:jiPd a
is most probably related to poor surface coverage of the .V . Creat : P o
electroactive enzyme. This includes the possibility of a (8). If the enzyme is funct|on_|ng with _the same efficiency
distribution of orientations of the enzyme on the electrode oir:/g;eaglt\?/;tlrl?g %fsg réacms \;\t,hvi\gu:g ;Qﬁgﬁﬂgﬂ’ﬂeni;ﬂ '
surface, many of which are incapable of undergoing direct ?nonola or covera 'e pmol, yp
heterogeneous electron transfer with the graphite electrode. Y ge.

. : Substrate Mass TransporThe catalytic wave in Figure
Catalytic Voltammetryin the presence of 26¢M arsenite . . : . .
at pH 5.6 and BC, a sigmoidal voltammetric wave emerges 2 has a somewhat distorted sigmoidal shape with the anodic

with a half-wave potential of ca. 370 mV versus the NHE (forward) sweep appearing more intense than the reverse

(Fiure 2 greencurve) hts clarly diferent o thatseen S1SSP. AUIRUGT 6, WV 2 upeipeces on ¢ Sonna
in the absence of arsenite (Figure 2, red curve). In a separate ' 9 !

experiment, a more gradual addition of arsenite to the of depletion of subs_trate from the difquion Ia_yer _durir_]g_the

electrochemical cell in the presence of the enzyme-modified anolt_jlc slweep as in a normal transient, diffusion-limited
electrode leads to a steady increase in catalytic current untilcyﬁ lt% vo Itan:mggr'am.t ted at 1000 th tak

a plateau is approached around a concentration ofuM0 trul € elec rotg ISI roha eda d th rfpm, :jawa(;/eb akes 03
(Figure 3). The data follow MichaelisMenten kinetics, and a truly symmetrical shape an € torward and backwar

an electrochemical Michaelis constédj of 46 uM (pH 5.6) invﬁzﬁts isrie r:g?:é'cgzli '1:294)(: a\egﬁg'%?ngop;ﬁsn?;guﬁgz
was obtained from the plot shown in Figure 3. Importantly, 9 9 ' 9

no arsenite oxidation current was seen in control experiments.usmg rotation rates of 500 and 2000 rpm were virtually

conducted in the absence of enzyme; i.e., direct (nonspecific) g‘f)ISt'llr]hgeUI;':]e aeblﬁefggrgfﬂtﬁé rgaet?ut:gdwztv:e}OigorerIF;TeéFtlgutrhee
electrochemical oxidation of arsenite is not observed within ’ P y

e potenal vindow shown i Figue 2, and he curentis 22220, FUTECT o eectonely (7 o e e
derived from a truly enzymatic process. P Y ' y

by taking the first derivative of the voltammogram (Figure
= nFT x turnover number (1)  S2). The peak width of the derivative at half-height should
be approximately 984,,within the temperature range studied

The electrochemicd{y value (at pH 5.6) determined from  here. The peak width seen is around 100 mV which implies

experiments with different electrode preparations (polymixin, a single electron transfer step is rate-limiting. This is most

direct adsorption, DDAB surfactant film) always fell within  likely one of the two (strictly single electron) F& redox

a relatively narrow range (30M < Ky < 50uM). However, centers (Figure 1) that act as relays of electrons from the

the catalytic current at enzyme saturation and high potential Mo active site following arsenite oxidation.

(ica varied considerably from one experiment to the next.  Notwithstanding the subtle differences in waveform going

Equation 1 shows that, is directly proportional to the  from a stationary to a rotating electrode, the background-

lcat
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FIGURE 4: Effect of working electrode rotation on cyclic voltam-  Potential. The solid line is a linear regression of the experimental
mograms of Aro (co-adsorbed with polymixin). Experimental points and has a slope 633 mV/pH unit. Experimental conditions
conditions: pH 5.6, 25C (top curves) or 5C (bottom curves), ~ Were as described in the legend of Figure 4.

sweep rate of 5 mV/s. Rotation rates were as indicated.
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FIGURe 5: pH dependence of the limiting catalytic current of Aro  F/SURE 7: Temperature dependence of the catalytic waveform
in the presence of 260M arsenite. Experimental points fit to a ~ ({mperatures as indicated in the legend). Experimental condi-
solid curve using eq 2 withiy, values of 6.0+ 0.2 and 6.5+ 0.2. tions: 260uM arsenite, pH 5.6, sweep rate of 5 mV/s, working
Experimental conditions: 266M arsenite, 25C, sweep rate of 5 €l€ctrode rotation rate of 1000 rpm.

mV/s, stationary working electrode.

that the structure of the reduced form is most probably the

subtracted limiting anodic currents are barely distinguishable same as that identified crystallographically [MO(MGD),].
regardless of the rotation rate (Figure 4). In other words, However, in its oxidized form, two distinct Mb-O
mass transport of arsenite to the enzyme is not limiting coordinate bonds were identified as leaving the coordination
turnover regardless of forced convection through electrode sphere as either M6O(OH)(MGD), or Ma"'O(0)(MGD),
rotation, and turnover is limited by chemical steps associated (with chemically inequivalent oxo ligands).
with the enzyme.

pH DependenceThe saturation catalytic current exhibits
a pH optimum of 6.3 and follows a classical “bell-shaped”

profile (23). The data shown in Figure 5 were modeled well gnap1ed construction of an Arrhenius plot (Figure S3), and
with eq 2 which describes an active form of the enzyme 5 ahoroximate activation energy of 27 kd/mol was obtained
substrate complex that is deactivated by either protonation ¢, the catalytic reaction. This vaiue is on the order expected
[PKa1 = 6.0(2)] or deprotonation .2 = 6.5(2)]. for an enzyme-catalyzed reactid®. An additional feature
i is that the slope of the baseline increases with an increase
max = — opt — 2) in temperature, although the precatalytle € E.,) and

1+ 10K PH 4 g oPHPRe postwave (steady statE,> E..) current-voltage curves are

essentially parallel.

Temperature Dependencé\s expected, the catalytic
current is temperature-dependent and increases with tem-
perature from 5 to 25C (Figure 7). The five data points

The half-wave potential at which catalysis occurs exhibits
a pH dependence 6f33 mV/pH unit between pH 4.5 and pjSCUSSION
7 (Figure 6). In the absence of nonturnover signals from the
three cofactors, we cannot assign this pH dependence to any Our electrochemical experiments with NT-26 arsenite
particular protonation reaction at this time. oxidase were facilitated by the remarkably robust nature of
The redox-dependent solution structures of arsenite oxidasehe enzyme. Enzyme-modified electrodes retained catalytic
from A. faecalishave been probed by EXAFS and resonance activity for several days if stored in a refrigerator and
Raman spectroscopytl). The authors of rel1 concluded immersed in buffer. Catalytic voltammetry could be under-
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taken at room temperature with stationary and rotating (pH 6.0, 7.0, and 7.9) for the catalytic potentialfoffaecalis
electrodes without a noticeable loss of activity during the arsenite oxidase?@). The actual catalytic half-wave poten-
course of the experiment. The pH profile of enzyme activity tials from that study may only be estimated from a figure,
was established by varying the pH of the solution between but the authors indicated that the pH dependence of the
pH 4 and 7.5. A pronounced catalytic optimum of pH 6.3 catalytic wave was similar to that of the nonturnover response
was found, which is slightly higher than that found in solution from the Mo active site, i.e., a two-electron, two-proton
(pH 5.5) (7). Importantly, the pH variations in catalytic reaction. It appears that an interesting difference has emerged
current were reversible; i.e., the pH profile was independent here between the catalytic mechanisms of these two enzymes
of the direction of titration or the order in which data were from disparate organisms.

acquired, and full activity was restored when the solution  The relatively straightforward catalytic voltammetric be-
pH was restored to its optimal value. _ _ havior of NT-26 arsenite oxidase contrasts with the com-
There are only a few well-characterized arsenite oxidase picated waveforms reported fér. faecalisarsenite oxidase
enzymes. The one that has been most thoroughly studied i§22). The authors reported significant departures from the
the arsenite oxidase from the soil bacteridnfaecalis(13, expected sigmoidal voltammetric waveform as either the
25, 26). The crystal structure of this enzyme has been temperature or the substrate concentration was increased.
reported {2), and its solution structure has been examined gpecifically, at either saturating concentrations of substrate

by EXAFS and resonance Raman spectroscdd. (Al- or temperatures above-20 °C, the maximum catalytic
though phylogenetically NT-26 anil faecalisare unrelated  cyrent (at high potential) did not reach a plateau (even after
(the latter being a member of theProteobacteriawhile correction for background current). This is problematic as it
NT-26 is a member of the-Proteobacteriy, thea subunits  masked both the limiting catalytic current and the half-wave
of the arsenite oxidases from both organisms af% potential at which catalysis occurs.

identical (L5) so their comparative catalytic activities are of
interest. In any case, given the similarities between the

enzymes, the crystal structureAffaecalisarsenite oxidase : ) .
(Figure 1) serves as an excellent guide for understandingcate.llyt'c voIta.mr.netnc. wave. Instegd, the .catalyt|c currents
exhibited variations in accord with a simple Arrhenius

the properties of NT-26 arsenite oxidase. There has also been . . : . L
a recent report of the direct electrochemistryfoffaecalis behavior (Figure S3) and Michaeti$lenten kinetics (sub-

arsenite oxidase2Q), and these results are compared with strate). Regardless of the temperature or substrate concentra:
our own tion, the pre- and postwave regions of the voltammogram
. . . . . were essentially parallel and the limiting (background
The three distinct redox centers in arsenite oxidase . .
. . . ok subtracted) currents and catalytic potentials could be deter-
comprise a single-electron Rieske-type [2Fe<2S]couple, . ; : :
: ; mined directly from the raw data using the instrument
a one-electron [3Fe-48Y couple, and the Mo active site

which may reside in the M6, MoY, or MoV state. Resolution software. We did see an increase in the slope of the overall

of separate M@V and Md”V couples depends on the relative uncorrected voltammogram as a function of temperature
redox potentials of these couplesEf(MoV) < E°(Mo¥/V) (Figure 7), but this change is probably related to nonfaradic

. . temperature effects relating to the graphite electrode rather
then a cooperative two-electron transfer may occur, i.e., thethan any intrinsic temperature-dependent catalytic properties
EPR active MY form is never observed. Indeed, there is y P P brop

. S ) . . _of the enzyme.
evidence to suggest that this is the case in the arsenite oxidase ) ) )
from A. faecaliswhere no EPR signal could be elicited from ~ The redox potentials of the cofactors in NT-26 arsenite
the Mo center during a titration with arsenit&3{. More oxidase remain unknown at present, and their determination
recent electrochemical work with the enzyme reporg) (  Will require other techniques such as EPR spectroscopy (for
a two-electron voltammetric response from the Mo center theé Fe-S cluster on the assumption that the Mo cofactor
(at 292 mV vs the NHE at pH 6.0). No voltammetric will not give a Mo’ EPR signal) or optical potentiometry at
responses from the two F& clusters were found, and their ~Protein concentrations higher than those that are at present
potentials were determined by a mediated optical redox Practical given the amount of enzyme at our disposal. A high-
potentiometry titration. This analysis was complicated by the Yield expression system for NT-26 arsenite oxidase may
fact that arsenite oxidase exhibits very weak optical absor- €nable these experiments to be carried out soon.
bance change in the visible region upon reduction and is The absence of nonturnover signals in our voltammetric
thus a less than ideal system for investigation by this method,experiments with NT-26 arsenite oxidase precludes a direct
unlike stronger chromophores such as heme and flavin-measure of the surface concentration of the adsorbed and
dependent proteins. The redox potentials of the twe%e  electroactive enzyme. On the assumption that the enzyme is
clusters ofA. faecalisarsenite oxidase were reported to be capable of turning over arsenite at a rate similar to its rate
130 mV ([2Fe-2S"*) and 2606-270 mV ([3Fe-4Sj") (vs in solution, we have a submonolayer coverage of the enzyme
the NHE at pH 6.0) Z22). on the electrode. This was achieved with polymixin as a

There are some notable comparisons and contrasts thato-adsorbate, and other methods of protein adsorption led
can be made between the electrochemical behavior of NT-to less than 20% of this activity. Other methods of enzyme
26 andA. faecalisarsenite oxidase?@). First, the potentials  confinement may prove to be more efficient than those
at which catalysis occurs are similar at pH 6.0. However, reported here, particularly in eliciting nonturnover responses
the pH dependence of the catalytic wave potentials for NT- from the enzyme, but at present, we have established that
26 arsenite oxidase appears to follow the predicted trend forthe enzyme is robust and active on the working electrode
a two-electron, single-proton process (slope-@&9.6 mV/ and serves as an ideal system for studying by direct protein
pH unit at 298 K). Limited pH-dependent data were reported film voltammetry.

As mentioned, we saw no temperature- or substrate-
dependent phenomena associated with the shape of the
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CONCLUSIONS 11

Stable and reproducible catalytic voltammetry of NT-26
arsenite oxidase has been reported at an applied electro-12
chemical potential in the range 36@00 mV versus the
NHE. The substrate concentration dependence of the catalytic
current follows Michaelis-Menten kinetics, and an electro-
chemicalKy value similar to that reported for the enzyme
in solution was identified. The catalytic current also exhibited
a temperature dependence consistent with a typical enzyme- 1
catalyzed reaction.

SUPPORTING INFORMATION AVAILABLE

Cyclic voltammograms at rotation rates of 500, 1000, and
2000 rpm and an Arrhenius plot of the temperature depen-
dence of the catalytic current. This material is available free
of charge via the Internet at http://pubs.acs.org.

17.
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