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Abstract Arsenate reductase (ArsC) encoded by Staphy-
lococcus aureus arsenic-resistance plasmid pI258 reduces
intracellular arsenate(V) to the more toxic arsenite(III),
which is subsequently extruded from the cell. It couples
to thioredoxin, thioredoxin reductase and NADPH to
be enzymatically active. ArsC is extremely sensitive to
oxidative inactivation, has a very dynamic character
hampering resonance assignments in NMR and pro-
duces peculiar biphasic Michaelis-Menten curves with
two Vmax plateaus. In this study, methods to control
ArsC oxidation during purification have been optimized.
Next, application of Selwyn’s test of enzyme inactivation
was applied to progress curves and reveals that the ad-
dition of tetrahedral oxyanions (50 mM sulfate, phos-
phate or perchlorate) allows the control of ArsC stability
and essentially eliminates the biphasic character of the
Michaelis-Menten curves. Finally, "H-'>’N HSQC NMR
spectroscopy was used to establish that these oxyanions,
including the arsenate substrate, exert their stabilizing
effect on ArsC through binding with residues located
within a C-X5-R sequence motif, characteristic for
phosphotyrosine phosphatases. In view of this need for a
tetrahedral oxyanion to structure its substrate binding
site in its active conformation, a reappraisal of basic
kinetic parameters of ArsC was necessary. Under these
new conditions and in contrast to previous observations,
ArsC has a high substrate specificity, as only arsenate
could be reduced (K,=68 uM, kmt/Km=5.2><104 M™!
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s_l), while its product, arsenite, was identified as a mixed
inhibitor (K*;, =534 uM, K*,.=377 uM).
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Introduction

Oxyanions of arsenic and antimony that enter cells via
transporters for other compounds are highly toxic, es-
pecially in oxidation state +1II [1]. In Staphylococcus
aureus, arsenate (AsO,>) is taken up by the phosphate
transport systems [2]. Once inside, resistance to arsenite
(AsO,) and antimonite (SbO, ) results from active
extrusion of the toxic +III oxyanions [3, 4, 5]. Arse-
nate resistance requires an additional protein (ArsC)
which reduces intracellular arsenate to arsenite [6], the
form recognized by the efflux system. Arsenic and
antimony resistance on ars operons can be found on
plasmids and chromosomes [7]. In S. aureus, three
genes termed arsRBC have been identified on plasmid
pI258 [8, 9]. ArsR is an As(III)/Sb(III)-responsive
transcriptional repressor [9]. ArsB is a secondary
transporter that catalyses efflux of the arsenite anion
from cells [5]. The 131-residue ArsC protein (M,
14,812.7) encoded by the arsC gene shares only 12%
sequence identity with ArsC found on plasmid R773 in
E. coli [10], and no sequence identity with Acr2p of
chromosome XVI from S. cerevisiae [11]. Nevertheless,
these three arsenate reductases from different biological



sources do share a Cys-X,-Arg consensus sequence,
which is also the characteristic catalytic sequence motif
found in phosphotyrosine phosphatases (PTPases) [12,
13]. In particular, ArsC from S. aureus shares 20-30%
sequence identity with members of the family of “low
M, protein tyrosine phosphatases”. In the latter, the
active site sequence motif is located near the N-termi-
nus, and features a conserved V/I-C-X-G-N-X-C-R-S
sequence, referred to as the P-loop [14, 15]. This
sequence motif corresponds exactly to the one found
in ArsC from S. aureus. Since ArsC proteins and
phosphatases both have oxyanions as substrates, this
might indicate similarities in protein oxyanion binding.

In vitro, ArsC from S. aureus pI258 requires coupling
to thioredoxin (Trx), thioredoxin reductase (TR) and
NADPH in order to be enzymatically active (Fig. 1) [10,
16]. S. aureus ArsC has four cysteinyl residues, Cysl10,
15, 82 and 89. Cys10, 82 and 89 are essential for enzy-
matic activity and the reduction of arsenate to arsenite

Fig. 1A-C The coupled enzymatic reaction of S. aureus ArsC.
A Sequence of ArsC wild-type in one-letter code with the cysteines
in boldface (sequence position on top). The position of the P-loop is
indicated with a grey box. B The coupled enzymatic cascade from
arsenate to the formation of NADP. C Detail of the regeneration of
oxidized ArsC by S. aureus Trx
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results in the formation of an intramolecular Cys82-
Cys89 disulfide bond. In contrast, ArsC from E. coli
R773 and Acr2p from S. cerevisiae both have only one
essential cysteine located within the P-loop sequence
motif. This cysteine residue forms a mixed disulfide with
glutathione after arsenate reduction and is regenerated
through the action of glutaredoxin [11, 17]. Thus,
despite the conserved sequence motif, these observations
make S. aureus ArsC from plI258 a different redox
enzyme with another catalytic mechanism [10]. As such,
it is the first and best studied member of a new family
of oxyanion reductases that might include, based on
their sequence identity, ArsC from S. xylosus (94%),
Sinorhizobium sp. As4 (70%), B. subtilis (64%) and
B. halodurans (61%).

The optimization of the assay conditions in
a complete S. aureus based system (Trx, TR) and a
thorough kinetic study are reported. To guarantee
a fully redox-active enzyme in all our assays, adapta-
tion of the previously published purification protocol
[10, 18] proved necessary. The stability of ArsC and
its dependence on oxyanions through the assay was
investigated using Selwyn’s test of enzyme inactivation
[19]. In addition, the structural influence of these
oxyanions on ArsC was studied with "H-'°N hetero-
nuclear NMR.

P-loop
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82 89
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Materials and methods

Expression and purification of arsenate reductase

The arsC wild-type gene from S. aureus was cloned into a pET-11a
vector (Stratagene, La Jolla, Calif.) by introducing restriction sites
Ndel and BamHI with PCR. The E. coli strain BL21 (DE3) was
transformed with the pET-11a arsC wild-type plasmid [20] and was
grown for 5h at 37 °C in Terrific broth (TB) with 100 pg/mL
ampicillin. Induction at a cell density of ODgg9=2 was carried out
overnight with 1 mM IPTG at 28 °C. Cells were harvested
(ODggo = 16), disrupted and purified as described before [10], except
for the following changes. As cell-disruption-buffer, 100 mM Tris/
HCI (pH 8.0) with 50 mM NaCl, 20 mM 2-mercaptoethanol,
0.1 mM EDTA, 0.1 mg/mL 4-(2-aminoethyl)benzenesulfonyl flu-
oride hydrochloride (AEBSF) and 1 pg/mL leupeptine was used. In
all other buffers, | mM dithiothreitol (DTT) was added and in the
gel filtration buffer an extra 50 mM K,SO,4 was added. All buffers
were argon flushed for several minutes prior to use and all con-
centration steps were performed on Vivaspin 5 kDa cut-off con-
centrators (Vivascience, Lincoln, UK). After the gel filtration run,
ArsC was concentrated, flash frozen in liquid nitrogen and stored
at =20 °C. Protein yield was approximately 16 mg/L culture.

Prior to use in the kinetic assays, the sample was reduced with
10 mM DTT during 30 min at room temperature and injected on a
Jupiter CI18 (10 pm, 300 A, 10x250 mm) reverse phase column
(Phenomenex, St. Torrance, Calif.) operated on an Akta-explorer
[Amersham Pharmacia Biotech (APB), Uppsala, Sweden]. The
column was equilibrated with 20 mM Tris/HCl (pH 8.0) 10 mM
K,SO4, 1 mM DTT, 15% acetonitrile (argon flushed) and eluted
with a 20-column volume gradient to 45% acetonitrile in the same
buffer at 8 mL/min. The different peaks were collected separately
and dialyzed against 20 mM Tris (pH 8.0), 50 mM K,SOy, 0.1 mM
EDTA, 1 mM DTT to remove acetonitrile.

The ArsC CI5A mutant was constructed and purified as
described [10] followed by the extra reverse phase purification step
on Jupiter C18 mentioned above.

Expression/purification of thioredoxin and thioredoxin
reductase from S. aureus

The trxA4 and trxB genes from S. aureus were cloned into the Ndel
and BamHI sites of pET-14b (Novagen, Madison, Wis.).

For thioredoxin from S. aureus

The E. coli strain BL21 (DE3) was transformed with the pET-14b
trxA and grown overnight at 37 °C in a Luria-Bertani broth (LB)
preculture with 100 pg/mL ampicillin. The culture was diluted 100-
fold into TB with ampicillin and further grown at 37 °C. Induction
was started at a cell density of ODgpo=2 with 1 mM IPTG and
carried out overnight at 28 °C. Cultures were harvested at a cell
density of ODggo =20 and suspended in 20 mM Tris/HCI (pH 7.9),
5 mM imidazole, 1 M NaCl, | mM DTT, 0.1 mg/mL AEBSF and
1 pg/mL leupeptin (argon flushed) to a final cell density of
approximately ODgoo=200. Following French press disruption,
50 pg DNase I/mL (EC 3.1.21.1; Sigma, St. Louis, Mo.) and
20 mM MgCl, were added to the lysate. After 30 min at room
temperature, cell debris were removed by centrifugation for 30 min
at 12,000xg at 4 °C, fresh 1| mM DTT was added and the lysate was
filtered. The lysate was purified at 10 mL/min on a 3 mL Ni**-
NTA Superflow (Qiagen, Valencia, Calif.) immobilized-metal-
affinity column equilibrated with 20 mM Tris/HCI (pH 7.9), 1 M
NaCl, 1 mM DTT and eluted with a linear gradient to 1 M imi-
dazole in the same buffer. The proteins under the main elution peak
were concentrated, fresh | mM DTT was added and further puri-
fied on a Superdex75 PG (16/90) gel filtration column (APB) in
20 mM Tris/HCI (pH 8.0), 150 mM NaCl, 1 mM DTT. Under
these conditions a final Trx yield of approximately 11 mg/L culture

was obtained. Purity was checked on SDS-PAGE and Trx was
stored frozen. All buffers were argon flushed and runs were per-
formed on a FPLC (APB) at room temperature.

For thioredoxin reductase from S. aureus

The E. coli strain BL21 (DE3) was transformed with the pET-14b
trxB. Cell growth conditions were as described for thioredoxin,
except that the culture was induced at a cell density of ODggo=0.6
with 0.4 mM IPTG. Culture was harvested at a cell density of
ODyggp=17. A similar purification scheme as for Trx was followed
with an extra step on a 10 mL 2’,5-ADP-Sepharose 4B (APB)
column equilibrated with 20 mM Tris (pH 7.6). TR was eluted with
a step gradient at 0.7 M NaCl in the same buffer. This extra pu-
rification step gave the required purity, as checked on SDS-PAGE.
The proteins under the peak were concentrated to 5 mg/mL and
stored as a 80% ammonium sulfate precipitate at 4 °C. The final
TR yield was 32 mg/L culture.

NMR spectroscopy

Samples for NMR spectroscopy consisted of 1.8 mM solutions of
>N-labelled ArsC obtained as described elsewhere [21], and in
50 mM phosphate buffer (pH 6.7) to which 0.1 mM EDTA, 1 mM
DTT and 5% D,O were added unless mentioned otherwise.
Changes in salt contents were performed either by direct addition
from a concentrated stock solution or by dialysis using a Slide-
A-Lyzer with 3.5 kDa cut-off against a buffer with appropriate
composition. Samples were transferred to Shigemi tubes and all
measurements were performed at 298 K on a Bruker AMX500
spectrometer upgraded with digital lock and SGI O2 computer and
operating at 500.13 and 50.68 MHz for 'H and '°N, respectively.
The 2D 'H-">N heteronuclear single quantum correlation spec-
troscopy (HSQC) spectra [22] were recorded with gradients for
artifact suppression and water-flip back pulses to avoid saturation
of the amide resonances [23]. Sodium 4,4-dimethylsilapentane-
sulfonate (DSS) was used as internal reference for the 'H and '°N
chemical shifts [24]. WATERGATE [25] applied during the final
insensitive nuclei enhanced by polarization transfer (INEPT) was
used for optimal suppression of the water resonance [23], with °N
decoupling during acquisition using WALTZI16. All 2D spectra
were recorded with a spectral width of 14.08 ppm and 32 ppm in
the "H and '°N dimension, respectively, using States-time propor-
tional phase incrementation (TPPI) [26]. The total recycling delay
was 1.1 s; 8-32 scans, 1024 data points each, were recorded for a
total of 256 ¢ increments. Processing consisted of one order of
linear prediction along F;, multiplication with a n/2-shifted squared
sinebell in F, and F; and zero filling to yield a 1IKx1K complex data
matrix after Fourier transformation, all using the Felix 98.0 soft-
ware package (MSI, San Diego, Calif.).

SDS-PAGE analysis

ArsC was analyzed on pre-cast 10% Bis-Tris NuPage SDS-PAGE
[27] with a SDS MES running buffer in a Xcell II mini-Cell as
recommended by the manufacturer (Novex, San Diego, Calif.).
Mass spectrometry

Electrospray mass spectrometry was carried out with a Quattro 11
quadrupole mass spectrometer (Micromass, Manchester, UK)
having a m/z range of 4000, as described previously [18].

Assay of arsenate reductase activity

Trx was defrosted and reduced with 20 mM DTT at room tem-

perature for 30 min and subsequently dialyzed in a Slide-A-Lyzer
3.5 K (Pierce, Rockford, Ill.) against 50 mM Tris/HCI (pH 8.0),



100 mM NaCl, 0.1 mM EDTA. A sample of the TR ammonium
sulfate stock was pelleted, dissolved and dialyzed against the
same buffer. NADPH (Sigma, St Louis, Mo.) was dissolved in
water to a stock concentration of 50 mM and stored at 4 °C.
Arsenate (Na,HAsO,4.7H,O, Sigma) was freshly dissolved in
water at 1 M for making dilution series. The assay buffer was
50 mM Tris (pH 8.0), 50 mM K,SO4 and 0.1 mM EDTA (argon
flushed). Just before use, ArsC was dialyzed against the assay
buffer to remove DTT. The final assay mixture was prepared by
diluting all components except the substrate in the assay buffer to
obtain 100 nM ArsC, 10 uM Trx, 2uM TR and 500 uM
NADPH (=component mixture), taking into account the subse-
quent addition of substrate, unless specifically mentioned in the
results. Protein concentrations were determined from the calcu-
lated specific extinction coefficient at 280 nm [28]. The component
mixture was incubated without substrate at 37 °C in a 96-well
plate (PolySorb, Nunc, Denmark) (180 pL/well) in a SPEC-
TRAmax340PC (Molecular Devices, Sunnyvale, Calif.) for 5 min.
The assay was started by the addition of dilution series of
substrate (20 pL/well) to obtain a final volume of 200 pL/well.
The arsenate reduction coupled to NADPH oxidation
(Aesgo = 6220 M~! cm™!) was measured by following the decrease
in absorption at 340 nm. The path length was measured after
each run for each well with the PathCheck Sensor of the system
and was used for k., calculations. Initial rates were calculated
with SPECTRAmaxPro (Molecular Devices). Kinetic plots were
made with Origin 5.0 (Microsoft) using the Michaelis-Menten
(MM) expression and/or the mixed inhibition expression to cal-
culate V.x and ke, values, K;, and Ki.. K;, and K. were also
determined with the median estimates from the direct linear plots
calculated with Matlab (The Math Works, Mass.). For the Sel-
wyn test of enzyme inactivation, different enzyme concentrations
(25, 50, 100 and 200 nM) were used in the presence of different
oxyanions (50 mM K,HPO,, 50 mM K,SO4; 50 mM NaClO,
and 50 mM KNO;) and different KCl concentrations (50, 150
and 500 mM). For the Selwyn test in the presence of 50 mM
Na,HAsO,, the reaction was started by adding the (Trx, TR,
NADPH) mixture to different concentrations of ArsC incubated
with 50 mM Na,HAsO,.

For the substrate specificity assays, phosphate (K,HPOy,), sul-
fate (K,SQy), nitrate (KNO3), tellurate (K,TeOy, Aldrich), selenate
(K5SeOy, Aldrich), selenite (K,SeOs, Aldrich) and antimonate
(KSbOs, Fluka) were tested next to arsenate. For the inhibition
assays, together with the mentioned component mixture, dilution
series of several inhibitors were incubated for 5 min at 37 °C before
the reaction was started by adding arsenate. The following inhibi-
tors in different dilution series were tested: arsenite (NaAsO,,
Sigma), tellurite (K,TeOs;, Sigma), antimonite [K(SbO)-
C4H4040.5H,0, Fluka], antimonate (KSbOs3, Fluka) and tellurate
(K,TeOy, Aldrich). For the pH study, 50 mM Tris or 50 mM Bis-
Tris was used in the assay buffer to cover the whole pH range (from
pH 6.2 to 8.8) with enough buffer capacity. A kinetic plot was
measured every 0.2 pH unit and each was used to calculate k., and
K., values in this pH range.

Results
Control of the oxidative sensitivity of ArsC

Kinetic properties of ArsC had already been measured
in different kinetic studies under different assay condi-
tions [10, 16]. In our experience, however, k., values
with otherwise identical assay conditions were difficult
to reproduce and varied with the age as well as with the
homogeneity of samples produced from different
batches. Therefore, further optimization of the purifi-
cation procedure of this highly oxidation sensitive re-
dox-enzyme was undertaken.
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Previously, ArsC has been purified with an ammoni-
um sulfate cut, followed by a capture step on a
hydrophobic interaction matrix, an intermediate anion-
exchange purification step and a polishing step on a
size-exclusion column [10, 18]. The most important
improvement in the purification method proposed here
consists of an increase in the concentration of reductant
and the flushing of all buffers used with argon, in order to
avoid any possible irreversible oxidation and to ensure
the thiol state for all four cysteines. To stabilize ArsC
during purification, K>SO, was added to all buffers
(explanation below), except for the anion-exchange
buffer, where low conductivity is necessary to bind to the
column [18]. Last but not least, the addition of a reverse
phase separation step at pH 8.0 on an inert silica reverse
phase chromatography (RPC) column resulted in the
separation of fractions (P1, P2, P3) of ArsC with differ-
ent catalytic properties (Fig. 2). The P1 and P2 fractions
contained oxidized methionines/cysteines (+ 16 Da) and
formylated (+28 Da) ArsC forms, as deduced from
mass spectrometry. The fraction P3 contained a single
ArsC species with a mass of 14,812 Da, which is con-
sistent with the calculated mass of reduced ArsC. P3
corresponds to the lower single band on SDS-PAGE [27]
with an aberrant migration position (< 14.4 kDa) and
shows the highest activity when compared to the other
ArsC species. With this extra purification step, therefore,
pure ArsC is now available for characterization.

Stability of ArsC

A most unusual and peculiar observation with this en-
zyme already reported by Ji et al. [16], and confirmed
here, is that of a kinetic curve, rate versus substrate
concentration, exhibiting two plateaus (Fig. 3, circles).
While one may associate this with two k., values dif-
fering by a factor of ca. 5 and with strongly different K,
values (factor of ca. 50), it provides little clues as to the
physical basis for this biphasic behavior. Apparently, the
enzyme becomes stabilized at higher concentrations of
the arsenate substrate, possibly as a result of another
ionic strength regime. To further investigate this unusual
phenomenon and in view of its highly oxidation sensitive
character, we have applied Selwyn’s test of enzyme
inactivation to ArsC [19].

Selwyn’s test of enzyme inactivation

The stability of the enzymatic activity of ArsC was
tested by evaluating the decrease in rate in progress
curves under various assay conditions. If progress curves
are obtained with various concentrations of ArsC but
otherwise identical assay conditions, plots of formed
product against an abscissa of time multiplied by en-
zyme concentration should be superimposable. If they
are not, the rate depending on the enzyme concentration
changes throughout the reaction and so the enzymati-
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cally active ArsC concentration must be variable. To
evaluate ionic strength effects, various concentrations of
ArsC (25, 50, 100, 200 nM) were analyzed in the pres-
ence of KCl at different concentrations (50, 150 and
500 mM). The specificity of the stabilizing effect for the
nature of the anion was tested in the presence of several
oxyanions (KNO;, K,SO4, K,HPO,4, NaClO4 and Na,.
HAsO,) at 50 mM, pH 8.0 (Fig. 4). It turned out that
KCI and KNOj were not stabilizing ArsC as four dif-
ferent progress curves were observed each time. The
tetrahedral oxyanions phosphate, sulfate and perchl-
orate, however, were found to stabilize ArsC, starting
from 50 nM ArsC. As can be observed from Fig. 4, the
best stabilizing oxyanion was its substrate arsenate, for
which all points fell on the same curve over the whole
range of ArsC concentrations tested.

NMR study on the influence of oxyanions
on the conformation of ArsC

NMR spectroscopy was used to investigate whether the
stabilizing effect was due to specific interactions of the

Fig. 2 Analysis of the fractions obtained after C18 RPC. Chro-
matographic elution profile at 280 nm of ArsC injected on a Jupiter
C18 column at pH 8.0. Fractions were analyzed on SDS-PAGE
next to the protein marker M12 (Novex) of 200, 116.3, 97.4, 66.3,
55.4, 36.5, 31, 21.5 and 14.4 kDa and in the arsenate reductase
assay. The kinetic plots of the initial velocity (v;) versus substrate
concentrations are shown for 100 nM of each fraction

oxyanions with ArsC. This was made possible by the
recently completed backbone resonance assignment of
I5N-labeled ArsC [21]. A remarkable observation
throughout this assignment was the absence of the
"H-">N correlations corresponding to the amide group
of residues Thrll to Serl7 (P-loop) in the HSQC
spectrum of the reduced ArsC, even in 50 mM phos-
phate buffer solution (Fig. 5A). Such absence might
result from fast chemical exchange of the labile amide
protons with the solvent, especially when these are
solvent exposed. Alternatively, this part of the structure
could also experience some conformational flexibility,
leading to exchange broadening of the NH correlations.
After addition of 50 mM K,SO, the missing correla-
tions appear in the "H-"’N HSQC spectrum, indicating
a dramatic effect of this tetrahedral oxyanion on the
conformation and dynamics of the Cysl0-Xs-Argl6
segment (Fig. 5B) and this irrespective of the redox
state of ArsC. The effect of arsenate, the most stabi-
lizing oxyanion identified from Selwyn’s test, was also
investigated. Upon addition of 50 mM arsenate to
ArsC in phosphate buffer, only the singly oxidized form
(Cys82-Cys89) was observed in the HSQC spectra, as
arsenate in excess leads to complete oxidation within
minutes of sample preparation. Also here, however, the
addition of 50 mM arsenate leads to the appearance of
the NH correlations of the Thr11-Ser17 segment, albeit
at significantly different positions in the "H-""N HSQC
spectra, as compared with sulfate. This difference in
peak positions was exploited to establish that the
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Fig. 3 Michaelis-Menten kinetic plots of ArsC. Initial velocity (v;)
versus arsenate concentration measured in 50 mM Tris (pH 8.0),
150 mM KCIl, 0.1 mM EDTA (argon flushed) (circles) and in
50 mM Tris (pH 8.0), 50 mM K,SO,4, 0.1 mM EDTA (argon
flushed) (squares)

oxyanions interact with ArsC through direct binding.
Using 'H-'">N HSQC, the dialysis of the 50 mM arse-
nate sample against a buffer solution containing
50 mM sulfate was monitored by 'H-'>’N HSQC
(Fig. 5C). After only 3 h of dialysis, the resonances of
oxidized ArsC in the presence of arsenate are seen to
co-exist with those of oxidized ArsC in the presence of
sulfate, indicating mutual competition of arsenate and
sulfate for the same Cysl0-Xs-Argl6 site (Fig. 5D).
After another 3 h of dialysis, only the spectrum of
oxidized ArsC bound to sulfate remained visible
(Fig. 5E). The gradual replacement of arsenate by sul-
fate significantly perturbs the cross peaks from Cys10-
Xs-Argl6 and the residues immediately surrounding
them, which demonstrates the existence of this P-loop
as the oxyanion binding site in ArsC.

Biphasic character of the MM curve

The stabilizing effect of oxyanions through interaction
with the Cys10-X5-Argl6 segment can now be used to
explain the two-step kinetic curve behavior of ArsC
observed here and in earlier reports [10, 14] (Fig. 3,
circles). The second, unexpected rise in the kinetic plot
is due to the stabilizing effect of the tetrahedral oxy-
anion arsenate at millimolar concentrations, resulting
in an apparent second k., value. At low arsenate
concentrations, only a fraction of ArsC is available in

>

Fig. 4 Stability of ArsC during the enzymatic assay. Selwyn’s test
of enzyme inactivation: progress curves plotted against initial
enzyme concentration (£y) multiplied by time (f) at different
enzyme concentrations (squares=25 nM, circles=50 nM, trian-
gles=100 nM, reverse triangles=200 nM). The effect of KCI
compared with tetrahedral oxyanions is shown
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its enzymatically active state, which results in an ap-
parent low k., value. Since the best stabilizing agent of
ArsC is its substrate at 50 mM concentration, it is
obviously impossible to measure the MM curve with
values for low arsenate concentrations with arsenate as
the sole oxyanion. For the enzyme assays as a function
of arsenate concentration in the low arsenate concen-
tration range, phosphate (50 mM), sulfate (50 mM)
and perchlorate (50 mM) are non-substrate oxyanions
stabilizing the redox enzyme, and the same k., /Kn
values result from analyses in their presence. Thus, by
using 50 mM K,SO, instead of 150 mM KCI, at the
same ionic strength, the first rise in the MM curve was
strongly enhanced (Fig. 3, squares). The second in-
crease, which is now minor but still present, is probably
due to the fact that arsenate is the better stabilizing

Fig. 5A-E Panels showing selected regions of 'H-"’N HSQC
spectra of ArsC in solution, demonstrating the effect of phosphate,
sulfate and arsenate on loop residues. Each residue in these spectra
contributes to one single peak that originates from the backbone
NH group. A Spectrum of reduced ArsC at 298 K recorded in a
50 mM phosphate buffer. B Same sample following dialysis to a
50 mM phosphate buffer containing 50 mM K,SO4. In both
panels, the inset shows the spectral areas where Argl6 and GInl8
are observed. 'H-'>N amide correlations of residues Thr11-Gly12-
Asnl13-Ser14-Cys15-Argl6-Ser17-GInl18 in the loop which appear
in the presence of K,SO, are labeled in B, while circles highlight
their absence in A. Note the shift of the GIn18 "H-'*N correlation
peak with respect to its position in the presence of K,SO,. C-E
Details of spectra of oxidized ArsC at 298 K obtained after
addition of 50 mM arsenate to a phosphate buffer solution of
reduced ArsC (C) and following 3 h (D) and 6 h (E) of dialysis
against a phosphate buffer containing 50 mM K,SOy4. The insert
shows the spectral area where GInl18 is observed. Cross-peaks from
the same residue in the different oxyanion bound forms of ArsC are
connected by lines
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oxyanion compared to sulfate, as was already visible
from the Selwyn tests. As a result, all the assays were
subsequently performed in the presence of 50 mM
sulfate as stabilizing oxyanion.

MM conditions for arsenate reductase activity

For ArsC, there is no convenient way to monitor the
formation of arsenite directly. Therefore, the reaction is
followed indirectly by observing the rate of NADP
formation. The coupling enzymes in the cascade to-
wards NADPH are thioredoxin and thioredoxin re-
ductase, delivering reducing equivalents to the oxidized
ArsC (Fig. 1). It is well known that while the active
site cysteines of Trx are essential for protein reduction,
the participation of the integral structure in the Trx-
target recognition process modulates its efficiency in
doing so [29]. Therefore, we used Trx and TR from
S. aureus for the kinetic study of ArsC. Both were
recombinantly overproduced in E. coli and purified to
homogeneity on immobilized metal-affinity chroma-
tography followed by gel filtration (see Material and
methods). For the NADPH-dependent flavoprotein
TR, an extra affinity chromatography step on 2’,5'-
ADP-Sepharose was necessary to obtain the required
degree of purity. The purity was checked on reduced
SDS-PAGE.

The concentrations of Trx and TR have to be high so
that their action is not rate limiting [30]. Otherwise, the
progress curves will show a lag-phase and the use of
initial rates for calculating kinetic plots will lead to false
cooperativity. Kinetic plots were measured with varying
Trx (0.2-10 uM) and TR concentrations (1-2 pM).
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These TR concentrations in the assay were found to be
sufficiently high and have a minimal effect on the ob-
served V. in the range 0.2-2 uM Trx. The Trx con-
centration was observed to be crucial in order to avoid
false cooperativity. Especially at Trx concentrations
lower than the K, of Trx for TR (K,=0.55 uM; O.
Uziel, unpublished results), extremely high Hill factors
were obtained. The minimum Trx and TR concentra-
tions required in order to obtain a rectangular hyper-
bolic MM expression are respectively 10 uM and 2 pM.
Increasing these concentrations gave no further gain in
Vmax- Thus, concentrations of the various components
in the coupled enzyme assay necessary to yield MM
kinetics were found to be 100 nM ArsC, 10 uM Trx,
2 uM TR and 500 uM NADPH.

pH dependence of the kinetic parameters of ArsC

Between pH 6.5 and 8.5, kinetic plots with a Hill coeffi-
cient of 1 were measured for ArsC. Outside these pH
boundaries, the Hill coefficients were higher than 1,
which might be due to the instability of ArsC, Trx or TR.
The k., and K, data for nine MM kinetic plots obtained
between pH 6.5 and 8.5 were measured. Changes of the
slope in the plot log(k../K) against pH reflect ionization
of free, unbound enzyme or free substrate and resulted in
apparent pK,; and pK,, values of approximately 7 and 8,
respectively. A linear increase of k., was observed with
increasing pH. The K,,, was in the low 50-80 pM range up
to pH 8.0 and steeply increased above pH 8.0 towards a
maximum of 0.44 mM at pH 8.5. As such, the optimal
pH for determining the kinetic properties of ArsC was
pH 8.0, the pH where MM conditions were obeyed at the
highest rate with a low K,,.

What is the significance of such a macroscopic ob-
servation? The pK, values of arsenate are 2.24 (pKy,),
6.96 (pK,») and 11.5 (pK,3) [31]. The first apparent pK,
value might therefore reflect the pK,, of the substrate,
arsenate. This interpretation is in line with the absence
of any changes in the "H-'>N HSQC spectrum of ArsC
in the range pH 6.7-7.5 (data not shown). From pH 8.0
onwards, global changes in the protein spectrum prevent
the attribution of pK, shifts to specific residues. There-
fore, it was impossible to use NMR to determine
whether the second pK, at pH 8.0 was linked to a mi-
croscopic pK, value of a critical residue in the reductase
reaction. However, the pronounced changes in the
"H-'>N HSQC spectrum of ArsC above pH 8.0 suggest
its kinetic behavior may be affected by a dramatic
conformational change.

Substrate specificity

Kinetic measurements indicate that K,SO,, K,HPO,
and KNO; are no substrates for ArsC. Owing to the
limited solubility of potassium antimonate and tellurate,
it was not possible to assay concentrations higher than
respectively 10 mM and 1 mM and at this concentration
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no NADPH oxidation was observed. In this coupled
enzyme assay it was also impossible to generate kinetic
data with selenate and selenite. Both oxyanions give
extremely high background by activating the coupled
enzyme assay in the absence of ArsC. Under the opti-
mized assay conditions, only arsenate was found to be a
substrate for ArsC wild-type, displaying K., =68 uM,
keau=215 min' and key/Km=5.2x10* M s'. Muta-
tions of Cysl0, 82 and 89 (Fig. 1) led to redox-inactive
enzymes and for the only active Cys mutant of ArsC
[10], ArsC CI5A, K,=192 uM, k., =248 min' and
Koot/ Kin=2.15x10* M s ! were measured (Fig. 6).

Inhibitors of ArsC

The product of arsenate reductase, arsenite, behaves as
an inhibitor. In plots of initial velocity (v;) against in-
hibitor concentration (i) at various substrate concen-
trations, data were fitted to the hyperbolic equation for
mixed inhibition:

v d_p B Va
Podt Kn(1+i/Ke) +a(l +i/Kyy)

where «a is the substrate concentration, resulting in a
mean competitive inhibitor constant K;.=434 uM and a
mean uncompetitive inhibitor constant K;, =563 pM.
Via linear Dixon [32] and Cornish-Bowden plots [33]
(1/v; plotted against i and a/v; plotted against i at various
concentrations of «), the mixed nature of the inhibition
was confirmed. Both types of plots provide clear inter-
secting bundles of lines, as predicted for the case of
mixed inhibition. From the median estimates of the di-
rect plots a K¥*;;=534 uM and a K*,.=377 uM were
determined as arsenite inhibitor constants for ArsC, in
fairly good agreement with the values obtained with the
full equation (Eq. 1) (Fig. 7).

(1)

v/E, (min )

T
1000

T T T T T T T
0 200 400 600 800

arsenate (pM)

Fig. 6 Kinetic properties of ArsC wild-type and ArsC CI15A.
Michaelis-Menten kinetic plots of v;/Eq versus arsenate concentra-
tion of ArsC WT (circles) and ArsC CI5A (squares)
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Fig. 7A, B Arsenite is a mixed inhibitor for ArsC. A 1/v; plotted
versus arsenite concentration at different arsenate concentrations:
80 UM (squares), 100 uM (circles), 125 pM (triangles), 150 uM
(reverse triangles), 200 uM (diamonds), 250 pM (vertical crosses)
and 300 uM (diagonal crosses). B Arsenate/v; plotted versus
arsenite concentration at different arsenate concentrations: 80 uM
(squares), 150 uM (circles), 200 uM (triangles), 250 uM (reverse
triangles), 300 puM (diamonds), 350 uM (vertical crosses) and
500 uM (diagonal crosses)

Antimonite and tellurite were also inhibiting the
coupled reaction, as had been documented earlier.
However, in the plot of v; versus i, it was not possible to
fit these data with a rectangular hyperbolic function.
Here, inhibition was found to be substrate concentration
independent. For tellurite an ICsq of 61 uM and for
antimonite an ICso of 32 pM were measured.

In an experiment where tellurite, antimonite and
arsenite were preincubated for 5 min at 37 °C with the
component mixture (Trx, TR and NADPH) from the
cascade reaction and where oxidized ArsC was used as
substrate, arsenite showed no inhibition. However,
100 uM tellurite and antimonite were found to inhibit
the reaction. This leads us to conclude that only arsenite
is a real arsenate reductase inhibitor, while tellurite and
antimonite are inhibiting the reaction further down the

cascade. None of them act as irreversible ArsC inacti-
vator.

Discussion

In the absence of tetrahedral oxyanions it is impossible
to correctly interpret the kinetic parameters, as the
active ArsC concentration is steadily changing. The
critical importance of keeping the concentration of
the active form of this highly oxygen sensitive redox
enzyme constant during the course of the enzymatic
assay is shown. Often it is not noticed that enzymes
lose activity, especially at low substrate concentrations.
This results in a deviation of the initial rate from MM
kinetics and can be falsely interpreted as cooperativity.
A classic but often overlooked test to demonstrate
whether the decrease in rate is due to enzyme inacti-
vation, or not, is the Selwyn test. Here, it indicated that
the presence of tetrahedral oxyanions (sulfate, phos-
phate, perchlorate or arsenate) is a strict requirement in
order to obtain a single curve at different enzyme
concentrations. Earlier studies (including our own)
addressing the kinetic properties of ArsC never men-
tioned the absolute requirement of those stabilizing
oxyanions in all assays, and as such, in the light of the
current study, those data have to be taken within
doubtful care. Previously, phosphate, arsenate and
nitrate had been identified as activators, whereas for
sulfate there was no sign or mention of an activity
increase. We observed no increased rate of NADP
production with nitrate and could clearly identify sul-
fate, phosphate, perchlorate and arsenate as stabilizing
oxyanions (Fig. 4). In parallel, NMR spectroscopy of
">N-labelled ArsC demonstrated that sulfate and arse-
nate (Fig. 5) bind to the Cys10-X5-Argl6 segment and
in doing so induce a more stable conformation of this
loop. It is therefore not surprising that, under these
structuring conditions, other kinetic data were mea-
sured than previously reported [10, 16]. The K,
(68 uM) measured in the presence of tetrahedral
oxyanions (this report) are higher compared to the ones
(66 nM, 1 uM) found in their absence [10, 16]. This
confirms that for its reduction to arsenite, the arsenate
substrate, itself a tetrahedral oxyanion, is binding at the
same location in ArsC as do the stabilizing tetrahedral
oxyanions. From the progress curves in Fig. 4, one may
even conclude that arsenate is the optimal specific
structuring agent among the tetrahedral oxyanions
tested. The need for a high concentration of tetrahedral
oxyanions to recover the NH correlations of these loop
residues in NMR spectra indicates a modest affinity in
the millimolar range, in perfect agreement with the
appearance of the second step in the MM kinetics
(Fig. 3).

The importance of oxyanions as agents, stabilizing
the conformation, has also been documented for low
molecular weight protein tyrosine phosphatases and for
the E. coli ArsC from plasmid R773 [34, 35]. Using



NMR, phosphate and vanadate binding to the Cysl2-
Xs-Argl8-Ser19 tyrosine-phosphate-binding loop in
PTPases was shown to be essential to observe residues
Leul3 to Ser19 [34]. These residues align perfectly with
residues Thrll to Serl7 from ArsC, which are only
visible in NMR spectroscopy when sulfate or arsenate
binds. Using heteronuclear NMR spectroscopy, E. coli
ArsC with an alternate H-X3-C-X3-R anion binding
motif was characterized as “‘tending toward a dynamic
extreme’ [35]. In this case, binding of the substrate
attenuated, but did not arrest the dynamics, with
problematic consequences for a complete resonance
assignment and high-resolution structure determina-
tion.

Previously [16], arsenite, tellurite and antimonite
were identified as ArsC inhibitors and arsenate and
selenate as substrates for ArsC. These results could not
be confirmed under the optimized assay conditions.
With this optimized enzymatic assay, we definitely ob-
serve substrate specificity for arsenate only. Also, the
product of the arsenate reductase reaction, arsenite,
was the only inhibitor of all oxyanions tested and was
diagnosed as a mixed inhibitor. The simplest mecha-
nistic interpretation for mixed inhibition is one in
which the inhibitor (I) can bind both to the free enzyme
(E) to give a complex EI with dissociation constant K,
as well as to the enzyme-substrate complex (ES) to give
a complex ESI with dissociation constant K;,. However,
mixed inhibition occurs mainly as an important case of
product inhibition. If a product (arsenite) is released in
a step that generates an enzyme form (oxidized ArsC
with a disulfide bridge between Cys82 and Cys89 [10]),
different from the one to which the substrate binds
(reduced ArsC), product inhibition is predicted to be in
accordance with the equation defining mixed inhibition
(Eq. 1) [29]. Both inhibition mechanisms can be con-
sidered for arsenite and might even act in concert.
Under the optimized assay conditions where initial
velocities were measured, product inhibition of arsenite
is negligible, however, because the K, for arsenate is
more than five times lower (K;,,=68 pM) than the K.
for arsenite (K ;=377 uM).

To the best of our knowledge, this report describes
for the first time a redox enzyme that uses a substrate
analogue (tetrahedral oxyanion) to structure its sub-
strate (arsenate) binding-site in its active conforma-
tion. This is a peculiar observation, which was only
possible with carefully purified and characterized en-
zyme. At present, it is not yet possible to link this
observation to the in vivo environment of ArsC or to
provide from these data more details about the
complete reaction mechanism involved. The latter
must await structural data of ArsC from S. aureus
together with a kinetic analysis of mutants to deter-
mine the crucial residues in the vicinity of the active
centre.
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