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ABSTRACT: The cyanobacterium Synechocystis sp. PCC 6803 possesses an
arsenic resistance operon that encodes, among others, an ArsH protein. ArsH
is a flavin mononucleotide (FMN)-containing protein of unknown function
and a member of the family of NADPH-dependent FMN reductases. The
nature of its final electron acceptor and the role of ArsH in the resistance to
arsenic remained to be clarified. Here we have expressed and purified
Synechocystis ArsH and conducted an intensive biochemical study. We
present kinetic evidence supporting a quinone reductase activity for ArsH,
with a preference for quinones with hydrophobic substituents. By using
steady-state activity measurements, as well as stopped-flow and laser-flash
photolysis kinetic analyses, it has been possible to establish the mechanism of
the process and estimate the values of the kinetic constants. Although the
enzyme is able to stabilize the anionic semiquinone form of the FMN,

reduction of quinones involves the hydroquinone form of the flavin cofactor, and the enzymatic reaction occurs through a ping-
pong-type mechanism. ArsH is able to catalyze one-electron reactions (oxygen and cytocrome c reduction), involving the FMN
semiquinone form, but with lower efficiency. In addition, arsH mutants are sensitive to the oxidizing agent menadione, suggesting
that ArsH plays a role in the response to oxidative stress caused by arsenite.

NAD(P)H-dependent flavoproteins, acting as redox enzymes,
play different roles in many cellular processes by transferring
electrons to a protein substrate or another electron acceptor, as
quinones or dithiols. These enzymes are thus involved in
essential bioenergetic processes, biochemical degradations, and
biosynthesis and detoxification reactions."

One of these detoxification processes involves arsenic, a toxic
metalloid generated from both man-made and natural
sources™ that can exist in the arsenate (As') and arsenite
(As™) oxyanion forms. Microorganisms have developed arsenic
resistance mechanisms, which involve specific arsenic resistance
ars genes.*® Bacterial ars operons usually contain at least three
proteins: (i) ArsR, a repressor protein that regulates the basal
level of Ars protein expression, (ii) ArsC, an arsenate reductase
to support arsenic redox detoxification, and (iii) ArsB, an
arsenite membrane transport protein.4’5’7 In some cases,
together with these or other proteins, an ArsH protein of
unknown function is also part of the ars operon.®®~°

The cyanobacterium Synechocystis sp. PCC 6803 (hereafter
Synechocystis) contains an arsenic and antimony resistance
operon that combines elements from Gram-negative and Gram-
positive species.”'" In addition to a DNA-binding site for the
ArsR repressor, the ars operon of Synechocystis contains arsB
and arsC genes, as well as the gene encoding ArsH. One of the
most intriguing questions about the arsenical resistance
mechanisms is the biochemical role of the ArsH protein.*'>
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ArsH proteins are widely distributed in bacteria. Whereas it is
clear that the protein has no arsenate reductase activity, in some
cases ArsH confers resistance to arsenicals.'>'* However, in
Synechocystis, ArsH does not confer arsenic resistance.® Crystal
structures of the apoprotein of bacterial ArsH are available.'”'®
From these structures, as well as from kinetic studies and
protein sequence analysis, it is well established that ArsHs are
FMN-containing members of the family of NADPH-dependent
FMN reductases. ArsH crystallizes as tetramer units, forming a
dimer of dimers; each monomer is a global aff protein with a
flavodoxin-like single-core domain architecture, and N- and C-
terminal extensions forming a small domain involved in subunit
interactions.'>"

It is clear that the catalytic cycle of ArsH consists of the
acceptance of two electrons from NADPH to reduce the flavin
cofactor (reductive half-reaction) and the transfer of these
electrons to an acceptor (oxidative half-reaction).'”"> However,
although ArsH has been proposed to act as a FMN-reductase, '
an azoreductase, or a H,0,-producing enzyme involved in
arsenate detoxification,’> the nature of the final electron
acceptor (or acceptors) and the role of ArsH in the resistance
to arsenic remain to be clarified.
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Figure 1. Chemical structure of the quinones used in this study. Quinones are numbered as in Table 1: dibromothymoquinone (DBMIB) (1), 2,5-
dimethyl-p-benzoquinone (dimethyl-p-BQ) (2), duroquinone (3), menadione (4), 2-hydroxy-1,4-naphthoquinone (2-OH-1,4-NQ) (5), coenzyme

Qy (6), and anthraquinone-2-sulfonate (AQS) (7).

Here we have expressed and purified Synechocystis ArsH and
conducted an intensive biochemical study. We present kinetic
evidence supporting a quinone-reductase role for ArsH. In
addition, arsH mutants are sensitive to the oxidizing agent
menadione, suggesting that ArsH has a role in the response to
oxidative stress caused by arsenite.

B EXPERIMENTAL PROCEDURES

Biological Material. For the cloning, expression, and
purification of ArsH, the arsH ORF was amplified by
polymerase chain reaction using ARSH3 (covering the starting
codon of arsH and introducing a Ndel restriction site) and
ARSC3 (which introduces a Sall restriction site after the stop
codon of arsC) oligonucleotides, digested with Ndel and Sall,
and cloned into pET28 (Novagen) digested with the same
enzymes, generating pARSHHIS. The plasmid expresses ArsH
protein fused to six histidines and a thrombin cleavage site at its
N-terminus. Escherichia coli BL21(DE3) cells transformed with
pARSHHIS were used for expression of the cloned gene. The
cells were grown at 150 rpm and 37 °C in 25 L (in S L
Erlenmeyer flasks) of standard Luria-Bertani (LB) medium,
supplemented with 100 pg/mL kanamycin, until an ODgg, of
~0.5 was reached. Protein expression was induced by adding 1
mM IPTG, and cells were then maintained at 30 °C until an
ODgg, of =1 was reached. Cells were collected by
centrifugation and the pellets resuspended in 50 mM phosphate
buffer (pH 8.0) supplemented with 0.5 M NaCl, 1 mM PMSF,
and 1 unit of DNase. Cells were broken by being passed three
times through a French press (13000 psi), and the
homogenates were cleared by ultracentrifugation. ArsH was
purified by fast-performance liquid chromatography (FPLC)
using S mL HiTrap Chelating HP columns (GE Healthcare),
loaded with nickel and prepared as described by the
manufacturer. The recombinant protein was eluted with a
0.04 to 0.5 M imidazole gradient in S0 mM phosphate/0.5 M
NaCl buffer (pH 8.0). ArsH fractions were dialyzed against S
mM phosphate buffer (pH 7.5) supplemented with 10 mM
imidazole, 5 mM NaCl, and 0.03% p-dodecyl maltoside,
concentrated by ultrafiltration (up to 0.7 mM protein), and
stored at —80 °C until they were used.

The arsH deletion (SARSH) and arsR deletion (SARSR)
strains were constructed as previously described.® Analysis of
the growth of both deletion strains as compared with that of the
wild type (WT) was conducted in BG11C solid medium plates,
supplemented with 10 M menadione, with or without 1 mM
arsenite. The plates were maintained at 30 °C for 5—7 days to
visualize the differences in growth.

1179

Analytical Methods. The purity and molecular mass of
ArsH were checked by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE). The native molecular weight
was determined by gel filtration using an analytical Superose 6
HR 10/30 column (GE Healthcare) connected to an FPLC
instrument. The apparent molecular mass was estimated by
comparison with Bio-Rad standards (catalog no. 151-1901).

Protein concentrations were determined spectrophotometri-
cally using a molar absorption coefficient of 11.4 mM ™' cm™" at
453 nm, as here calculated using the method described by
Mayhew and Massey.'® An A,,s/A,s; ratio of 5.1 was obtained
at the end of the purification process. The flavin cofactor
associated with the protein was identified by high-performance
liquid chromatography (HPLC) as described by Light et al.,"”
using FAD and FMN solutions as standards.

Redox titrations of 20—25 M ArsH samples were performed
in a diode array spectrometer (Hewlett-Packard 8452A) in 50
mM Tris-HCl (pH 7.5) under anaerobic conditions by previous
sample bubbling with argon. NADPH titrations were
performed by adding fixed amounts of the nucleotide (0.5—1
#M) until no additional absorbance changes were observed,
which allowed us to estimate the NADPH:ArsH ratio needed to
accomplish full protein reduction. The ArsH redox potential
was determined by phototitration, as described previously.'®
For oxidative titrations, small amounts of oxygen were
introduced into the previously reduced sample. Absorbance
changes at 453 nm were used to estimate the relative amounts
of reduced and oxidized protein. Benzyl-viologen, 2-hydroxy-
1,4-naphthoquinone, and anthraquinone-2-sulfonate (S5 uM
each) were used as redox mediators.

Steady-State Enzymatic Assays. ArsH-catalyzed arsenate
reduction activity was assayed as NADPH consumption in the
presence of sodium arsenate, ArsH being totally inactive. The
NADPH-dependent quinone reductase activity of ArsH was
determined spectrophotometrically by following NADPH
oxidation at 340 nm. All measurements were taken anaerobi-
cally at 25 °C in 50 mM Hepes (pH 8.0) under magnetic-bar
stirring. To calculate the ArsH K, for quinone, the catalytic
constant (k_,), and the catalytic efficiency (E., = k. /K,)
values for each quinone, the standard reaction mixture
contained 110 yuM NADPH, 4—20 nM ArsH, and different
concentrations of the corresponding quinone. The following
commercial-grade quinones were used: dibromothymoquinone
(DBMIB), 2,5-dimethyl-p-benzoquinone (dimethyl-p-BQ),
duroquinone, menadione, 2-hydroxy-1,4-naphthoquinone (2-
OH-1,4-NQ), coenzyme Qo and anthraquinone-2-sulfonate
(AQS) (Figure 1). The kinetic parameters were obtained from
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double-reciprocal plots of the initial velocity of NADPH
consumption versus quinone concentration. Calculation of the
ArsH K, for NADPH was achieved by using either 70 yM
DCPIP or 150 uM 2-OH-1,4-NQ as the electron acceptor, 20
nM ArsH, and different concentrations of NADPH; alter-
natively, 150 uM NADP* was also added to the initial solutions
for the analysis of the inhibitory effect of the oxidized
nucleotide. Methyl-red reduction by ArsH (azoreductase
activity)'”*° was followed at 430 nm (dye decoloration) in
0.1 M Hepes buffer (pH 8.0) in the presence of 110 yM
NADPH and 0.2 uM ArsH at different dye concentrations.
Horse oxidized cytochrome ¢ (Cc) (Sigma) reduction, used as a
reporter of one-electron reductions,”" was followed at 550 nm
in SO mM Hepes buffer (pH 8.0) in solutions containing 200
uM NADPH, 4 nM ArsH, 100 uM quinones, and 10 uM Cc.
The cytochrome was previously oxidized by potassium
terricyanide and intensively washed via ultrafiltration to remove
the oxidant. Hydrogen peroxide generation was measured in
aerobic solutions containing 0.5 mM NADPH, 0.2 yuM ArsH,
and S0 M quinones, using the peroxidase/o-dianisidine assay
as described previously.””

Transient Kinetic Methods. Stopped-flow experiments
were conducted in 20 mM phosphate buffer (pH 7.5) at 10 °C
under anaerobic conditions, using a uSFM-20 device fitted with
a TC-50/10 cuvette (5 mm path length) and coupled to a
MOS-450 spectrophotometer (Bio-Logic). Reduction of ArsH
by either NADPH or NADH was followed at 453 and 560 nm
by mixing 200 L solutions of 10 yM ArsHpx with small
volumes of concentrated nucleotide solutions (1—4 mM), in
the presence of 20 mM glucose and S units/mL glucose-oxidase
and catalase. For quinone reduction experiments, the ArsH
hydroquinone form (ArsHy,) was generated in situ in the
stopped-flow syringe by light irradiation in the presence of 0.5
UM S-deazariboflavin (dRf) and 5 mM EDTA until the sample
decoloration indicated ~100% ArsHyq generation.lg’23 Sol-
utions (200 uL) of 7 uM ArsHyq were mixed with small
volumes of concentrated quinone solutions (>100 M), and
evolution of the processes was followed at 453 nm. In all cases,
the observed rate constants (k) were calculated by fitting to
mono- or multiexponential processes by using the Bio-Kine32
software package from Bio-Logic. Estimated errors in the
determined values were +5%.

Laser-flash experiments were performed anaerobically at
room temperature in a 1 cm path-length cuvette, using dRf as a
photosensitizer in the presence or absence of an excess of
methyl-viologen (MV) as previously described.”*** The redox
changes of ArsH were monitored at 460 nm.

The standard reaction mixture contained, in a final volume of
1.5 mL, 25 mM sodium phosphate buffer (pH 7.5), S mM
EDTA, 100 uM dRf, 60 uM ArsHyy, and quinones at varying
concentrations, in the absence or presence of 1 mM MV. All
experiments were performed under pseudo-first-order con-
ditions, for which the amount of acceptor (oxidized quinone)
was maintained well in excess over the amount of the generated
reduced ArsH. Each kinetic trace was the average of six to eight
measurements. Kinetic analyses were performed according to
the reaction mechanisms previously proposed.*® Estimated
errors in the determined values were +10%.

Structural Model of ArsH Reconstituted with FMN.
The in silico Synechocystis ArsH model was generated by the
Phyre web server (http://www.sbg.bio.ic.ac.uk/~phyre/) using
Phyre-1, with the crystal structure of the apo-ArsH protein
from Sinorhizobium meliloti [Protein Data Bank (PDB) entry
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2Q62, 75% identical (see Figure S1 of the Supporting
Information)] as the best template."> The FMN coordinates
from T1501, a FMN reductase from Pseudomonas aeruginosa
(PDB entry 1X77),%” were then introduced into the model.
Finally, protein energy minimization was conducted with Swiss-
Pdb Viewer in two steps, first selecting residues in the vicinity
of FMN and then the full protein, following in both cases 1000
steps of steepest descent (SD) and 2000 steps of conjugate
gradient (CG).

B RESULTS

Expression, Purification, and Characterization of the
ArsH Protein from Synechocystis. Cloning of the arsH gene
into an IPTG-inducible expression vector led to the expression
and purification of the 226-residue protein with a mass of 25.9
kDa, as deduced from its amino acid sequence and SDS—
PAGE. However, the native molecular mass determined by size-
exclusion chromatography (108 kDa) is compatible with a
tetrameric form of the enzyme (not shown). Purified ArsH
exhibits a typical flavoprotein absorption spectrum, with major
peaks at 453, 375, and 275 nm (Figure 2) resulting from the
binding of a FMN cofactor, as determined by HPLC, in a 1:1
stochiometry (not shown).
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Figure 2. ArsH (20 uM) photoreduction (top) by short pulses of
white light in the presence of 1 uM dRf and 5 mM EDTA. The inset
shows Nernst plots for the reductive (@) and oxidative (O) ArsH
redox titrations. Representative spectra (bottom) for progressive
reduction of a 25 yuM ArsH sample by adding repeated fixed amounts
(0.5—1 uM) of NADPH. The top spectrum is the initial spectrum
without NADPH, and the bottom spectrum is that with 28 uM
NADPH. Other experimental conditions were as described in
Experimental Procedures.

The amino acid sequence of Synechocystis ArsH is highly
homologous to those of other cyanobacterial ArsHs, as well as
to those of the ArsH proteins from S. meliloti (75% identical)
and Shigella flexneri (70% identical) (see Figure S1 of the
Supporting Information), for which crystal structures of
homotetrameric apo forms are already available.'”'* As found
in other ArsH proteins, Synechocystis ArsH exhibits the typical
binding motif for NADPH [(V/T)(S/T)GGSQS]."

ArsH Reductive Reactions. ArsH samples were subjected
to one- and two-electron reduction under steady-state
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anaerobic conditions (Figure 2). Similar flavin cofactor spectra
are observed when ArsH is gradually reduced, either with
NADPH (two-electron donor) or with the dRf/EDTA system
(one-electron donor). In both cases, final spectra are
characteristic of the fully reduced ArsHyq, species, as previously
described for similar enzymes.”® However, whereas reduction of
ArsH by NADPH can take place directly without the
occurrence of ArsHyq, the spectra observed with reduction by
dRfH can also be explained by the intermediate formation of
the anionic semiquinone form of the FMN cofactor in the
course of the titration.”” This species cannot be easily detected
because of the lack of absorbance in the 500—700 nm range
typical of neutral semiquinones,” which will be stated below
when discussing the laser-flash experiments. In the case of
NADPH reduction, a 1:1 NADPH:ArsH stochiometry is
enough to accomplish protein reduction.

From the absorbance spectra shown in the top panel of
Figure 2, and with simultaneous measurement of the ambient
redox potential in the cuvette, redox titrations could be
conducted. Both reductive and oxidative ArsH redox titration
data fit well to a single sigmoidal curve (not shown), thus
suggesting that the redox potential values for the ArsHqy/
ArsHgq and ArsHgo/ArsHyq couples are relatively similar. A
midpoint redox potential of —181 + 2 mV, at pH 7.5, was
calculated from the linear Nernst plots (Figure 2, top inset),
which corresponds to the overall potential of the ArsHgy/
ArsHyq couple. As a comparison, a midpoint redox potential of
—0.202 V for free FMN was measured for the overall two-
electron reduction (not shown), indicating that the influence of
the protein appears scarce in modulating this value in ArsH.

Homologous ArsH proteins have been previously described
as NADPH-dependent FMN reductases, whereas very weak or
any protein reduction is achieved in the presence of
NADH.'""" Synechocystis ArsH can be reduced by NAD(P)H,
although with a clear preference for NADPH, as measured by
stopped-flow spectrophotometry (Figure 3). NADPH-depend-
ent ArsH reduction occurs in three phases (Figure 3, top). The
first and faster step is basically complete in the dead time of the
instrument (~10 ms; k., > 200 s™!) and can be monitored as
both an absorbance decrease at 453 nm and a small increase at
560 nm, the latter showing an amplitude ~10—15 times smaller
than that of the absorbance change at 453 nm (Figure 3, top).
Whereas this fast phase accounts for ~10—15% of the total
change observed at 453 nm, the next step represents the
predominant absorbance change at this wavelength, with a
constant absolute amplitude that accounts for 65% of the total
absorbance decrease, and showing a hyperbolic increase in the
ks with NADPH concentration until it reaches a saturation
plateau (Figure 3, bottom). Equivalent kinetics for this
intermediate phase were observed at 560 nm, but as the
disappearance of the initial increase arising from the first phase
(Figure 3, top inset). Finally, a slower step is observed as an
additional decrease in absorbance at 453 nm (Figure 3, top),
the amplitude of this phase decreasing with increasing NADPH
concentration (Figure 3, top). Thus, the proportion of this
slowest phase decreases from ~30 to 16% of the changes at 453
nm as the concentration of NADPH increases from 22 to 130
UM (not shown). The corresponding observed rate constants
seem to be independent of NADPH concentration (not
shown), with an apparent value (k;') of 2 s™' (Table 1).

Equivalent phases for reduction of flavoproteins by NAD(P)
H have been previously described.>*~>* Thus, although our
equipment does not offer a full spectral range transient
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Figure 3. Transient kinetics (top) of ArsH reduction at two different
concentrations of NADPH as observed by stopped-flow analysis at 453
nm. Kinetic traces could be adjusted to three-exponential fits. The top
inset shows ArsH reduction at 90 uM NADPH measured at 560 nm.
Dependence of the observed rate constants (kg,,) (bottom) of the
intermediate phase of ArsH reduction on NADPH concentration. The
bottom inset shows the dependence of kg, for ArsH reduction on
NADH concentration. Experiments were conducted in 20 mM
phosphate buffer (pH 7.5) at 10 °C under anaerobic conditions.
ArsH reduction was followed by mixing 200 L solutions of 10 uM
ArsH with small volumes of concentrated nucleotide solutions (1—4
mM). Solid lines represent theoretical fits according to the reaction
mechanisms previously proposed.”® Other experimental conditions
were as described in Experimental Procedures.

measurement, prior stopped-flow experiments with other
flavoproteins have reported very rapid formation of NADPH:-
flavin charge-transfer complexes (k. ~ 500 s™') with
absorbance bands in the 500—800 nm region that fit with the
absorbance changes associated with the fast initial phase
described in this work.>*~>* The second phase involves the
decay of the NADPH:flavin charge-transfer complex and the
reduction of the flavin cofactor on a time scale of hundreds of
milliseconds to form the E 4:NADP* species.’*>* From the
NADPH concentration dependence plot shown in Figure 3
(bottom), it is possible to estimate minimal values for both the
association constant (K, = 1.7 X 10* M™%; Kp = 59 uM) and
the apparent electron-transfer rate constant (k,’ = 25 s7')
(Table 1) for this process. With regard to the third slowest
phase, in some multidomain flavoenzymes, as is the two-
cofactor FAD-disulfide thioredoxin-reductase protein, it has
been proposed to represent either enzyme reduction by a
second NADPH equivalent or a rate-limiting structural
rearrangement of the FAD and NADPH domains.>® However,
such explanations are unlikely in the case of the monodomain
ArsH protein. Alternatively, the third phase can be assumed to
represent the formation of a reduced-flavin:NADP* charge-
transfer species at low NADPH concentrations.**>* Finally,
ArsH reacts very inefficiently with NADH (Figure 3, bottom
inset), and the linear dependence of k,, values on nucleotide
concentration allows the calculation of a second-order reaction
rate for this process [k, = 920 M~ s™! (Table 1)].
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Table 1. Kinetic Parameters for Reduction and Oxidation of ArsH by Different Substrates

electron donor ky (M7 s7H)2 K, (M~Y)?
deazariboflavin 1.7 X 10%(a)

methyl-viologen 2.9 x 10%(a)

NADPH 1.7 x 10*
NADH 920 (b)

electron acceptor ksq (s7H° kg’ (sfl)f
DBMIB (1) 130" nd’
dimethyl-p-BQ_(2) 900" nd’
duroquinone (3) 29.0 nd’
menadione (4) 45.0 nd’
2-OH-1,4-NQ_(5) 8.0 480
coenzyme Qy, (6) 22.0 nd’

AQS (7) nr® 23

methyl-red®

k) (s71)° ky' (s K, (uM)
25.0 2.0 315

K, (uM) ke (s71) Eq M7's7h)
12 35.0 2.9 x 107
1.3 36.7 2.8 X 107
2.8 25.0 8.9 x 10°
5.7 26.0 4.6 x 10°
23.7 11.0 4.6 x 10°
119 5.0 42 % 10°
34.5 9.4 2.7 X 10°
600 0.4 6.6 X 10*

“ky, second-order rate constant for ArsH reduction determined by laser spectroscopy (a) or stopped-flow analysis (b). YK, association constant

obtained by stopped-flow analysis from the concentration dependence of the observed intermediate phase.

“k,, first-order electron-transfer rate

constant for ArsH reductlon estimated by extrapolating at infinite NADPH concentration the rate constant of the intermediate phase observed by

stopped-flow analysis.

Ly, first-order rate constant for the ArsH—NADP* rearrangement step estimated by the concentration-independent third

phase measured by stopped -flow analysis. “ksq, observed first-order electron-transfer rate constant for oxidation of ArsHgq by quinones determined
by laser spectroscopy. kHQ, observed first-order electron-transfer rate constant for oxidation of ArsHyq by quinones determined by stopped-flow
analysis. $Azoreductase acthlty kops at low quinone concentrations. ‘Not detectable because the reaction occurs within the dead time of the

stopped-flow experiment.

*Not reactive on the laser spectroscopy apparatus time scale.

Oxidation of ArsHyg, by Quinones. ArsH from
Synechocystis is highly homologous to other ArsH proteins
and NADPH-dependent FMN reductases. However, a minor
but remarkable homology is also found with plant quinone-
reductases [~25% identical (see Figure S2 of the Supporting
Information)]. Here several quinones have been assayed as
acceptors of electrons from the ArsHyq species reduced either
by dRf or NADPH.

Stopped-flow experiments in which ArsHyq was mixed with
different quinones showed that ArsH oxidation occurs within
the dead time of the instrument in most cases (k,,, > 200 s™*),
as demonstrated by the appearance of the spectrum of ArsHpy
at the end of the mixing (not shown). Only when assaying 2-
OH-1,4-NQ_and AQS were slower kinetics of ArsH oxidation
independent of quinone concentration observed (Figure 4),
with kg, values (kHQ') of 48.0 and 2.3 s, respectively (Table
1).

To further characterize the ArsH quinone-reductase activity,
a steady-state enzymatic study was conducted. Figure S (top
inset) shows as an example the time course of the NADPH-
dependent 2-OH-1,4-NQ_ reduction catalyzed by ArsH,
measured as NADPH oxidation at 340 nm. Double-reciprocal
plots of the initial velocity of the reaction versus quinone
concentration in the presence of different NADPH amounts
resulted in parallel lines (Figure S, top), indicating the
occurrence of a ping-pong-type mechanism, in which only
after the first substrate (e.g, the nucleotide) is released from
the active site can a second substrate (e.g, the quinone) bind
and react with the reduced enzyme, thus regenerating the
oxidized ArsH form. Double-reciprocal plots for NADPH
oxidation as a function of the nucleotide concentration, at
saturating amounts of both 2-OH-1,4-NQ_and DCPIP, showed
linear dependencies (Figure S, bottom inset), from which it is
possible to calculate a similar K, value of ~30 M for NADPH
(Table 1). Similar double-reciprocal plots for NADPH
oxidation as a function of the concentration of different
quinones, at saturating amounts of NADPH, also showed linear
dependencies (see Figure S, top, for 110 uM NADPH) from
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Figure 4. Transient kinetics of ArsHyq oxidation in the presence of 25
UM 2-OH-1,4-NQ as observed by stopped-flow absorption measure-
ments at 453 nm. The inset shows the dependence of kg, for ArsHyq
oxidation on quinone concentration. ArsHyq was generated in the
stopped-flow syringe by light irradiation in the presence of dRf/EDTA.
Solutions (200 L) of 7 uM ArsHyq were mixed with small volumes
of concentrated quinone solutions. Other experimental conditions
were as described in the legend of Figure 3.

which it is possible to make an estimation of the ArsH K, for
the different quinones, as well as the catalytic constants (k)
and catalytic efficiencies (E.,) of the redox processes (Table 1).
Thus, whereas K, values vary from 1 to 35 uM, E_, spans
roughly in a parallel way the range of 10°—10" M~ s™' (Table
1). It is important to note that the kinetic parameters for
coenzyme Q,, represent only approximate values, as the water
insolubility of this quinone impedes experiments conducted at
final concentrations of >10 uM.

Flavoenzymes could reduce quinones by one- or two-
electron reactions to form the substrate semiquinone or
hydroquinone species, respectively; whereas the latter species
is relatively stable, the former is able to efficiently reduce one-
electron acceptors, such as cytochrome ¢ (Cc) or oxygen, in the
last case involving superoxide (O,°”) formation and further
radical deproportionation to generate H,0,>"*® Thus, Cc
reduction or H,0, production can be used as a reporter of

dx.doi.org/10.1021/bi201904p | Biochemistry 2012, 51, 1178—1187



Biochemistry

0.7,
400 §06
§°
= gu.s
5 007,
£ 0 05
3 time (min)
£ 200
E
2 ® NADPH 110 pM
«~ 100
O NADPH 35 uM
@ NADPH 12 yM
00 005 01 0.15 02 0.25 03 0.35
1/[quinone] (UM-1)
100 ¢ =
S —~ | o+NADP*
< 9 E“"'NADP £
Z < 4o}
g o E
o ~
® 7} Z 2p
L
= 2 n L "
g 60 | 0 002 0.04 006 008
s, 1/[NADPH] (uM-1)
& so}
)
40 . . . .
0O 20 40 60 80 100
NADP* (uM)

Figure 5. Double-reciprocal plot (top) of the initial velocity (v) of
ArsH-catalyzed NADPH oxidation, measured at 340 nm, vs 2-OH-1,4-
NQ_concentration at different concentrations of NADPH. The top
inset shows the time course of NADPH oxidation at 110 uM NADPH
and 150 yM 2-OH-1,4-NQ. The arrow indicates the addition of 20 nM
ArsH. Effect of NADP" on the reduction of DCPIP (70 uM) by ArsH
(20 nM) (bottom) in the presence of NADPH (50 uM). The
enzymatic activity is shown as the percentage of the initial velocity of
DCPIP reduction, measured at 600 nm, in the absence of NADP*. The
bottom inset shows double-reciprocal plots of the initial velocity (v) of
NADPH oxidation by ArsH vs NADPH concentration in the presence
of 150 uM 2-OH-1,4-NQ and 20 nM ArsH with or without 150 uM
NADP*. Measurements were taken anaerobically at 25 °C in 50 mM
Hepes (pH 8.0). Other experimental conditions were as described in
Experimental Procedures.

protein-mediated semiquinone production.”' We have checked
the mechanism of ArsH-catalyzed quinone reduction by using
different quinones, under anaerobic conditions in the presence
of oxidized Cc, or under aerobic conditions, both Cc and
oxygen acting as a “trap” of the generated semiquinone' (not
shown). Remarkably, NADPH-reduced ArsH is able to reduce
Cc with a low efficiency in the absence of quinones [~2 gmol
of Cc (umol of ArsH)™ s™' for one-electron transfer, as
compared with ~35 pumol of NADPH (umol of ArsH) ™' s™" for
the two-electron-transfer DBMIB reduction]. However, when
using DBMIB, dimethyl-p-BQ, or duroquinone as the primary
substrate for the enzyme, no relevant increases in the rate of Cc
reduction were observed (not shown). In the same way,
quinone-mediated H,0O, production under aerobic conditions
was negligible (not shown). These results indicate that
NADPH-dependent quinone reduction by ArsH predominantly
proceeds via two-electron transfer, as in other NADPH-
dependent flavoenzymes.*

ArsH Alternative Electron Acceptors. ArsH enzymes
have been proposed to reduce O, to H,0, via superoxide
radical generation, as part of a new mechanism for the
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detoxification of the very toxic arsenite species, involving its
oxidation by hydrogen peroxide to form the less toxic arsenate
species.'® Synechocystis ArsH can use O, as an electron acceptor
in the presence of NADPH, but this process is quite inefficient
[NADPH decay of ~0.5 ymol (umol of ArsH) ' s™" in oxygen-
saturated solutions (not shown)].

Quinone reductases are usually able to conduct the reduction
of azo bonds and thus present azoreductase activity, perhaps as
part of an enzymatic detoxification system.”’ Here we have
checked the azoreductase activity of ArsH using the methyl-red
dye as an electron acceptor, by measuring the initial velocity of
dye decoloration at 430 nm® at a saturating NADPH
concentration (120 uM). A double-reciprocal plot of the initial
velocity versus methyl-red concentration (not shown) allowed
the estimation of the ArsH K, (0.6 mM) for the dye, as well as
the k., (0.4 s7') and E_, (6.6 X 10> M~ s7') values of the
azoreductase activity (Table 1), which proved to be a very
inefficient process, as previously reported for other ArsH
proteins.'® Experiments conducted with chromate (40—200
#M) as an alternative electron acceptor®’ rendered also a very
residual activity. As previously reported, the enzyme has no
arsenate reductase activity (not shown).

ArsH Inhibition. NADP* can act as a competitive inhibitor
for NADPH binding at the active site of an enzyme, which is
indeed the case for ArsH from Synechocystis. Figure S (bottom)
shows the decrease in the initial velocity of DCPIP reduction
with increasing amounts of NADP" at a fixed NADPH
concentration of 50 uM. This inhibitory effect is better
shown by double-reciprocal plots as a function of NADPH
concentration in the presence or absence of 150 uM NADP*
(Figure S, bottom inset). This representation gives two lines
intersecting at the same value on the 1/v axis, thus indicating a
competitive inhibition mechanism with an apparent K" value
of 822 yuM in the presence of NADP". From this value, an
inhibition constant (K,) of 0.1 mM for NADP" can be
estimated.

Dicoumarol, a compound structurally similar to a dimer of
menadiones, is a potent competitive inhibitor with respect to
nicotinamide coenzymes, particularly in enzymes such as
NQO1 quinone-reductases. Dicoumarol concentrations in the
submicromolar range are usually enough for total enzyme
inhibition.?° Dicoumarol, however, exerts a much weaker
inhibitory effect on ArsH, as concentrations between 8 and
10 uM are required to attain 50% inhibition when using
saturating amounts of either DCPIP or 2-OH-1,4-NQ as
electron acceptors in the presence of S0 yuM NADPH (not
shown).

Laser-Flash Spectrophotometry Experiments. All the
previous assays presented here are based on the use of NADPH
as the electron donor, thus involving the direct generation of
the ArsHyq species. However, as demonstrated with Cc and
oxygen, ArsHyq can reduce one-electron acceptors, which
generates the flavosemiquinone species. Consequently, the
pertinent question of whether the ArsHg, species is stable
enough and thus relevant in reducing quinones arises. By using
laser-flash spectroscopy and flavins as redox probes, it is
possible to induce one-electron reduction and follow further
rapid electron-transfer processes.”> Figure 6 (top) shows the
absorbance changes at different wavelengths associated with
ArsH reduction by dRfH® after the laser flash; the observed
decrease in absorbance in the 400—500 nm range, without any
significant increase at longer wavelengths, confirms the very
rapid formation of the ArsHgq anionic species [<1 ms at the
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Figure 6. Laser-flash-induced difference spectrum (top) of a solution
containing 20 M ArsH in the presence of 100 M dRf and 5 mM
EDTA. Differential absorbance changes were measured 20 ms after the
laser flash. The top inset shows kinetic traces of ArsHgy generation
and decay measured at 460 nm in the absence (top trace) or presence
(bottom trace) of 10 M menadione in a solution containing 60 uM
ArsH, 100 uM dRf, 1 mM MV, and 5 mM EDTA. Dependence of k,
for ArsH oxidation on the concentration of different quinones
(bottom) as measured by laser-flash spectroscopy. All measurements
were taken in 25 mM phosphate buffer (pH 7.5) at 25 °C. Other
experimental conditions were as described in Experimental Proce-
dures.

ArsH concentration used in quinone reduction experiments
(see below)],"* which is stable on a time scale of hundreds of
milliseconds (Figure 6, top inset). Thus, these results indicate
that ArsH photoreduction shown in Figure 2 (top) proceeds
with the intermediate formation of a stable ArsHg, anionic
species. From the slope of the linear plot of kg, versus ArsH
concentration (not shown), a k, of 1.7 X 10®* M~ s™* for ArsH
reduction was obtained (Table 1). The same experiment was
conducted in the presence of MV as a redox intermediate
between dRf and ArsH. MV rapidly reacts with dRfH®, thus
impeding the disproportionation of the dRfH® radical to form
the hydroquinone dRfH, species. In addition, in some cases,
viologens improve protein reduction, which is indeed the case
for ArsH [k, = 2.9 X 10* M™! s7' (Table 1)].

In the presence of added quinones, slow kinetics of ArsH
reoxidation were obtained in most cases (Figure 6, top inset),
with observed rate constant values (kSQ') independent of
quinone concentration (Figure 6, bottom, and Table 1),
indicating the occurrence of a first-order reduction process.
DBMIB and dimethyl-p-BQ were, however, very much reactive
toward both MV and dRf versus ArsH, thus competing with
protein reduction. Under these conditions, it was possible to
observe only ArsH reduction (and reoxidation) at very low
concentrations of the quinones (<2 uM). Although a
concentration dependence study was not possible, relatively
fast rates of ArsH oxidation were observed at the low quinone
concentrations assayed (Table 1). On the other hand, AQS
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proved to be unreactive toward ArsHgy on a time scale of
seconds (not shown).

ArsH Deletion Mutants. We have analyzed the growth of
both an arsH deletion (SARSH) and an arsR deletion (SARSR)
strain, the latter expressing the arsBHC operon constitutively,®
under oxidative stress generated by the presence of menadione
(Figure 7). In all cases, cells were grown both in the absence or

Control
® 8 o0 ¢
® e o
® 0 o @
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Figure 7. Analysis of the growth of the SARSH strain as compared
with the wild-type (WT) and SARSR Synechocystis strains. All strains
were grown in BG11C liquid medium up to the exponential phase (3
ug of chlorophyll/mL). Then the cells were diluted to a concentration
of 1 ug of chlorophyll/mL and finally, by dilution factors of 10, were
plated on solid medium supplemented with 10 M menadione, with or
without 1 mM arsenite. Every spot contained initially S uL of the
corresponding diluted cell culture. The plates were maintained at 30
°C for 5—7 days to visualize the observed growth. Ten-fold dilutions
are shown from left to right.

SARSR

WT

SARSR

presence of arsenite, which acts as an inductor of the expression
of the arsBHC operon.® ArsH confers protection against the
addition of menadione under conditions in which this protein is
expressed, either in the SARSR strain, in the absence and
presence of arsenite, or in the wild type in the presence of
arsenite. However, SARSH cells are sensitive to menadione in
the presence of arsenite (Figure 7), suggesting that ArsH could
play a role in protecting cells under oxidative stress generated
by arsenite.

B DISCUSSION

Synechocystis ArsH has been successfully expressed in E. coli as a
FMN-containing protein with typical flavoprotein properties, as
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are the absorption spectrum and redox potential. The
recombinant enzyme seems to form a tetramer in solution
(molecular mass of ~108 kDa), in agreement with previous
reports of a dimer of dimers for homologous proteins.'”'>*°
ArsH preferentially uses NADPH as an electron donor, and
from the stopped-flow kinetics, it can be assumed that the
formation of the initial NADPH:ArsHqoy charge-transfer
complex and the hydride-transfer step can be identified with
the first and second phases of the absorbance change,
respectively, which include the formation of the catalytically
competent complex. With regard to the catalytic relevance of
the third slowest phase, it has been previously explained by the
formation of a E,_;NADP" charge-transfer complex and the
release of NADP*.*” However, assigning this phase solely to the
release of NADP" after enzyme reduction is not compatible
with data for quinone reduction (see below), as the very slow
ky' rate (2 s7'), although measured at a lower temperature,
should decrease k_, values for the overall process determined
by steady-state experiments (Table 1). Thus, the third phase is
not rate-limiting in catalysis. A key observation is that the
amplitude of this phase decreases with an increasing NADPH
concentration, a fact compatible with the formation of an
E,.s:NADP" charge-transfer species, but in which NADPH can
displace NADP* as the NADPH concentration increases.’’ >
An alternative explanation is that probably this slowest step
observed in the stopped-flow measurements might either alter
its rate or disappear in the presence of the acceptor substrate. In
any case, the values reported here for the different catalytic
steps involving NADPH, i.e., the formation of the initial charge-
transfer complex, partner K,, the NADPH:FMN electron-
transfer rate, and NADPH K, are in the range of the values
previously described for other flavin-dependent enzymes.**~*

Bacterial NAD(P)H-dependent flavoproteins have been
reported to use FMN, azo dyes, nitro-aromatic compounds,
or quinones as substrates.”® Our kinetic analysis indicates that
ArsH is a very efficient NADPH-dependent quinone-reductase,
able to reduce quinones with one to three aromatic rings with
K., values as low as 1—2 4M and E,, values as high as 10’ M
s™' (Table 1). The higher kinetic efficiencies correspond to
quinones with a single ring and methyl groups close to the 1-
position keto group (Figure 1). As previously shown in other
quinone reductases, quinone affinities and catalytic efficiencies
drastically decrease as the number of quinone rings increases
(Figure 1 and Table 1),*° as shown both by stopped-flow data
and steady-state activity analysis. The ArsH-catalyzed reduction
of quinones follows a ping-pong-type mechanism, in which the
NADPH reductant binds first to the active site to deliver
electrons and then dissociates to allow the quinone substrate to
bind and be reduced, preferentially by a two-electron transfer,
resulting in the direct formation of the hydroquinone species of
the acceptor. Comparison of the steady-state and transient
kinetic results clearly suggests the reductive half-reaction limits
the overall reaction; in quinone-reductases, the substrate
reduction process has been proposed to occur through two
direct hydride-transfer steps, involving the stabilization of the
negative char%e on the reduced cofactor after NADP*
dissociation.””*” In this mechanism, NADP* can act as an
inhibitor, most likely by competing for NADPH binding at the
active site, as shown here. However, ArsHyq is also able to
conduct slow one-electron reductions of nonspecific substrates,
such as Cc or O,. Thus, although acting as an efficient quinone
reductase, the ArsH protein presents biochemical features
different from those of other conventional NQO1 quinone
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reductases.”® The results obtained with oxygen are of particular
interest, as ArsH has been proposed to be a “H,0, generator”
on the outside of the cytoplasm, as part of a mechanism of
oxidation of arsenite to the less toxic arsenate species.'>®
Synechocystis ArsHyyq, however, acts as a quite inefficient oxygen
reductant to produce H,0, via superoxide generation, either
directly or in a manner mediated by reduced quinones.

The structure of Synechocystis ArsH has not yet been
determined, but crystal structures of the highly homologous
ArsH proteins from S. meliloti and Sh. flexneri are available in
the apo form,'"”"> as well as the structure of a related FMN-
reductase holoprotein from P. aeruginosa.”” Figure 8 shows

Figure 8. Ribbon structure (top) of the flavodoxin-like catalytic
domain of the Synechocystis ArsH monomer, as obtained by molecular
modeling. The FMN cofactor is shown as balls and sticks. CPK model
(bottom) of the ArsH active site. The FMN cofactor is colored white.
In both drawings, the orientation of the protein is the same.

ribbon and CPK models of the flavodoxin-like catalytic domain
of the Synechocystis ArsH monomer, as obtained by molecular
modeling. The model shows a FMN cofactor very accessible to
the solvent, thus explaining a redox potential value quite similar
to that of free FMN, as well as the more positive redox
potential of ArsH as compared with flavodoxins and its
reactivity with Cc. As previously shown for other NAD(P)H-
dependent flavoenzymes,””* the FMN is located in a cavity
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placed in the interface between two monomers (not shown),
thus offering an unique place to bind both NADPH and
quinones with different sizes and structures.

Whereas many bacterial quinone reductases possess high
azoreductase activity, in the case of ArsH this is merely residual.
In addition, as compared with other quinone reductases, ArsH
exhibits weak inhibition by dicoumarol. These facts can be
explained because, although the ArsH flavodoxin-like fold is
structurally related to other quinone reductases, the protein is
not homologous enough to canonical NQOI1 quinone
reductases.”® In the specific case of dicoumarol inhibition, it
has been previously proposed that its strong binding to animal
quinone reductases can be explained by the hydrophobic
interaction with the phenol ring of a tyrosine residue that is
absent in Synechocystis ArsH.* Interestingly, the cyanobacterial
ArsH sequence maintains a histidine residue (His-83) very
close to the isoalloxazine FMN ring, presumably involved in the
stabilization of the negative charge on the flavin cofactor upon
NADP* dissociation.

To establish the mechanism of the ArsH-catalyzed quinone
reduction, it is important to consider that flavoenzymes can
reduce quinones via one- or two-electron transfers. The former
mechanism should involve the generation of flavosemiquinone
intermediates in the enzyme cofactor as well as semiquinone
substrates. In the case of ArsH, it is not possible to easily detect
ArsHgq formation during quinone reduction, because of the
lack of the specific absorbance features of the neutral ArsHgq
species in the 500—700 nm range. In spite of this, the results
obtained by using Cc and H,O, as reporters support the finding
that NADPH-dependent quinone reduction by ArsH follows
preferentially a two-electron-transfer process. However, as
previously noted, ArsHyq also supports slow one-electron
reactions with substrates other than quinones. In addition, by
using low-potential one-electron probes, such as dRf or
viologens, it is possible to generate a stable ArsHgq anionic
species, as demonstrated by the laser-induced differential
spectrum. Similar processes of semiquinone formation have
been previously reported for glutathione reductase, a two-
electron-transfer NADPH:flavin-disulfide enzyme, and animal
NADPH:quinone reductase.*"”** Thus, even though the
formation of ArsHgq could be considered a nonphysiological
process in a NADPH-dependent enzyme, the question about
the ability of ArsHgq to form one-electron-reduced quinones
arises. However, our data suggest that the reactivity of ArsHgq
toward oxidized quinones is diminished as compared with that
of the ArsHy;q form. For most of the quinones assayed, ArsHyq
oxidation occurs within the dead time of the stopped-flow
instrument (ks > 200 s™%, and is much faster in any case than
ArsH, oxidation, measured by laser-flash spectroscopy (Table
1). The only exception is dimethyl-p-BQ, for which rapid
reactions are observed with the two reduced species of ArsH.

In vivo experiments with ars mutants showed however that,
although ArsH has no essential role in arsenic resistance,® it can
play a role in protecting Synechocystis against oxidative stress. It
has been suggested that one of the main side effects of arsenic
compounds is the generation of ROS, which is mediated by the
binding of arsenite to sulfur side chains of proteins, thus
promoting the inhibition of its function

Finally, although ArsH has no direct role in the protection
against oxidative compounds, it could help to cope with
damage generated by arsenite, acting by reducing semiquinone
radicals or oxidized quinones when the photosynthetic and/or
respiratory chains are compromised.
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observed first-order electron-transfer rate constants for
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MYV, methyl-viologen; 2-OH-1,4-NQ, 2-hydroxy-1,4-naphtho-
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