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ABSTRACT: The ArsA ATPase is the catalytic subunit of the arsenite-translocating ArsAB pump that is
responsible for resistance to arsenicals and antimonials in Escherichia coli. ATPase activity is activated
by either arsenite or antimonite. ArsA is composed of two homologous halves A1 and A2, each containing
a nucleotide binding domain, and a single metalloid binding or activation domain is located at the interface
of the two halves of the protein. The metalloid binding domain is connected to the two nucleotide binding
domains through two DTAPTGH sequences, one in Al and the other in A2. The DTAPTGH sequences
are proposed to be involved in information communication between the metal and catalytic sites. The
roles of Aspl142 in Al D142 TAPTGH sequence, and Asp447 in A2 D4 TAPTGH sequence was investigated
after altering the aspartates individually to alanine, asparagine, and glutamate by site-directed mutagenesis.
Asp142 mutants were sensitive to As(IIl) to varying degrees, whereas the Asp447 mutants showed the
same resistance phenotype as the wild type. Each altered protein exhibited varying levels of both basal
and metalloid-stimulated activity, indicating that neither Asp142 nor Asp447 is essential for catalysis.
Biochemical characterization of the altered proteins imply that Asp142 is involved in Mg?* binding and
also plays a role in signal transduction between the catalytic and activation domains. In contrast, Asp447
is not nearly as critical for Mg?* binding as Asp142 but appears to be in communication between the
metal and catalytic sites. Taken together, the results indicate that Asp142 and Asp447, located on the Al
and A2 halves of the protein, have different roles in ArsA catalysis, consistent with our proposal that

these two halves are functionally nonequivalent.

Arsenic is widely distributed throughout the earth’s crust
and is found in water that flowed through arsenic-rich rocks.
Severe health effects have been observed in populations
exposed to arsenic, which include cancer, cardiovascular
disease, peripheral neuropathies and diabetes mellitus (/).
Because of the prevalence of arsenic in the environment,
nearly every organism, from Escherichia coli to humans, has
genes for arsenic detoxification (2). The ArsAB pump in E.
coli, encoded by the ars operon of plasmid R773, confers
resistance to arsenicals and antimonials. ArsA' is the catalytic
subunit of the pump that hydrolyzes ATP in the presence of
arsenite [As(II)] or antimonite [Sb(III)]. ATP hydrolysis is
coupled to extrusion of As(II) or Sb(IIl) through ArsB,
which serves both as a membrane anchor for ArsA and as
the substrate-conducting pathway (3). Upon overexpression,
ArsA exists primarily as a soluble protein in the cytosol.
Purified ArsA is an As(III)/Sb(III)-stimulated ATPase (4).
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ArsA is composed of homologous N-terminal (Al) and
C-terminal (A2) halves that are connected by a short linker
(5). Each half contains a consensus sequence for a nucleotide-
binding domain (NBD), and both NBDs are required for
ATPase activity and metalloid transport (6, 7). The NBDs
are formed by residues from both the A1 and A2 halves of
the protein (8). A novel metalloid-binding domain (MBD),
located at the A1—A2 interface diametrically opposite to the
NBDs, allosterically modulates ATPase activity (9). The
MBD contains one or more metalloid atoms that are
coordinated to one residue from the A1 half and another from
the A2 half of the protein (8). Thus metalloid serves as the
“molecular glue” that holds the two halves of the protein
together, forming the interface at the NBDs, activating
catalysis. It has been proposed that conformational changes
associated with nucleotide hydrolysis alter the affinities of
the metalloid atoms bound at MBD, which are then injected
into ArsB and extruded from the cell (8, 10).

In the absence of metalloid, a condition that promotes basal
hydrolysis, both NBD1 and NBD2 bind and hydrolyze ATP,
albeit at a slow rate (/7). In the presence of metalloid, ATP
hydrolysis is stimulated in both NBD1 and NBD2, with
hydrolysis at NBD1 stimulated to a greater degree than at
NBD?2 (/1). These properties suggest that the two NBDs have
different properties, and may therefore have different func-
tions. The crystal structure of ArsA shows that Aspl42 at
NBD1 and Asp447 at NBD2 are in close proximity to the
magnesium ions of the MgADP substrates (Figure 1). Asp142
is indirectly coordinated to the Mg?t at NBDI1 by its
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FIGURE 1: Domains of the ArsA ATPase. The Al and A2 STDs,
two stretches of seven residues with the identical sequence D4y
447TAPTGH 451453, connect the single MBD to the Al and A2
MgADP-filled NBDs (8). The nucleotides bound in the two NBDs
are shown as ball-and-stick models colored according to atom type
(phosphorus, orange; oxygen, red; nitrogen, blue). The DTAPTGH
sequences are shown as stick models with green bonds. Sb(III)
(blue), Mg?* (magenta), and water (red) are shown as space-filling
models. Aspl142 and Asp447, representing the N-terminal ends of
the STDs, coordinate indirectly to the Mg?" ions in NBD1 and
NBD2, respectively, through water molecules. The octahedral Mg?*
coordination is indicated, and the distances are expressed in
angstroms. Two of the three metalloids in the MBD are liganded
to the imidazole nitrogen in His148 and His453.

Glyas52

backbone carbonyl through a hydrogen bonded water mol-
ecule. Similarly, the Mg?t at NBD2 is indirectly coordinated
by water molecules that form hydrogen bonds with both the
backbone and the carboxylate of Asp447 (8). In addition,
each Mg?* has a number of additional coordinations. The
Mg?*" at NBDI is coordinated to Thr22, Asp45, the 3-phos-
phate of ADP, and indirectly to the a-phosphate of ADP
through a water molecule. Asp45 has been previously
identified as a Mg®>" ligand (/2). The Mg>" at NBD2 is
coordinated to Thr341 and indirectly through water molecules
to Ser363, Asp364, and the a- and B-phosphates of ADP.
Structures of ArsA with ATP, the nonhydrolyzable ATP
analogue, AMP-PNP, or the transition state analogue of ATP
hydrolysis, ADP-AlF;, bound at NBD2 have also been
determined. These structures indicate that binding of different
nucleotides produces subtle distortions in the coordination
geometry of Mg?>" at NBD2, which may be essential for ATP
hydrolysis (/0). Additionally, movement of amino acid side
chains at NBD2 during ATP binding and hydrolysis produces
large positional shifts at NBD1, indicating extensive cross-
talk between NBD1 and NBD2 (/0).

Aspl142 and Asp447 are located at the N-terminal end of
an elongated stretch of residues, D142, TAPTGH 45 in A1 and
D47 TAPTGHys3 in A2 forming the signal transduction
domains (STDs) that physically connects the two NBDs to
the single MBD and may be the primary effector of signal
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transduction between these centers (8). His148 and His453,
located at the C-terminal end of the STDs, have been shown
to be involved in transmission of information of metalloid
occupancy in the single MBD to the two NBDs during
catalysis (/3), and in the crystal structure these two histidines
can be seen to be ligands to two of the metalloids in the
MBD (8), although the biochemical function of these two
metalloids is not clear (9). The objective of this study was
to determine what role the two aspartates (Aspl42 and
Asp447) play in Mg?" binding, signal transduction, and
catalysis. The results presented here suggest that the two
aspartates have different functions.

EXPERIMENTAL PROCEDURES

Growth of Cells. E. coli strains and plasmids used in this
study are described in Table 1. Cells were grown in
Luria—Bertani medium (/4) at 37 °C. Ampicillin (125 ug/
mL), tetracycline (12.5 ug/mL), and IPTG (0.1 mM) were
added as required.

Site-Directed Mutagenesis. Mutations in the arsA gene
were introduced by site-directed mutagenesis using the
Altered Sites II in vitro Mutagenesis Systems (Promega) with
plasmid pTZ3H6 containing the arsA and arsB genes (15).
In this plasmid the arsA gene was previously mutated to
contain only a single tryptophan codon (Trp159), and the
sequence for six histidine codons was added at the 3" end.
This plasmid was used as the template to produce arsA
mutants with D142A, D142E, D142N, D447A, D447E, and
D447N substitutions. The mutagenic oligonucleotides con-
taining the respective changes (underlined) are as follows:
D142A, 5-CGT CGG CGC GGT AGC AAA AAT GAT
AT-3’; D142E, 5-CGT CGG CGC GGT CTC AAA AAT
GAT AT-3"; D142N, 5-CGT CGG CGC GGT ATT AAA
AAT GAT AT-3"; D447A, CGG AGC CGT AGC CAT
CAC CAC; D447E, CGG AGC CGT TTC CAT CAC CAC;
D447N, CGG AGC CGT ATT CAT CAC CAC.

DNA Manipulation and Sequence Analysis. Plasmid DNA
was purified using QIAprep Spin Miniprep Kit (Qiagen).
DNA ligation and transformation were performed as
described (/4, 16). All mutations were confirmed by
sequencing the entire gene using a CEQ2000 DNA sequencer
(Beckman Coulter).

Cellular Localization of Altered ArsAs. Cultures of cells
containing the appropriate plasmids were grown in LB
medium at 37 °C to an OD600 of 0.6, followed by induction
with 0.1 mM IPTG for 3 h. Five hundred microliters of the
cell suspension was pelleted and suspended in 100 uL of
SDS sample buffer. After boiling for 5 min, the proteins from
2 uL. samples were separated by 10% sodium dodecyl sulfate
(SDS)—polyacrylamide gel electrophoresis (PAGE) (/7).
Immunoblotting was performed with 6 x His Monoclonal
Antibody (Clontech) utilizing the Western Lightning Western
Blot Chemiluminescence Reagent (PerkinElmer) and exposed
to X-ray film at room temperature.

To determine the cellular location of the expressed
proteins, 100 mL of induced cells were pelleted by centrifu-
gation and washed with 10 mM Tris-HCI, pH 7.5, containing
0.1 M KCI. The cells were suspended in 5 mL of a buffer
consisting of 25 mM Bis-tris propane, pH 7.5, containing
250 mM NaCl, 1 mM disodium EDTA, 1 mM dithiothreitol,
and 20% (v/v) glycerol, and lysed by a single passage
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Table 1: Strains and Plasmids

strain/plasmid genotype/description ref
E. coli strains
ES1301 mutS lacZ53, mutS201::TnS, thyA36, rha-5, metB1, deoC, IN(rrnD-rrnE) Promega
IM109 endAl, recAl, gyrA96, thi, hsdR17 (rk—, mk+), relAl, supE44, 1—, A(lac-proAB), [F’, traD36, proAB, lacl"ZAM15] 14
plasmids
pALTER-1  cloning and mutagenesis vector, Tcf, Ap® Promega
pALTER-B 1.3 kb HindIII—Kpnl fragment containing the arsB gene cloned into the multiple cloning sites of pALTER-1 (arsB), Tc', Ap® (30)
pTZ3H6 arsA gene with only Trp'>® codon remaining and with six histidine codons added to 3’-end (arsAueB), Tc®, Ap® (15)
pD142A site-directed mutagenesis of Asp'#?> codon to alanine codon in arsA gene of pTZ3H6 (arsApiaaB), Tc', Ap* this study
pD142E site-directed mutagenesis of Asp'*?> codon to glutamate codon in arsA gene of pTZ3H6 (arsApi4eB), Tc, Ap this study
pD142N site-directed mutagenesis of Asp'*?> codon to asparagine codon in arsA gene of pTZ3H6 (arsApisnB), Tc', Ap" this study
pD447A site-directed mutagenesis of Asp*7 codon to alanine codon in arsA gene of pTZ3H6 (arsApas7aB), Tc', Ap* this study
pD447E site-directed mutagenesis of Asp*7 codon to glutamate codon in arsA gene of pTZ3H6 (arsApss7eB), Tc, Ap this study
pD447N site-directed mutagenesis of Asp**’ codon to asparagine codon in arsA gene of pTZ3H6 (arsApasinB), Tc', Ap" this study

through a French Press at 20,000 psi, followed by immediate
addition of 2.5 uL of the serine protease inhibitor diisopro-
pylfluorophosphate per g wet weight of cells. Insoluble
protein bodies were pelleted at 10000g for 10 min and
suspended in the original volume of the same buffer. Cytosol
was produced by removing membranes at 150000g for 1 h.
Samples (30 uL) were mixed with 10 4L of 4 x concentrated
SDS sample buffer and boiled for 5 min. Two microliters
of each sample was analyzed by Western blotting.

Purification of [His]s-Tagged ArsA ATPases. Altered
ArsAs were purified from cultures of E. coli strain JM109
harboring the indicated plasmids (Table 1). Cells were grown
at 37 °C in Luria—Bertani medium to an OD600 of 0.6, at
which point 0.1 mM IPTG was added to induce ArsA
expression. The cells were grown for another 3 h before
being harvested by centrifugation. The soluble ArsA proteins
were purified as described (/8). The concentration of altered
ArsA proteins in purified preparations was determined from
the absorption at 280 nm using an extinction coefficient of
20,250 M~ cm™! for W159H6 ArsA (15). ATPase activity
was assayed using an NADH-coupled assay method (79).

Fluorescence Measurements. Fluorescence measurements
were performed using a PTI spectrofluorometer with a built-in
magnetic stirrer. The bandwidths for emission and excitation
monochromators were 4 nm. Tryptophan fluorescence was
monitored with an excitation wavelength of 295 nm and an
emission wavelength of 337 nm. The fluorescence of the buffer
(50 mM MOPS—KOH, pH 7.5) alone was subtracted from
protein spectra. ArsA (1.3 uM), ATP (5 mM), Mg>t (5 mM),
and Sb(II) (1 mM) were added as indicated.

Limited Trypsin Digestion of ArsA. Limited trypsin diges-
tion was performed at room temperature in 50 mM
MOPS—KOH buffer, pH 7.5 containing 0.25 mM EDTA
and 1 mg/mL ArsA. The ArsA: trypsin ratio was 500:1 (w/
w). ArsA proteins were incubated with 5 mM ATP, 5 mM
Mg?*, and 0.5 mM Sb(III) either alone or in different
combinations. Digestion was initiated by the addition of N-p-
tosyl-L-phenylalanine chloromethyl ketone treated trypsin
(Sigma). Proteolysis was terminated at the indicated times
by addition of a 10-fold excess of soybean trypsin inhibitor
to the reaction mixture (20). Samples were analyzed by 12%
SDS—PAGE and Coomassie Blue staining.

RESULTS

Effect of Alteration of Asp142 and Asp447 on Metalloid
Resistance. Plasmid pTZ3H6 was used as the parental
plasmid to create mutation in the arsA gene. The arsA gene

in plasmid pTZ3H6 has a single tryptophan residue at
position 159 and a six-histidine tag at its C-terminus but is
otherwise wild type (/5). Resistance conferred by this
plasmid was the same as a plasmid bearing the wild type
arsA gene (15), so this modified arsA gene was used as the
parent strain for all mutations, and will henceforth be referred
to as wild type ArsA. Both Aspl42 and Asp447 were
individually changed to alanine, asparagine, and glutamic
acid by site-directed mutagenesis, producing ArsA deriva-
tives D142A, D142N, D142E and D447A, D447N, D447E,
respectively (Table 1).

Cells bearing the mutated arsA and wild type arsB genes
were characterized phenotypically for arsenite resistance.
Cells expressing wild type arsA and arsB genes could grow
in medium containing 4 mM sodium arsenite; cells without
an ars operon were sensitive to 0.2 mM sodium arsenite;
while cells expressing arsB alone were resistant to 0.2 mM
but not 1 mM sodium arsenite (Figure 2). Mutational
replacement of Aspl42 with glutamic acid resulted in a
marginal reduction in arsenite resistance compared with the
wild type (Figure 2A). Substitution of Aspl142 with either
alanine or asparagine exhibited a further decrease in resis-
tance (Figure 2A) and exhibited a phenotype intermediate
between sensitive and fully resistant cells. In contrast, cells
bearing arsApuza, arsApsze, O arsApsgzy genes were each
as resistant to sodium arsenite as the wild type (Figure 2B).

Expression and Cellular Location of Altered ArsAs. The
steady-state level of wild type and altered ArsAs in cells
was estimated by Western blot analysis using antiserum to
wild type ArsA. Each altered protein was produced in
approximately the same amount and migrated with the same
mobility as wild type ArsA (data not shown). The cellular
location of the altered proteins was determined. Although
ArsA is functionally a component of the membrane-bound
pump, it is found in the cytosol when highly expressed (4).
D142A, D142E, and D142N ArsAs were found predomi-
nantly in the cytosol at similar levels as the wild type (data
not shown). In contrast, a major portion of D447A and
D447E proteins were found as insoluble aggregates, while
only trace amounts of D447N could be observed in the
soluble fraction (data not shown). Although D447N ArsA
is largely insoluble, the minor steady-state level of soluble
D447N ArsA in vivo is probably enough to form a functional
ArsAB pump, that provides resistance to arsenite, as shown
in Figure 2B.

Wild type and altered ArsAs were purified by Ni** affinity
chromatography to >95% homogeneity. Cells expressing
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FIGURE 2: Resistance to arsenite in cells expressing wild type and altered ArsA proteins. Overnight cultures of E. coli strain JM109 bearing
wild type and mutant ars plasmids were diluted 100-fold into fresh Luria—Bertani medium containing the indicated concentrations of
sodium arsenite. Expression of the ars genes was induced with 0.1 mM IPTG. After 5 h of growth at 37 °C, the optical density at 600 nm
was measured. Cells contained the following plasmids. Panel A: (¥) pTZ3H6 (arsAB), (A) pD142A (arsApis24B), (B) pD142E (arsAp4eB),
(d) pD142N (arsAp;snB), (O) pALTER-B (arsB), and (@) vector plasmid pALTER-1. Panel B: (¥) pTZ3H6 (arsAB), (A) pD447A
(arsApug7aB), (B) pD447E (arsAps7eB), (O) pD447N (arsApsgsnB), (O) pALTER-B (arsB), and (@) vector plasmid pALTER-1.

Table 2: Vg of Oxyanion-Stimulated ATPase Activity of ArsA
Proteins

Vmax (nmol of ATP
hydrolyzed/min/mg of protein)

fold fold
—Sb(III) stimulation stimulation
ArsA or —As(IlI) +Sb(Il) by Sb(Ill) +As(Ill) by As(III)
wild type 100 1000 10 300 3
DI142A 15 180 12 50 33
DI142E 15 990 66 255 17
D142N 15 180 12 50 33
D447A 75 200 2.7 115 1.5
D447E 75 225 3 115 1.5

either the wild type or arsApjsa, arsApise, Or arsApraoy
genes consistently provided an average yield of 75 mg of
pure protein per liter of culture. Under similar conditions
only 15 mg of soluble protein was recovered from D447A
or D447E expressing cells, so roughly only 20% of the
D447A and D447E ArsA are present in the cytosolic fraction.
The near complete insolubility of D447N ArsA precluded
its purification and biochemical characterization.

Properties of Altered ArsAs. The altered ArsAs were
analyzed for their ability to hydrolyze ATP in the presence
of either antimonite or arsenite. In the absence of metalloids,
the basal rate of ATPase activity of D142E ArsA was several-
fold lower than the wild type (Table 2). In the presence of
metalloids, and at high concentrations of Mg?*, the maximal
rate of ATP hydrolysis of the D142E enzyme was similar to
that of the wild type. D142E ArsA showed a 4-fold increase
in the K, for ATP and activation required 4-fold higher Mg?*
concentration than the wild type (Table 3). This property is
similar to that of mutants of Asp45, another ligand to the
NBDI1 Mg?* (12). Additionally, the concentration of anti-
monite required for half-maximal activation increased by
about 13-fold, while that for arsenite increased by ap-
proximately 4-fold.

The D142A and D142N enzymes showed approximately
a 6-fold lowering in both the basal and metalloid-stimulated
ATPase activity (Table 2). The affinity for ATP and
antimonite was reduced by an order of magnitude (Table
3). Each of these altered proteins required approximately a
3-fold increase in arsenite concentration for half-maximal

activation. When compared with wild type ArsA, the D142N
enzyme exhibited a 25-fold increase in the concentration of
Mg?* required for half-maximal activation, while D142A
ArsA exhibited a 60-fold increase. The kinetics of Mg?*
binding was also altered. Although both the wild type and
DI42E ArsA displayed apparent sigmoidal kinetics as a
function of Mg>" concentration, both D142A and D142N
ArsA displayed classical hyperbolic kinetics (Figure 3). Also
surprising was the fact that the hyperbolic substrate velocity
curves for ATP, observed for both wild type and D142E
ArsA, followed sigmoidal kinetics when Asp142 was altered
to either alanine or asparagine (Figure 4).

D447A and D447E ArsA showed slightly lower basal
ATPase activity than the wild type enzyme, but the activated
rate was significantly lower (Table 2). Each of these altered
proteins required several-fold increase in the concentration
of ATP, Sb(III) or As(III) for activation (Table 3). Interest-
ingly, the concentration of Mg?* required for half-maximal
activation was unaffected in D447A and D447E ArsA, and
showed similar kinetics as the wild type enzyme (Figure 3).
Also, D447A but not D447E ArsA exhibited apparent
sigmoidal ATP kinetics as a function of ATP concentration
(Figure 4).

Effect of Aspartate Substitutions on Accessibility to
Trypsin. ArsA undergoes a number of conformational
changes during the catalytic cycle (15, 21-24). We have used
accessibility to trypsin as anindicator of conformation (20, 25, 26).
Five general states of the enzyme can be distinguished by
limited trypsin digestion. State one is an open conformation,
in which the A1 and A2 halves are far enough apart to allow
access to trypsin. This state is found under noncatalytic
conditions in the absence of substrate or in the presence of
metalloid or Mg>" alone. In this open state, ArsA is
extremely sensitive to trypsin digestion. Trypsin cleaves the
ArsA at Arg290 to produce a 32 kDa Al fragment that
remains stable to trypsin digestion, and a slightly smaller
A2 fragment which is digested rapidly (27). In the second
state, observed in the presence of ATP alone (noncatalytic
conditions), a 50 kDa fragment appears briefly, which is then
rapidly digested to a ~30 kDa species. The third state is
also observed under noncatalytic conditions but in the
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Table 3: ArsA ATPase Kinetics

[C] 50%activation (mM)

ArsA ATP K, (mM) Sb(III) As(IIT) Mgt Hill coefficient (Mg?™)
wild type 0.035 £ 0.003 0.005 £ 0.001 0.7 £0.02 1.0 £0.1 2.8+£0.2
D142A 1.25 £0.3 0.1 £0.01 23+04 62.5+ 10 0.6 £0.05
DI142E 0.15 +£0.02 0.065 £ 0.004 2.6 +0.3 45402 22+£03
D142N 0.9 +£0.03 0.1 £0.005 244+04 27.0+0.2 0.6 £0.1
D447A 0.6 £0.1 0.025 £ 0.002 34+0.6 1.5+0.2 22+02
D447E 0.2 £0.04 0.025 £ 0.002 1.3+£0.2 1.0£0.2 2.8+£0.2

presence of both ATP and metalloid. In this state, the rate
of trypsin digestion is retarded, indicating that binding of
both ATP and metalloid results in the formation of an
interface between Al and A2 that hinders access to trypsin.
This effect of nucleotide and metalloid together is synergistic
in that neither alone produces this conformation. The fourth
state is a more closed conformation, observed in the presence
of MgATP, that is, the enzyme is exhibiting basal ATPase
activity. In this state, the rate of trypsin digestion is even
more retarded than under noncatalytic conditions, suggestive
of the formation of a different interface between Al and A2.
Finally, the fifth state is observed during metalloid stimulated
catalysis. In this state, ArsA becomes resensitized to trypsin.
The 63 kDa ArsA is cleaved to a 50 kDa species, which
remains insensitive to trypsin digestion for a significant
amount of time, indicating a different conformation of ArsA
during metalloid stimulated activity. Our interpretation is that
ArsA is alternating between open and closed conformations
during activated catalysis. Thus, part of the time trypsin is
excluded from the A1—A2 interface, and part of the time

trypsin can proteolyze the surface of A2.
As discussed above, in the absence of substrates, wild type
ArsA was rapidly cleaved by trypsin to one or more
1200

polypeptides of 30 kDa (26). Each altered protein exhibited
a similar proteolytic pattern as the wild type (data not shown).
Upon incubation of wild type ArsA with ATP followed by
treatment with trypsin, a 50 kDa species was first observed
that was subsequently cleaved to smaller fragments (Figure
5A). Each mutant protein exhibited similar protection from
proteolytic digestion in the presence of ATP, indicating that
the proteins adopt similar conformations as the wild type
upon binding ATP (Figure SB—F). Incubation with Sb(III)
afforded no protection from proteolysis either with the wild
type (26) or altered proteins (data not shown). The rate of
cleavage was decreased synergistically when both ATP and
Sb(IIT) were present together (Figure 5), suggesting that the
enzyme adopts a trypsin-resistant conformation when both
the MBD and NBDs are filled. The similarity in these trypsin
proteolysis patterns indicates that the binding of ATP and
Sb(III) elicits similar conformational changes in either wild
type or altered ArsAs. Addition of Mg?* alone had no effect
on proteolysis (data not shown). ATP and Mgt together,
which produces basal hydrolysis, also provided synergistic
protection to wild type or mutant proteins (Figure 5). The
full-length 63 kDa ArsA was cleaved to a 50 kDa species
which remained intact for a significant amount of time in

Wild

1000

800

600

400

200

1200

D142E

1000

800

600

400

200

0d

250

Specific activity, nmol/min/mg

0 50 100 150

[MgCl,] mM

FIGURE 3: ArsA catalysis as a function of magnesium ion concentration in wild type and altered ArsAs. ATPase activity was measured at
37 °C, at the indicated concentrations of MgCl, (mM), using an NADH-coupled assay method (/9). The basal ATPase activity was subtracted

from each of the plots.
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FIGURE 4: Kinetics of wild type and altered ArsAs as a function of
ATP concentrations. ATPase activity was measured at the indicated
concentrations of ATP (mM), at 37 °C, using an NADH-coupled
assay method (/9). The basal ATPase activity was subtracted from
each of the plots.

the presence of both ligands (Figure 5). Thus the conforma-
tion of the wild type and mutant proteins, as detected by
trypsin accessibility, seems to be similar during basal ATPase
activity.

The trypsin digestion pattern was much different when
all three ligands, ATP, Sb(IIl), and Mg>", were added
together, conditions that produce activated catalysis. When
the proteins were first incubated with ATP, Sb(IIT) and Mg>*,
and then treated with trypsin, wild type ArsA was rapidly
digested to a 50 kDa species that was stable to further trypsin
attack (Figure 5A). Both DI142E and D447E showed a
protracted proteolysis rate under similar conditions, with slow
formation of the 50 kDa species (Figure 5C, 5F). In contrast,
under similar conditions, D142A, D142N, and D447A ArsA
exhibited greater stability of the full-length protein and no
buildup of the 50 kDa species (Figure 5B, 5D, and 5E). Thus,

Biochemistry, Vol. 47, No. 27, 2008 7223

the results of the trypsin sensitivity assays demonstrate that,
although both Asp142 and Asp447 mutants behave similarly
to the wild type during basal catalysis, the D142A, D142N,
and D447A ArsA acquire a different conformation during
metalloid-stimulated catalysis.

Effect of Aspartate Substitution on Intrinsic Trpl59
Fluorescence. The crystal structure of ArsA with ADP bound
at the two NBDs (8) indicates Trp159 to be 29.1 A and 37.8
A from Aspl142 and Asp447, respectively. Analysis of the
different crystal forms of ArsA with ADP bound at NBD1
and ATP, AMP-PNP, or ADP-AIlF; bound at NBD2 (/0),
depicts negligible shifts in the position of Trp159 with respect
to either Aspl42 or Asp447. Under these crystallographic
conditions, Trp159 seems to be positioned in a relatively
hydrophilic environment, the closest residues being Gln154,
Leul55, Lys181, GIn182, Argl83, and several water mol-
ecules. Fluorescence experiments also indicate Trp159 to
reside in a relatively hydrophilic environment (/5). An
increase in intrinsic tryptophan fluorescence and a blue shift
of the maximum emission wavelength were observed upon
addition of MgATP, indicating movement of Trp159 into a
relatively less polar environment. No fluorescence response
was observed with MgADP or nonhydrolyzable ATP ana-
logues, suggesting that Trpl159 shifts only during ATP
hydrolysis (/5). Upon addition of Sb(IIl) to the MgATP
form, which activates hydrolysis, the fluorescence is rapidly
and dramatically quenched, so Trp159 must become solvent
exposed. Note that this is the form in which ArsA was
crystallized, and Trp159 is surface localized in this structure.

When excited at 295 nm, Trp159 of the wild type ArsA
has an emission maximum at 337 nm in its native state, while
the denatured protein has an emission maximum at 353 nm
(15). Each of the Asp142 and Asp447 mutants has the same
emission maximum as the parental ArsA (Figure 6A), again
indicating that substitution at Asp142 or Asp447 with Ala,
Asn or Glu has little effect on the environment of Trp159.
Addition of MgATP to wild type ArsA resulted in a marked
increase in fluorescence (Figure 6B). This metalloid-
independent fluorescence enhancement occurs only during
basal catalysis and has been interpreted as a slow confor-
mational change in the enzyme to a highly fluorescent
intermediate that is rate-limiting for ATP hydrolysis (24, 28).
The enhancement is reversed by addition of Sb(IIl) (Figure
6B). The reversal by metalloid results from increasing the
rate of isomerization between the highly fluorescent inter-
mediate and the initial state of ArsA such that this step is
no longer rate-limiting for hydrolysis, allowing for activated
catalysis (23). Since Asp447 mutants show similar basal
ATPase activity as the wild type (Table 2), we expected a
marked increase in fluorescence upon addition of MgATP
to either D447A or D447E ArsA. Interestingly, none of the
Aspl42 and Asp447 mutants responded to the addition of
MgATP or Sb(III), in spite of the fact that each exhibits basal
and activated ATPase activity (Table 2). Our interpretation
of the results is that Trp159 no longer reports hydrolysis
upon alteration of either Asp142 or Asp447.

DISCUSSION

The crystal structure of ArsA ATPase revealed that
Aspl42 of STD1 and Asp447 of STD2 are coordinated
indirectly to Mg?" through water molecules (8) (Figure 1).
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FIGURE 5: Effect of alteration of Asp142 or Asp447 on accessibility to trypsin. Trypsin digestion was performed at room temperature with the indicated
additions: 5 mM ATP, 0.5 mM potassium antimonyl tartrate (Sb(III)), or S mM MgCl,. ArsA proteins were treated with trypsin as described in Experimental
Procedures. At the indicated times, samples were removed, and the reactions were terminated by the addition of soybean trypsin inhibitor. The tryptic
products were analyzed by 12% SDS—PAGE and stained with Coomassie Blue. The positions of migration of standards are indicated.
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FIGURE 6: Effect of alteration of Aspl42 or Asp447 on intrinsic
Trp159 fluorescence. A. Emission spectra of Trp159 in wild type
and altered ArsAs. B. Response of Trpl159 fluorescence upon
addition of ATP, Mg?*, and Sb(III) in wild type and altered ArsAs.
At the indicated times, 5 mM ATP, 5 mM Mg?*, and 1 mM Sb(III)
were added to 1.3 uM ArsA.

In that report, both Asp142 and Asp447 were hypothesized
to be the primary effectors of information flow between the
two NBDs and the MBD. We propose that the conserved
aspartates might have two functions. First, since Asp142 and
Asp447 each serve as a ligand to MgATP, they may play a
role in Mg?" binding. Second, as Asp142 and Asp447 form
the N-terminal end of the Di4447TAPTGH4g/453 sequence,
they may play a role in signal transduction between the NBDs
and MBD. The goal of this study was to examine what role
the two aspartates play in Mg?" binding, signal transduction,
and hence, catalysis.

Several lines of evidence indicate that substitution of
Aspl42 or Asp447 with Ala, Asn or Glu residues did not
affect the overall conformation. First, the altered proteins
were produced in normal amounts and were not degraded
in vivo (data not shown). Second, the fluorescence emission
spectra of each of the mutants were superimposable, indicat-
ing that the environment of Trp159 was the same for each
protein (Figure 6A). And finally, trypsin digestion experi-
ments in the presence of ATP and Sb(III) clearly showed
that there were minimal differences between wild type and
altered ArsAs under noncatalytic conditions (states 1, 2, and
3). The overall similarity in the proteolysis pattern indicates
that the mutants retain ability to bind ATP and Sb(III) (Fig-
ure 5).
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At early times, MgATP (basal activity) also provided
similar levels of protection to both wild type and altered
ArsAs (state 4). However, upon prolonged incubation, the
altered ArsAs appear to be more sensitive to trypsin cleavage
than wild type (Figure 5). This would indicate that the altered
proteins adopt a more open conformation during basal
catalysis, rendering them more accessible to protease than
the wild type protein. Only under activated conditions (state
5) did the altered ArsAs exhibit significant differences in
sensitivity to trypsin proteolysis when compared to the wild
type (Figure 5). Wild type ArsA became more sensitive to
trypsin under metalloid stimulated conditions [MgATP and
Sb(IIT)] than under basal conditions (MgATP), consistent
with our suggestion that the interface between Al and A2 is
alternatively accessible and inaccessible to trypsin during the
activated catalytic cycle. Both D142E and D447E ArsA
showed a retarded rate of proteolysis, with slower generation
of the 50 kDa fragment, which was subsequently cleaved to
lower molecular weight species. In contrast, D142A, D142N,
and D447A ArsA adopted a remarkably trypsin-resistant
conformation under activated conditions, indicating that the
interface between Al and A2 in these mutants remained
closed and inaccessible to trypsin.

Evidence for local conformational changes also came from
kinetic studies. Although the significance of the apparent
cooperativity is not clear, mutation of Aspl42 to either
alanine or asparagine converted the Mg?*-dependent substrate-
velocity kinetics from sigmoidal to hyperbolic curves. Also,
the ATP-dependent kinetics switched from hyperbolic to
sigmoidal for both D142A and D142N ArsA. It is likely that
mutation of Asp142 produces a local conformational change
in A1, which is transmitted to A2, affecting the interaction
between the two halves of ArsA, as reflected by their
increased protection from trypsin digestion under catalytic
conditions. Alteration of Asp447 to alanine or glutamate
showed a trypsin digestion pattern similar to that of the
Aspl42 counterpart. Mutation of Asp447 converted the
kinetics from hyperbolic to sigmoidal, a phenomenon similar
to that observed for D142A and D142N ArsA. Interestingly,
the Asp447 mutants exhibited Mg>*-dependent substrate
kinetics similar to that of the wild type. Taken together the
evidence indicates that the Asp447 mutants adopt a slightly
different conformation than the Asp142 mutants.

Further evidence of local conformational changes came
from fluorescence experiments. In the absence of ligands,
each of the Asp142 and Asp447 mutants exhibited Trp159
fluorescence similar to that of the wild type (Figure 6A).
However, the enhancement of fluorescence upon addition
of ATP and Mg?" was lost for both Aspl42 and Asp447
mutants (Figure 6B). Why does Trp159 fluorescence not
report signal transduction in these mutants? Very likely,
alteration of either of the aspartates produces a local
conformational change that does not allow the buildup of
the highly fluorescent conformation, which is rate-limiting
for the wild type (22). Thus alteration of either Asp142 or
Asp447 affects communication between the metal and
catalytic center.

The crystal structure of ArsA shows that both Asp142 and
Asp447 are liganded to Mg?* through water molecules. It is
possible that alteration of either residue would affect their
affinity for Mg?*. Alteration of Asp142 to Glu, Asn or Ala
decreased the affinity for Mg>" by approximately 4-, 25-,
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and 60-fold, respectively. This is also reflected in the
phenotypic assays. The concentration of soluble Mg?* in E.
coli is approximately 4 mM (29), which is sufficient to
support D142E ATPase activity (Table 3), but not D142A
and D142N ArsA, which require much higher concentrations
of Mg?" for half-maximal activation (Table 3). Consequently,
cells expressing D142E ArsA show slightly lower sensitivity
than wild type, whereas both D142A and D142N expressing
cells were considerably less resistant to arsenite than wild
type (Figure 2). By the same token, both D447A and D447E
ArsA showed similar affinity for Mg?* as the wild type, and
cells expressing these proteins exhibited similar arsenite
resistance. Therefore, Asp142 but not Asp447 appears to be
involved in Mg?" binding.

Both Aspl42 and Asp447 mutants showed basal and
activated ATPase activity (Table 2). Although the activities
of most of the mutants were several-fold lower than the wild
type, the mutant enzymes are still functional ATPases,
indicating that neither Asp142 nor Asp447 is required for
catalysis. This should not be surprising since both Asp142
and Asp447 are only one of six Mg?t ligands (8) (Figure
1). Since only D142E exhibited metalloid-stimulated ATP
hydrolysis at rates equivalent to wild type ArsA, an acidic
residue at position 142 may be necessary for metalloid-
stimulated activity.

More interestingly, alteration of Aspl42 significantly
decreased the affinity for both ATP and metalloid (Table
3). We interpret the lower affinity for nucleotide as a direct
result of the lower affinity for Mg?*. Since Aspl42 is the
N-terminal end of the signal transduction sequence that
reciprocally transmits information between the NBDs and
MBD, lower affinity for MgATP results in simultaneous
lower affinity for Sb(III), indicating again that Asp142 plays
a role in signal transduction. On the other hand, although
the affinity for Mg?* remains the same as wild type for each
of the Asp447 mutants, they still show a reduction in
affinities for ATP and Sb(III). One possibility is that local
conformational changes associated with changing Asp447
impede signal transduction between MBD and NBD2,
thereby affecting binding of nucleotide and metalloid. The
occurrence of local conformational changes accompanying
the mutations is supported by the trypsinization experiments,
where a decrease in activation is inversely related to a
trypsin-resistant conformation. On the other hand, each Mg?*
is coordinated by multiple water and protein ligands, so the
effect of loss of a single indirectly coordinated ligand such
as Asp447 may not be easily quantified but still affect the
affinity for other ligands. Why do the Asp447 mutants exhibit
similar phenotype as the wild type although they show
decreased affinities for both nucleotide and metalloid? The
relationship between phenotype and biochemical activity is
difficult to quantify. For example, the activity of purified
ArsA is assayed in the absence of ArsB, whereas the
phenotype data represents an in vivo ArsA—ArsB interaction.
Since ArsB is difficult to purify, it has not been possible to
determine how interaction with ArsB affects the kinetic
parameters of ArsA mutants.

In conclusion, the results demonstrate that Asp142 and
Asp447 have different roles in ArsA catalysis. Since
substitution of Asp142 with nonacidic residues clearly affects
Mg?* binding, a major function is most likely in stabilization
of bound MgATP in NBDI1. Aspl42 also plays a role in
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transduction of the signal of Sb(III) binding, i.e., the ability
of hydrolysis to be stimulated by metalloid. In contrast, the
role of Asp447 in Mg?" binding is not as critical as that of
Aspl42, as alterations in Asp447 do not affect the kinetics
of enzyme activity as a function of Mg>" concentration.
However, Asp447 is most likely involved in reciprocal
transmission of information on the ligand occupancy of
NBD2 and the MBD. We have earlier shown that substitution
of Hisl48 at the C-terminal end of STDI1 affects com-
munication between NBD1 and MBD, and likewise alteration
of His447 at the C-terminal end of STD2 affects com-
munication between MBD and NBD2 (/3). The roles of other
residues in the two STDs in ArsA catalysis are currently
being investigated.
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