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Abstract Arsenic, a toxic metalloid widely existing

in the environment, causes a variety of health

problems. The ars operon encoded by Escherichia

coli plasmid R773 has arsD and arsA genes, where

ArsA is an ATPase that is the catalytic subunit of the

ArsAB As(III) extrusion pump, and ArsD is an

arsenic chaperone for ArsA. ArsD transfers As(III) to

ArsA and increases the affinity of ArsA for As(III),

allowing resistance to environmental concentrations

of arsenic. Cys12, Cys13 and Cys18 in ArsD form a

three sulfur-coordinated As(III) binding site that is

essential for metallochaperone activity. ATP hydro-

lysis by ArsA is required for transfer of As(III) from

ArsD to ArsA, suggesting that transfer occurs with a

conformation of ArsA that transiently forms during

the catalytic cycle. The 1.4 Å x-ray crystal structure

of ArsD shows a core of four b-strands flanked by

four a-helices in a thioredoxin fold. Docking of ArsD

with ArsA was modeled in silico. Independently

ArsD mutants exhibiting either weaker or stronger

interaction with ArsA were selected. The locations of

the mutations mapped on the surface of ArsD are

consistent with the docking model. The results

suggest that the interface with ArsA involves one

surface of a1 helix and metalloid binding site of

ArsD.

Keywords Arsenic � ArsD � Metallochaperone �
ArsA � ATP-driven efflux pump

Introduction

Arsenic ranks first on the superfund list of hazardous

chemicals http://www.atsdr.cdc.gov/cercla/07list.html,

in part because it is the most ubiquitous of all environ-

mental toxic compounds. The metalloid is a carcinogen

and is considered a causative agent of a number of other

diseases, including cardiovascular and neurological

disorders. Both prokaryotes and eukaryotes have arsenic

detoxifying systems, frequently involving extrusion

from cytosol.

In bacteria, arsenic resistance genes are organized

as ars operons. The majority have three genes,

arsRBC. ArsR is an As(III)-responsive transcriptional

repressor (Xu and Rosen 1999), ArsB is a As(OH)3/

H? antiporter that extrudes As(III), conferring resis-

tance (Meng et al. 2004), and ArsC is an arsenate

reductase that converts As(V) to As(III), the substrate

of ArsB, extending the range of resistance to include
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As(V) (Mukhopadhyay and Rosen 2002). Some have

two more genes, arsD and arsA, such as the

arsRDABC operon in E. coli plasmid R773. ArsA

and ArsB forms the ArsAB complex, a pump

utilizing the energy of ATP hydrolysis for As(III)

or Sb(III) extrusion (Dey et al. 1994a, b). Cells

expressing the five genes arsRDABC are more

resistant to As(V) and As(III) than those expressing

only the arsRBC genes.

ArsA is a 583-amino acid ATPase with two

pseudo-symmetric halves, A1 and A2, connected by

a short linker. A1 and A2 have consensus nucleotide-

binding domains (NBDs) at their interface (Zhou

et al. 2000). A high affinity metalloid binding domain

(MBD) about 20 Å from the NBDs binds As(III) or

Sb(III) (Zhou et al. 2001, 2000) using conserved

residues Cys113, Cys72 and Cys422 (Ruan et al.

2006). Nucleotide binding at the NBDs stimulates

metalloid binding, and, reciprocally, metalloid bind-

ing brings A1 and A2 together, stimulating ATP

hydrolysis.

ArsD is a metallochaperone that transfers As(III)

or Sb(III) to ArsA (Lin et al. 2006). ArsD is a

homodimer of two 120-residue subunits (Chen and

Rosen 1997). Although ArsD exhibits weak repressor

activity, its primary function is as an arsenic metal-

lochaperone (Chen and Rosen 1997; Lin et al. 2006;

Wu and Rosen 1993). ArsD has three conserved

cysteine residues, Cys12, Cys13 and Cys18 (Lin et al.

2007a). These form a high affinity As(III) binding

site required for ArsD to deliver As(III) to the ArsA

ATPase, increasing the affinity of ArsA for As(III),

producing increased efflux and resistance at environ-

mental concentrations of arsenic (Lin et al. 2007b;

Yang et al. 2010).

It is not known how these two proteins interact and

how the metalloid is transferred. The transfer of

copper from Atx1-like chaperones to the N-terminal

domains of copper efflux pumps involves sequential

transfer of metal between cysteine thiolates (Boal and

Rosenzweig 2009, 2002). We have proposed a similar

sequential transfer mechanism from the cysteine

thiolates of ArsD to the cysteine thiolates of ArsA

(Yang et al. 2010). According to this model, metal-

loid binding sites of ArsA and ArsD come close to

each other during interaction. Crystal structures of

ArsA and ArsD have been solved. Based on the

structure of ArsA and ArsD, ArsA-ArsD complex

structure was modeled by in silico docking (Ye et al.

2010). The results of recent genetic analysis are

consistent with the docking model (Yang 2011).

Genomics of arsenic detoxification

As a consequence of the prevalence of arsenic in the

environment, bacteria are continuously exposed to

arsenic and have evolved arsenic resistance systems

encoded by ars operon that have been found in nearly

every sequenced bacterial genome. To date more than

400 bacterial and archaeal ars operons containing

arsA and arsD genes have been identified, and the

arsA and arsD are nearly always adjacent to each

other, suggesting 1) that they co-evolved and later

moved as a unit into an ars operon, and 2) that they

have linked biochemical functions in arsenic

detoxification.

Cell biology of ArsD function

Since ArsA is the catalytic subunit of an arsenic

efflux pump, it was considered likely that a function

of ArsD would be to augment the ability of ArsA to

extrude arsenite, enhancing arsenic detoxification.

The resistance of cells expressing different ars genes

was compared. Cells carrying arsDAB gene were

slightly more resistant to high concentrations of

As(III) compared to cells carrying only arsAB,

indicating that ArsD works together with ArsA to

increase the efficiency of the ArsAB pump (Lin et al.

2006).

However, the concentration of arsenic in such

laboratory growth experiments is usually in the

millimolar range, which might be occasionally found

in extreme environments such as volcanic areas in

Yellowstone National Park but rarely in human

habitats. The advantage conferred by the arsD gene

at concentrations of arsenic commonly found in the

environment was demonstrated by a competitive

growth assay of mixed cultures (Lin et al. 2006). E.

coli strain AW3110, in which the chromosomal ars

operon had been deleted, was transformed with

plasmids with arsAB genes or arsDAB genes. Equiv-

alent numbers of cells carrying either arsAB or

arsDAB genes were mixed and grown with 10 lM

sodium arsenite, a subtoxic concentration present in

many deep tube wells in Bangladesh and elsewhere in
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the world. After a little more than a week, the cells

with arsDAB took over the population, demonstrating

that ArsD provides a competitive growth advantage

in soil or water with moderate amounts of arsenic

contamination.

The advantage conferred by ArsD was supported

by the ability of ArsD to lower As(III) accumulation

in intact cells (Lin et al. 2006). Cells expressing only

arsB were able to lower the intracellular level of

As(III) compared to a strain with no ars genes since

ArsB catalyzes As(OH)3/H? exchange (Meng et al.

2004). Expression of arsA increased the efficiency of

As(III) extrusion when co-expressed with arsB by

forming the ArsAB pump that catalyzes ATP-driven

As(III) efflux (Dey and Rosen 1995). When arsD was

co-expressed with arsAB, As(III) accumulation in the

cells was further reduced (Lin et al. 2006). These

lines of evidence support the hypothesis that ArsD

increases the efficiency of the ArsAB pump.

Interaction between ArsD and ArsA

The association of ArsD and ArsA in arsenic

resistance was strongly supported by the demonstra-

tion of interaction between ArsD and ArsA in yeast

two-hybrid analysis (Lin et al. 2006). Interactions

among the four soluble proteins encoded by the R773

arsRDABC operon were examined. ArsD was found

to interact with ArsA but not with the ArsR repressor

or the ArsC arsenate reductase; ArsD also interacted

with itself, which would be expected since ArsD is a

homodimer (Chen and Rosen 1997). ArsA only

interact with ArsD but not with ArsR or ArsC. Since

there is no arsenic or antimony in yeast cells during

analysis, ArsD and ArsA must interact to some extent

in the absence of metalloid. But for arsenic transfer

from ArsD to ArsA (described in more detail

below), the arsenic-bound ArsD should interact more

strongly with ArsA. Whether arsenic increases inter-

action between ArsD and ArsA is currently under

investigation.

Interaction between ArsD and ArsA is also

evidenced by chemical crosslinking with dibromobi-

mane (dBBr) (Kosower et al. 1980). dBBr is a

homobifunctional thiol-specific crosslinker, reacting

with cysteine residues within 3 to 6 Å of each other.

An ArsD-ArsA complex was trapped by dBBr

crosslinking, as shown by SDS–PAGE analysis and

blotting with anti-ArsA and ArsD antibodies. This

complex had an apparent mass of approximately

90 kDa, close to the predicted mass of a monomer of

ArsA crosslinked with either an ArsD dimer or

monomer. ArsD-ArsA crosslinking efficiency was

increased by addition of MgATP but not by antim-

onite. These results suggest 1) that cysteine-rich

metalloid binding sites of ArsD and ArsA come close

to each other during interaction, 2) that ArsD

interacts with nucleotide-bound form of ArsA and

3) that apo-ArsD is able to interact with ArsA

(although it is not known whether the interaction of

apoArsD or As(III)-ArsD with ArsA occurs with

equal affinity).

Biochemistry of ArsD function

As a metallochaperone, ArsD can transfer As(III)

(Yang et al. 2010) or Sb(III) (Lin et al. 2006) to

ArsA. To assay transfer between purified proteins, a

maltose binding protein (MBP) fused ArsD with

As(III) in the metalloid binding site was bound to

amylose column, following which ArsA and different

nucleotides were passed through the column, and,

finally, ArsD was eluted with maltose (Yang et al.

2010). The elution positions of the two proteins and

As(III) was determined. Transfer was estimated from

the amount of As(III) that eluted with ArsA. Transfer

of As(III) from ArsD to ArsA was compared under

catalytic and noncatalytic conditions. At room tem-

perature in the presence of MgATP, nearly all of the

As(III) was transferred from ArsD to ArsA. At 4�C,

where ArsA hydrolyzes ATP very slowly, almost no

As(III) was transferred. No As(III) was transferred to

ArsA with the product MgADP or with the nonhy-

drolyzable nucleotides MgATP-c-S or MgAMP-PNP.

These results demonstrate that ATP hydrolysis is

required for As(III) transfer from ArsD to ArsA. We

interpret this result as As(III) transfer occurring with

a conformation of ArsA that transiently forms during

the catalytic cycle. This is also supported by the fact

that MgATP increases the efficiency of ArsA–ArsD

crosslinking by dBBr (Lin et al. 2006).

How is As(III) transferred from ArsD to ArsA? It

could be a thermodynamic dissociation and

re-association process. Or it could be mediated by

direct interaction of ArsD and ArsA that allows for

step-wise As(III) transfer directly from the thiols of
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ArsD to the thiols of ArsA (Lin et al. 2007a), similar

to the mechanism proposed for copper transfer from

the yeast Atx1p chaperone to the Ccc2p copper efflux

pump (Pufahl et al. 1997). The As(III) chelator

dimercaptosuccinic acid (DMSA) was used to differ-

entiate between channeling and a dissociation/re-

association mechanism. Direct transfer of As(III)

from ArsD to ArsA would be expected to be

insensitive to DMSA. In contrast, if As(III) dissoci-

ates from ArsD before binding to ArsA, an excess of

DMSA should prevent transfer. The results showed

that the As(III) transfer from ArsD to ArsA was

insensitive to DMSA (Yang et al. 2010), consistent

with channeling of metalloid from one protein to the

other, suggesting that ArsD and ArsA form an

interface at their metal binding sites.

ArsD not only delivers As(III) to ArsA (Yang et al.

2010) but also enhances its ATPase activity at low

As(III) concentrations by increasing the affinity of

ArsA for As(III) (Lin et al. 2006). In the presence of

ArsD, the apparent affinity of ArsA for As(III) is

increased from the millimolar range to around

10 lM, but the Vmax for ATP hydrolysis remains

unchanged. Since ArsA ATPase activity is activated

by As(III), ArsD makes ArsA more effective at

environmentally appropriate concentrations of As(III)

by increasing its affinity for As(III). As a metallo-

chaperone, ArsD recycles to keep loading ArsA with

As(III) during cycle of catalysis, effectively increas-

ing the affinity of ArsA for As(III).

Although ArsD transfer of metalloid to ArsA

involves specific ArsD-ArsA interaction, the driving

force for the metalloid transfer is not clear. ArsD has

an affinity of approximately 2 lM for As(III), as

determined by tryptophan fluorescence quenching

(Yang et al. 2010). ArsA has an apparent affinity of

about 0.5 to 1 mM for As(III), as determined from the

stimulation of ATP hydrolysis as a function of As(III)

concentration (Bhattacharjee et al. 1995; Lin et al.

2006; Yang et al. 2010). Thus As(III) transfer from

ArsD to ArsA seems to be thermodynamically

unfavorable. However, ATP hydrolysis is required

for the metalloid transfer. This may provide the

energy to make this process favorable. It is possible

that ATP hydrolysis and protein–protein interaction

could lead to increased affinity of ArsA or decreased

affinity of ArsD for metalloid. Finally, when the

metalloid bound to the ArsAB pump is pumped out of

the cell, mass action will provide the directionality of

the reaction. Thus the driving force could be either

thermodynamic or kinetic factors or a combination of

the two.

Metalloid binding sites in ArsD

Native R773 ArsD has 120 residues with three vicinal

cysteine pairs, Cys12–Cys13, Cys112–Cys113 and

Cys119–Cys120. Phenylarsine oxide (PAO) affinity

chromatography was used to examine the metal

binding ability of ArsD mutants or truncations. Only

a single vicinal cysteine pair was sufficient to bind to

the PAO column, suggesting that each cysteine pair

forms an independent metalloid binding site (Li et al.

2001). A series of cysteine mutants and truncations of

R773 ArsD were purified and assayed directly for

metalloid binding (Li et al. 2001, 2007a). The native

R773 ArsD bound three Sb(III) per monomer, but

variants with only a single vicinal pair bound only

one Sb(III) per monomer, showing that each cysteine

pair forms an independent metalloid binding site with

similar affinity for Sb(III) of approximately 1 lM

(Lin et al. 2007a).

However, only the Cys12–Cys13 pair and an

additional cysteine, Cys18, are conserved in homo-

logues. For example, Alkaliphilus metalliredigens

QYMF has two ars operons, each encoding an ArsD

of only 99 residues and having only Cys12, Cys13

and Cys18 (Fu et al. 2010). If any of the three

cysteines residues was mutated, high affinity metal-

loid binding was eliminated, suggesting that each of

the three conserved cysteine residues, Cys12, Cys13

and Cys18, form a 3-coordinate thiolate metalloid

binding site (Lin et al. 2007a). The nature of this

metalloid binding site was confirmed by extended X-

ray absorption fine structure spectroscopy (EXAFS)

(Yang et al. 2010). The As(III) binding kinetics and

dissociate constant of this site was further character-

ized using protein fluorescence (Yang et al. 2010).

Two single tryptophan derivatives of ArsD, T15 W

and V17 W, exhibited quenching of intrinsic protein

fluorescence upon binding of As(III) or Sb(III).

Interestingly, in the absence of added thiols, As(III)

quenches fluorescence quite slowly, requiring more

than 2 h to attain a steady-state level of fluorescence

when 1 lM protein was mixed with equimolar

As(III). This allowed estimation of the rates of

binding and affinities for metalloid. The two single
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tryptophan derivatives, T15 W and V17 W, reported

similar affinity for As(III) of approximately 2 lM.

Substitution of Cys12, Cys13 or Cys18 decreased

the affinity for As(III) more than tenfold. When

the glutathione conjugate, As(GS)3 was used in

place of As(OH)3 (the solution form of arsenite

(Ramı́rez-Solis et al. 2004)), the rate of quenching

was too fast to measure by standard fluorescence

instrumentation but was at least 1000-fold faster.

Given that intracellular GSH is in the millimolar

range, nearly all intracellular arsenite would be in the

form of As(GS)3, so it should not be surprising that

this is the source of As(III) for ArsD.

Although R773 ArsD has three metalloid binding

sites, but only the N-terminal conserved site formed

by Cys12, Cys13 and Cys18 is required and sufficient

to transfer arsenic to ArsA and activate ArsA ATPase

(Lin et al. 2007a; Yang et al. 2010). A construct

truncated at residue 109 (denoted as ArsD109)

lacking the last two metalloid binding sites interacted

with ArsA by yeast-two-hybrid analysis, and the

purified ArsD109 stimulated ArsA ATPase activity as

well as the native ArsD (Lin et al. 2007a). In contrast,

an ArsD derivative lacking this site but retaining the

last two was unable to interact with ArsA in yeast-

two-hybrid assay and did not stimulate ArsA activity.

The effect of these constructs on arsenic accumula-

tion was examined. Cells expressing an ArsD with

only the first site reduced the intracellular accumu-

lation of arsenic (reflecting active extrusion) as well

as wild type ArsD when co-expressed with ArsAB.

Any construct lacking the first site did not increase

the ability of the cells to extrude arsenite. These

in vivo results strongly support the hypothesis that

the Cys12-Cys13-Cys18 metalloid binding site is

involved in metallochaperone function.

Crystal structure of ArsD

A chitin binding domain fusion of ArsD109

(ArsD109-CDB) was constructed for purification

purposes. After the intein tag and chitin binding

domain were removed, both ArsD109 and ArsD109/

C12A/C13A/C39S proteins crystallized in space

group P21. ArsD109 crystals diffracted to 2.1 Å,

and ArsD109/C12A/C13A/C39S diffracted to 1.4 Å.

The ArsD109 structure could be superimposed with

the ArsD109/C12A/C13A/C39S structure with an

RMS deviation 0.17 Å, so the higher resolution

mutant structure was used for subsequent analysis.

There are two ArsD molecules in the asymmetric

unit. They form a dimer of approximate 50 9 35 9

30 Å3. The two monomers are nearly identical, with

a RMSD of 0.52 Å. The termini, especially the

C-terminus, are more divergent. The ArsD monomer

has a core of four b-strands flanked by four a-helices.

Helices a1 and a4 are on one side of the b-strands; a2

and a3 are on the other side. a2 is almost perpendic-

ular to a3, with only one residue between them. b1 is

between b2 and 3, parallel to b2 and anti-parallel to

b3. b3 and 4 form a b-hairpin. Residues 70 to 72

form a short 310 helix. On molecule B, residues 102

to 104 also form a short 310 helix.

The overall structure of the ArsD monomer has a

thioredoxin fold, with a core of four beta-strands

flanked by four a-helices (PDB code 3MWH). The

region of ArsD with the cysteines that form the

arsenic binding site was not visible in that structure,

but a structure of an oxidized form of an ArsD

homologue, showing the location of the cysteines in

disulfide bonds, has been reported (PDB code 3KTB)

(vida infra). A Dali search using ArsD structure

returned thioredoxins as one of the closest structural

homologues of ArsD, with the highest Z-score of 6.5

for the E. coli thioredoxin TrxA (PDB ID 2TRX).

The root mean square deviation (RMSD) between the

Ca atoms of the 72 aligned residues is 2.5 Å. TrxA

has an N-terminal sequence not present in ArsD, and

ArsD a3 is absent in TrxA. The TrxA molecule has a

four residue loop connecting b1 and a1. The TrxA

active site sequence C32PGC35 is at the beginning of

a long a-helix that extends from residue 32 to residue

49, which renders Cys35 solvent inaccessible. Nei-

ther of the active site cysteine residues is congruent

with Cys12, Cys13 or Cys18 in ArsD. Interestingly, a

CACA mutant of TrxA, in which the active site was

changed to C32AC34A, has the end of the extended

helix from residues 35–40 unraveled, exposing Cys34

to solvent, facilitating its participation in catalysis. In

this structure the loop (residues 29 to 39) is of similar

length to the putative loop in ArsD (residues 12–22).

NMR solution structure of ArsD

NMR characterization of ArsD provides a basis for

understanding the structural aspects of how the
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protein functions. A solution structure of ArsD would

allow comparison with the static crystal structure and,

even more important, identification of amino acid-

specific chemical environmental changes in ArsD

coupled with binding of arsenite and antimonite and/

or during interaction with ArsA.

For those reasons an initial NMR characterization

was performed (Ye et al. 2010). Dispersion in

the high-resolution 15N TROSY HSQC spectrum

(Pervushin et al. 2000) indicates the protein is well

folded, with the number of peaks consistent with the

protein existing as a symmetric homodimer. Assign-

ments for the 118-residue construct were completed

for the majority of native protein residues. Chemical

shift analysis of the backbone atom resonances

(Wishart et al. 1991) was applied to predict the

secondary structure for the protein in solution.

Prediction analysis suggested that the protein is

flanked by a 7 residue N-terminal b-strand. In the

absence of As(III), amide chemical shifts for the three

conserved cysteines (Cys12, Cys13 and Cys18) occur

in the unfolded region of the spectrum, indicating

these residues exist in the unstructured region

between b-strand 1 and a-helix 1. In addition, the

protein contains an extensive C-terminal unstructured

tail ranging from residues 100 to 118.

A comparison of predicted secondary structural

elements for ArsD in solution with the crystal

structure results indicates a reasonable agreement

between the structures, with a few differences. The

solution structure is less ordered than the crystal

structure, especially in the length and location of

a-helix 2 and b-strand 3. By both methods, the

conserved cysteines (Cys12, Cys13 and Cys18) exist

in an unstructured region between b-strand 1 and

a-helix 1, as earlier indicated for the predicted

solution structure. It is only when the cysteine

residues are artifactually oxidized to form disulfide

bonds that they could be resolved by crystallography

(vida infra). These results suggest this region of

apoArsD is normally very flexible and folds around

As(III), allowing the three cysteine residues to form

the binding site. Therefore, these NMR data provide

the basis for future experiments directed at monitor-

ing structural changes coupled with binding of As(III)

and/or ArsA. Using the crystal structure as the global

structural template, it should be possible using NMR

spectroscopy to map the binding surfaces between

ArsD and ArsA and also to monitor structural

changes during As(III) binding and delivery. These

results will provide significant insight in the molec-

ular mechanism of ArsD metallochaperone function.

Modeling the metalloid binding site

The 2.1 Å structure of a homologue from B. vulgatus

ATCC 8482 was deposited in the PDB data base

(PDB code: 3KTB; Kim, Y., Tesar, C., Feldmann, B.,

Joachimiak, A., Midwest Center for Structural

Genomics (MCSG), unpublished). 3KTB and R773

ArsD109 can be superimposed with an RMSD of

1.0 Å. In contrast to native ArsD109, where the

cysteines are completely reduced, all of the cysteines

residues of 3KTB are oxidized in intra- and inter-

molecular disulfide bonds, likely an artifactual result

of oxidation during purification. The 11 residues not

visible in the R773 ArsD109 structure are contained

within a 14-residue loop in B. vulgatus ArsD, perhaps

because disulfide bond formation rigidified the loop.

A structure-based alignment of the two proteins

shows that the loops in both are of identical length,

and 10 of the 14 loop residues are identical and 3 are

similar between the two proteins. The close homol-

ogy between the two loops allows the residues not

visible in the R773 ArsD109 structure to be modeled

with confidence. Based on this information, a model

of the metallated form of the R773 ArsD109 was

constructed taking into account the bond distances of

2.24 Å between the sulfur atoms of Cys12, Cys13

and Cys18 and the central arsenic atom determined

by EXAFS (Yang et al. 2010). We postulate that

when the unbound form is presented with As(III), it

forms an intermediate in which As(III) is weakly

bound to Cys13 and Cys18 thiolates. In the B.

vulgatus homologue, the Cys12 thiolate is oriented

away from other two cysteines, but in the EXAFS

structure, all three sulfur atoms become equidistant to

the arsenic atom, suggesting that Cys12 could

reorient to form the third ligand, forming the high

affinity binding site. Further experimental results will

be necessary to test this proposed order of binding.

Modeling the ArsD-ArsA interaction

Metallated ArsD interacts with and transfers As(III)

to ArsA during catalysis, when the ATPase cycles
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between open and closed conformations (Li and

Rosen 2000). The X-ray crystal structure of ArsA has

been solved in the closed form (Zhou et al. 2000).

A Saccharomyces cerevisiae homologue of ArsA

termed Arr4p or Get3 is involved in targeting tail-

anchored proteins in the endoplasmic reticulum (Auld

et al. 2006). Recently crystal structures of Get3 were

solved in the open (nucleotide free) and closed (ADP-

AlF4
-) conformations (Bozkurt et al. 2009; Mateja

et al. 2009). ArsA has two homologous halves, ArsA1

and ArsA2, each with a nucleotide binding domain

(NBD) connected by a short linker, while Get3 is a

dimer of two identical monomers, each homologous

to both ArsA1 and ArsA2. In the open Get3

conformation there is a large conformational change,

and the two monomers are separated by approxi-

mately 37�, with rotation of one subunit to the other

relative to their orientation in the closed form, which

is more compact. The ADP–AlF4
- closed ArsA

structure (Zhou et al. 2001) can be superimposed with

the Get3 closed structure with an RMSD of 3.4 Å for

420 Ca atoms. ArsA NBD1 (residue 1–296) and

NBD2 (305–583) can be superimposed with the two

monomers in the Get3 open structure, with an RMSD

of 2.3 Å and 3.0 Å, respectively. An open model of

the ArsA structure based on the open Get3 structure

was generated for use for analysis of ArsA–ArsD

interactions and docking studies (Yang et al. 2010).

Views of the open form of ArsA from opposite

directions displays a cavity into which ArsD can fit.

To examine whether the structures have complemen-

tary surfaces, the open ArsA and metallated ArsD

models were docked by using the fully automated,

web-based program ClusPro Version 2.0 with default

parameters. Based on the biochemical results, the one

most consistent with the demonstrated proximity of

the cysteine residues of ArsD and ArsA had ArsD

sulfur atoms of Cys12 and Cys13 within 4.1–7.5 Å of

the sulfur atoms of ArsA residues Cys113 and

Cys172. Overall, 15 ArsD residues are predicted to

be within 3.2 Å of 13 residues of ArsA.

Genetic mapping of the interface between ArsD

and ArsA ATPase

As described above, As(III) is transferred from ArsD

to an ArsA conformation formed during ATP hydro-

lysis, and this process is protected from the As(III)

chelator dimercaptosuccinic acid (Yang et al. 2010),

suggesting these two proteins form an interface at

their metal binding sites. This hypothesis is supported

by the facts that the metal binding sites of ArsA and

ArsD could be crosslinked by dBBr (Lin et al. 2006),

and that ArsD almost lost interaction with ArsA when

the conserved cysteine residues, Cys12, Cys13 or

Cys18 were mutated to alanine or serine (Lin et al.

2007a). A genetic approach was used to test this

hypothesis. Random mutagenesis of ArsD was used

to create ArsD mutants that exhibit increased or

decreased interaction with ArsA, as selected by

several variations of the yeast two-hybrid assay

(Yang 2011). Nine ArsD mutants (S14R, T20I,

D28T, D28V, T31A, Q34R, Q38R and V61A)

exhibiting increased interaction with ArsA were

isolated by repressed transactivator yeast two-hybrid

selection. Five ArsD mutants (V17A, V22A, V27D,

Q51H and F55L) exhibiting decreased interaction

with ArsA were isolated by reverse yeast two-hybrid

selection. Additionally, two mutants in Lys-37 and 62

were identified as being involved in ArsD function by

a combination of site-directed mutagenesis and

chemical modification. When these two lysine resi-

dues are substituted by alanine, ArsD lost the

capability to stimulate ArsA ATPase activity and

lost interaction with ArsA as measured by yeast two-

hybrid analysis. However, substitution at either

position with arginine was tolerated, suggesting

participation of a positive charge. All the residues

were mapped on the surface of the ArsD structure,

and their locations are consistent with the structural

model generated by in silico docking. Four (Ser14,

Val17, Thr20 and Val22) are close to metalloid

binding site residues Cys-12, Cys-13 and Cys-18, and

seven (Gln24, Val 27, Asp28, Thr31, Gln34, Lys37

and Gln38) are on the surface of helix 1. In addition,

substitutions at residues 12, 13 or 18 lost the ability to

interact with ArsA (vida supra) (Lin et al. 2007a).

The agreement of the genetic, biochemical and in

silico data clearly indicates that the interface with

ArsA involves one surface of helix 1 and the

metalloid binding site of ArsD. We had proposed a

cycle with a step-wise transfer of As(III) from ArsD

to ArsA (Lin et al. 2007b). The combination of

genetic, biochemical and structural analysis described

here allows us to hypothesize a molecular description

of As(III) binding by ArsD and transfer to ArsA

(Fig. 1).
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