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Abstract

Arsenate respiration by bacteria was discovered over two decades ago and is catalyzed by diverse
organisms using the well-conserved Arr enzyme complex. Until now, the mechanisms underpinning this
metabolism have been relatively opaque. Here we report the first structure of an Arr complex (solved by
X-ray crystallography to 1.6 A resolution), which was enabled by an improved Arr expression method in
the genetically-tractable arsenate respirer Shewanella sp. ANA-3. We also obtained structures bound with
the substrate arsenate (1.8 A), the product arsenite (1.8 A), and the natural inhibitor phosphate (1.7 A).
The structures reveal a conserved active-site motif that distinguishes Arr (R/K)GRY) from the closely-
related arsenite respiratory oxidase (Arx) complex (XGRGWG). Arr activity assays using methyl
viologen as the electron donor and arsenate as the electron acceptor display two-site ping-pong kinetics. A
Mo(V) intermediate was detected with electron paramagnetic resonance spectroscopy, which is typical for
proteins with a molybdopterin guanine dinucleotide cofactor. Arr is an extraordinarily fast enzyme that
approaches the diffusion limit (Ky, = 44.6 £ 1.6 uM, Keae = 9,810 £ 220 s ') and phosphate is a competitive
inhibitor of arsenate reduction (K; = 325 + 12 uM). These observations, combined with knowledge of
typical sedimentary arsenate and phosphate concentrations and known rates of arsenate desorption from

minerals in the presence of phosphate, suggest that: (1) arsenate desorption limits microbiologically-

* The authors declare that they have no conflicts of interest with the contents of this article. The atomic coordinates
and structure factors (codes 6CZ7, 6CZ8, 6CZ9, and 6CZA) have been deposited in the Protein Data Bank
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induced arsenate reductive mobilization and (2) phosphate enhances arsenic mobility by stimulating

arsenate desorption rather than by inhibiting it at the enzymatic level.

Significance

Microbial arsenate respiration enhances the mobility of arsenic and contributes to the poisoning of tens of
millions of people worldwide. Our ability to quantitatively predict how microbial activities shape arsenic
geochemistry depends on a detailed understanding of how the enzymes that catalyze arsenate reduction
work under environmentally relevant conditions. The structural and kinetic findings of the Arr enzyme
complex reported here both help rationalize its cellular localization and allow us to predict that the rate of
arsenate release from minerals likely constrains its activity in sedimentary environments. Moreover, this
work illustrates that engineering environmental bacteria to over-express their native proteins can be
straightforward, a strategy that may advance the study of enzymes that are challenging to express in

traditional hosts.

Introduction

Arsenic mobilization into drinking water is a health threat affecting tens of millions of people worldwide
(1). This threat often originates from the underlying mineralogy and microbiology of water reservoirs (2).
In oxidizing environments, the predominant water-soluble form of arsenic is arsenate (found as HyAsO4~
and HAsO4> with a pK, of 6.94; we use arsenate to reference both species interchangeably), which
adsorbs onto minerals and does not rapidly contaminate water reservoirs (2). However, if the water
becomes polluted with organic material, microbes can consume the dissolved oxygen, leading to a decline
in reduction potential and the conversion of arsenate to arsenite (found as H3AsO3) (3). Compared to
arsenate, arsenite more readily leeches from mineral surfaces into water (4). Further exacerbating the
problem, many sediments contain bacteria and/or archaea with the capacity to generate energy by

respiring arsenate, reducing it to arsenite (5-9), and thereby stimulating the release of arsenic into the
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aqueous phase (10, 11). Consequently, understanding the microbiology and biochemistry of arsenate

respiration is of great interest to public health.

A microbe’s capacity for arsenate respiration corresponds with the genes encoding the arsenate
respiratory reductase (Arr) complex (12). The Arr complex is a member of the DMSO reductase family of
molybdoenzymes and comprises two proteins, a large subunit ArrA and a smaller subunit ArrB (12, 13).
The ArrA subunit is predicted to contain a Mo atom coordinated by a molybdopterin guanine dinucleotide
cofactor (Mo-bisMGD), as well as a single [4Fe—4S] cluster (13, 14). The ArrB subunit co-purifies with
ArrA (13, 15, 16) and is predicted to contain several [4Fe—4S] and/or [3Fe—4S] clusters (12, 14). The
ArrA subunit contains a predicted N-terminal twin-arginine translocation (TAT) signal (12, 14),
suggesting the assembled ArrAB complex is transferred post-translationally to the periplasm, and its
periplasmic localization has been confirmed experimentally (15, 16). By analogy to the well-studied
DMSO and nitrate reductase complexes (17, 18), the reaction mechanism likely involves oxygen atom
transfer from arsenate to the Mo atom followed by two 1-electron reductions of the Mo atom (Scheme 1).
In some organisms, ArrAB likely associates with a third subunit ArrC, a heme-containing quinol oxidase
that is presumably the electron donor for the complex (17, 19). In species lacking ArrC, such as

Shewanella sp. ANA-3 (20), ArrAB instead acquires electrons from the tetraheme cytochrome CymA
(19).

Although arsenate respiration is a specialized microbial metabolism, small cytosolic arsenate reductases
(ArsC and Acr2p) are present in numerous microorganisms (3). In contrast to Arr, which enables arsenate
respiration using electrons from the quinone pool, ArsC and Acr2p likely evolved to detoxify cytoplasmic
arsenate (21) and work through a disulfide redox cascade with glutaredoxin or thioredoxin (21-23).
Emphasizing their separate physiological roles, Shewanella sp. ANA-3 does not require the Ars
detoxification system for arsenate respiration (20). While Arr is significantly more effective than Ars at
reducing arsenate in equilibrium with iron minerals (24), both Arr and Ars have been detected in arsenic-

contaminated soils (6) and both can contribute to solubilized arsenate reduction (20, 25, 26). Given the
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comparatively limited biochemical characterizations of Arr, it is difficult to disentangle the relative
contribution of these two systems to arsenic mobilization. A major challenge for mechanistic
enzymological studies of Arr has been obtaining enough protein for spectroscopic studies. The Arr
complex expresses poorly in the heterologous host Escherichia coli (16), and ordinarily native induction
and purification generates large volumes of arsenic-laden waste (13, 15). In this work, we successfully
overcame both obstacles by overexpressing the Arr in its native host, Shewanella sp. ANA-3. With an
abundance of protein, we optimized Arr crystal growth and used X-ray crystallography to solve the first
structure of an Arr complex. We also used enzyme kinetics and EPR spectroscopy to validate the
presumed overall reaction cycle. Together, these mechanistic studies advance our ability to predict the

extent to which microbial arsenate respiration will mobilize arsenic in the environment.

Results

Overview of the ArrAB complex

We obtained initial Arr crystal hits using protein from the heterologous host E. coli (16). To purify more
protein for crystal optimization, we developed an overexpression vector for the native host Shewanella sp.
ANA-3 (see SI Materials and Methods), providing ~100-fold greater yields compared to E. coli (up to 5
mg of protein per liter of culture, Fig. S1 A and B). Subsequent crystal optimization (Fig. S1C) enabled us
to solve the X-ray crystal structure of ArrAB, bound to the substrate arsenate and product arsenite, and to
the inhibitor phosphate. Data collection and refinement statistics are shown in Table 1. Purified Arr
crystallized as the ArrAB heterodimer with two non-crystallographic symmetry (NCS) copies of ArrAB
per asymmetric unit. The single ArrAB heterodimer is consistent with the size of the complex observed
during size-exclusion chromatography (13, 15, 16), and so it likely represents the physiological complex
rather than the crystallographic dimer of heterodimers. The structures do not include the N-terminal TAT
sequence as it was removed to facilitate expression and purification. For consistency, the residue numbers
refer to positions in the full open reading frame including the TAT sequence with the N-terminal

methionine starting at position 1.
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The overall structure and arrangement of the complex (Fig. 1A) resembles that of other Mo-bisMGD
protein complexes including nitrate reductase (NarGH) (27), formate dehydrogenase-N (FdnGHI) (28),
polysulfide reductase (PsrABC) (29), and perchlorate reductase (PcrAB) (30). All five Fe-S metal clusters
are [4Fe—4S] and all twenty iron atoms are coordinated by cysteine side chains. The ArrA and ArrB
subunits are bound together by extensive surface contact covering approximately 3400 A?. Reflecting
their close phylogeny (12, 31), the backbones of ArrAB and PsrAB are almost completely superimposable
including their [4Fe—48S] clusters and Mo-bisSMGD cofactors (Fig S2A). The active sites of ArrA and PsrA
are distinguished by a unique set of residues that occupy distinct positions in the protein fold (Fig. S2 B

and C).

ArrA and the arsenate binding site

The ArrA subunit contains the 4-domain structure of related Mo-biSMGD proteins (17, 18) with a funnel
leading from solvent to the active site. The substrate funnel is lined mostly with basic and aromatic
residues (Fig. S3). The Mo atom coordination geometry is distorted octahedral, in contrast to the trigonal
prismatic geometry in PsrA (29), and it includes the dithiolene of both MGD cofactors with the cysteine
side chain of Cys193 in an apical position (Fig. 1B). The electron density map suggests an oxygen atom,
observed in one NCS copy and refined to 0.55 occupancy, completes the coordination geometry in the
equatorial plane. The weak density and Mo—O bond distance of 2.3 A likely indicates reduction of an oxo
group (Mo=0) in the synchrotron X-ray beam (18). As in PsrA (29), an arginine side chain (Argl65)
provides a hydrogen bond to the MoO group, but it is present in a different loop in ArrA and donates with
N" instead of N° (Fig. 1B and Fig. S2B). The [4Fe—4S] cluster in ArrA (FS0) is coordinated by cysteines

61, 64, 68, and 96, in contrast to NarG and PsrA which contain a coordinating histidine (27, 30).

Co-crystallization yielded structures bound to arsenate (Fig. 2 A and B). Occupancy was highest at pH
6.0, lower at pH 7.5. and unobservable at pH 8.5, suggesting ArrA might bind the H>AsO,4~ state of
arsenate. Alternatively, these binding differences might reflect changes in the protein’s protonation or

subtle changes in structure. Unexpectedly, we observed arsenate in two alternate, mutually exclusive
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conformations, each with an occupancy of approximately 0.5. This model is supported by two discrete
features in the anomalous difference map collected at a wavelength of 1.0 A, representing the locations of
the central As atoms (Fig 2 A and B). Both anomalous peaks disappeared at a wavelength of 1.1 A,
consistent with the As K-edge at 1.0448 A. In the conformation closest to the Mo atom, arsenate forms
hydrogen bonds with Argl65, His189, Tyr166, Tyr210, and several water molecules (Fig. 2A) with an
As—Mo distance of 5.2 A. In the second conformation, two waters substitute for arsenate oxygen atoms
from the first conformation, and arsenate is hydrogen-bonded with Tyr166, Ser190, Lys198, and multiple
water molecules (Fig. 2B) with an As—Mo distance of 7.3 A. The alternative sites might reflect
differences between the oxidized Mo(VI)O and the X-ray reduced Mo(V)OH (or Mo(1V) + H,0) forms of
the protein. It is important to note that we are unable to resolve individual hydrogen atoms at the
resolution of our data (ca. 1.8 A), and the proposed hydrogen bonds are hypothesized based on bond

distances and angles.

We also obtained structures bound to arsenite, the product of arsenate respiration. Much like the first
arsenate binding conformation, arsenite is coordinated by residues Argl65, Tyr166, His189, and Tyr210,
but arsenite is shifted closer to the Mo atom with a Mo—As distance of 3.8 A (Fig. 2C). In this position,
arsenite forms a 2.3 A Mo—O bond. While the proximity of arsenite to Cys193 resembles that observed in
the ArsC enzymes, which form a covalent Cys-S—As intermediate with a bond distance of 2.2 A (32), the
crystallographic Arr Cys-S—As distance is too long to represent a covalent bond (3.0 A as refined, or 2.8
A to the center of the anomalous As peak). This structure might represent a non-physiological form of the
enzyme, as it likely illustrates arsenite-binding to Mo(IV) or Mo(V) rather than to Mo(VI) as expected in
the overall reaction cycle (Scheme 1). Similar structures have been observed in arsenite-inhibited

aldehyde reductase (33, 34) and proposed as a dead-end pathway for the arsenite oxidase Aio (35).

Co-crystallization with phosphate also yielded structures bound to phosphate at pH 6.0, but not at pH 7.5.

The structure resembles that of arsenate in the second conformation, with coordination by Tyr166,
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Ser190, Lys198, and several water molecules (Fig. 2D). We did not observe phosphate binding at the

other arsenate site, suggesting the two sites have different arsenate specificities.

We found no differences in the protein side chains between arsenate and phosphate binding. However, we
did observe a subtle change in dithiolene bond angles of the P-MGD cofactor upon arsenite binding. In
the substrate-free and arsenate-bound structures, the S-C-C-S group is nearly planar (Fig. S4), consistent
with sp? hybridization of the dithiolene carbon atoms. In the arsenite-bound structure, there is a small but
notable deviation from planarity (Fig. S4) that suggests partial reduction of the dithiolene carbons. As Arr
is bidirectional in vitro (36), arsenite might be the electron donor for this reduction, and the shift might

indicate that the dithiolene is electronically coupled to the Mo atom.

ArrB and the electron transfer pathway

ArrB shares the same overall fold of related electron transfer subunits in the Mo-bisSMGD family (27-30).
It contains four [4Fe—4S] clusters extending linearly from FSO in ArrA to the distal FS4 (Fig. 1A). The
coordinating cysteines differ in arrangement from the original prediction (12) and are as follows: (FS1)
12, 15, 18, 183; (FS2) 22, 164, 167, 179; (FS3) 57, 60, 65, 99; and (FS4) 69, 89, 92, 95. The last cluster
(FS4) is separated from solvent by a single layer of the peptide backbone. By comparison to PstABC, this
region likely binds to the membrane protein CymA in vivo, and one NCS copy of ArrB forms extensive
crystallographic contacts near FS4. The FS4 cluster is located near a protruding ridge distinguished by a
series of positively-charged residues including Lys67, Lys94, Lys93, Argl59, Lys158, and Argl13 (Fig.

S5), and it is tempting to speculate that these residues interact with CymA.

Arr and Arx have different active sites

The Arx family of arsenite oxidases forms a clade closely related to Arr (37, 38). Both enzymes are
bidirectional (36) but differ in the physiological direction of activity. An open question is whether Arr and
Arx directionality is determined by the enzyme active site, redox potentials of the metal cofactors, the
electron donor or acceptor in the electron transport chain, or a combination thereof (36). The structure of

Arr reveals a conserved distinction between Arr and Arx in the active site, suggesting the two complexes
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are tuned for directionality. In Arr, the motif beginning at position 163 is (R/K)GRY (Fig. 3 and Fig. S6)
and is conserved with few exceptions across several hundred partial ArrA sequences analyzed previously
(39). In Arx, the motif is XGRGWG (Fig. 3 and Fig. S6), where X is F, L, T, or Y in the sequence
diversity observed to date. It is unclear whether the Arx equivalent of Tyr166 is Gly or Trp. In Arr,
Argl63 and Tyr166 form a n-stacking interaction that might affect the pK, of the tyrosine side chain.
Accordingly, one possibility for Arx is that Trp substitutes for Tyr in the active site, forming a hydrogen
bond with arsenite or stabilizing the transition state. Because tryptophan is a hydrogen bond donor, this
model is difficult to reconcile with the high pK, of arsenite (9.2). Alternatively, this position might be
occupied by Gly, allowing for hydrogen bonding with water or the protein backbone, or possibly
disallowing hydrogen bonding to one —OH group of arsenite. Future structural and mutational studies of

Arx will resolve the functions of these residues.

Arr exhibits two-site ping-pong kinetics

While confirming the activity of our enzyme preparations, we discovered some technical caveats that
placed uncertainty on the originally reported arsenate Ky, of 5 uM and Viax of 11,111 s7' (16). Firstly, we
found that dithionite, used to generate the electron donor methyl viologen radical (MV™) for the
colorimetric assay, interfered with the assay at pH 7.0 and below, possibly due to contaminating sulfite in
our stock of commercial dithionite (40). Secondly, we found that the affinity for MV"" is surprisingly low
compared to other Mo-bisSMGD reductases, which was not accounted for previously. In light of these

considerations, we performed new kinetic experiments using Ti(III) citrate as a substitute for dithionite.

In our hands, the Shewanella sp. ANA-3 Arr complex has maximum activity at pH 7.5 (Fig. 4A) and
above 200 mM NaCl (Fig. 4B) (as opposed to pH 7.0 and 150 mM NacCl as previously assayed (16)). The
comparatively low affinity for MV"" enabled us to test for the ping-pong kinetics predicted by the
proposed reaction cycle (Scheme 1). As expected, measurements of enzyme rate versus arsenate
concentration, determined at multiple MV™" concentrations, produces parallel lines on a double-reciprocal

plot (Fig. 4C), illustrating the classical picture of ping-pong kinetics. A global non-linear fit of a ping-
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pong kinetic model to the data yields the following parameters (1 standard error): arsenate K, = 44.6 +

1.6 uM, MV™* K, = 59.1 £ 2.4 uM, and Kea = 9,810 £ 220 s (as arsenate reduced).

Based on the chemical similarity between arsenate and phosphate, and similar binding sites in our crystal
structures, we expected phosphate to act as a competitive inhibitor for arsenate reduction. Rate
measurements as a function of arsenate, with and without phosphate, confirmed competitive inhibition as
illustrated by intersecting lines on a double-reciprocal plot (Fig. 4D). In contrast, similar rate
measurements as a function of MV"" yielded parallel lines on a double-reciprocal plot (Fig. 4E), indicative
of uncompetitive inhibition. Using the Ky, and Ke, values determined above, a global non-linear fit to the
inhibition data yields a phosphate K; of 325 + 12 uM. The different modes of phosphate inhibition
indicate that the two substrates, MV"" and arsenate, bind at distinct locations in the enzyme, consistent

with arsenate reduction at the Mo atom in ArrA and protein reduction at FS4 in ArrB.

The Arr reaction cycle produces Mo(V)

A feature common to Mo-bisSMGD proteins is the generation of a discrete Mo(V) species in the reaction
cycle (17, 18). A notable exception is the arsenite oxidase (Aio) complex for which no Mo(V)
intermediate has been observed (41, 42). Because Arr and Aio catalyze the reverse reactions of one
another, we wondered whether the Arr mechanism would more closely resemble that of Aio than the
other characterized Mo-bisSMGD proteins. In comparison to Mo(IV) and Mo(VI), which are invisible in
EPR spectroscopy, Mo(V) produces a characteristic EPR signal. We therefore used EPR to confirm the
presence of a Mo(V) species during arsenate reduction. In an effort to capture the species produced during
the reaction cycle, we analyzed Arr in a reaction mixture containing dithionite, arsenate, and varying

concentrations of methyl viologen.

An X-band CW EPR spectrum collected on the reaction mixture produced an intense EPR signal at 120 K
(Fig. 5A) attributable to Mo(V). This signal can be distinguished as arising from Mo(V) as opposed to the
[4Fe—4S] clusters based on the acquisition temperature. Signals from at least one class of [4Fe—4S] cluster

become evident only upon lowering temperature to 20 K (Fig. S7). In control experiments, the reaction
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mixture or protein alone yielded no measurable signal. The Mo(V) EPR spectrum (Fig. 5A) exhibits a
roughly axial symmetry (g = [1.990 1.980 1.957]), with clear low-intensity satellite peaks at the low and
high field edges of the spectrum (Fig. 5B) due to hyperfine interactions between the unpaired electron and
the two magnetic nuclei of molybdenum (**Mo and *’"Mo, both | = 3/2; 15.92% and 9.55% natural
abundance, respectively). Simulations including these interactions alone could not reproduce the
complexity of the experimental spectrum (Fig. S8), requiring the inclusion of an additional hyperfine

coupling to produce the fine structure evident in the spectrum.

Simulations of the X-band CW EPR spectrum consistent with the observed data could be achieved with
inclusion of either a large, relatively isotropic hyperfine coupling to a single proton (|'"H A| = [44 49 45]
MHz, 99.99% natural abundance, | = 1/2) or with a somewhat smaller hyperfine coupling to arsenic (|"°As
A =[23 23 32]; 100% natural abundance, | = 3/2) in addition to a relatively rhombic hyperfine coupling
to Mo (|***’Mo A| = [122 68 143]). Because CW-EPR is typically insensitive to the relative sign of each
of the principle components of the hyperfine tensor, °As A could be [23, 23, 32], [-23, 23, 32], [23, 23,
—32], etc. and so we only note the absolute value here. In the case of the ”°As simulation, addition of a
nuclear quadrupole interaction was not necessary to simulate the CW spectrum, but an upward limit was
able to be placed on this term of |"*As P| <[12, 12, 24]. Both simulation models are consistent with a
Mo(V) species that could be generated in the reaction cycle of Arr, with a large isotropic 'H hyperfine
coupling consistent with Mo(V)-OH as previously observed in xanthine oxidase (43, 44), or with a As
hyperfine coupling consistent with an arsenite-bound Mo(V) species as has been observed in arsenite-

inhibited xanthine oxidase (45) and aldehyde reductase (33, 34).

To interrogate the identity of the observed Mo(V) species, Q-band (34 GHz) pulse EPR and electron
nuclear double resonance (ENDOR) spectroscopies were used to further evaluate the potential magnetic
interactions. The higher-frequency Q-band field-swept ESE-EPR spectrum provides a more rigorous
constraint on the g-values due to the increase in resolution of these field-dependent parameters in

comparison to X-band (Fig. 5C). Field-dependent Q-band 'H Davies ENDOR (Fig. 5D) revealed the
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presence of only relatively small hyperfine couplings to protons, with the largest coupling corresponding
to '"H A=[8.5, 5.2, 5.2] MHz. This hyperfine interaction is not large enough to account for the resolved
splittings present in the X-band CW spectrum (Fig. S8), and the lack of any features consistent with the
large 'H hyperfine coupling necessary to reproduce the CW spectrum eliminates the possibility of any
appreciable Mo(V)—OH being present in the experimental samples. The 'H hyperfine coupling observed
in the ENDOR likely corresponds to the proximal B-proton of the Mo-ligating Cys193, which should be
within approximately 3.2 A of the Mo(V) center. Attempts to detect signals associated with "*As via
ENDOR were unsuccessful, likely owing to a combination of decreased sensitivity due to the lower
gyromagnetic ratio of >As in comparison to 'H (>As y/'H y = 0.172), as well as the potential for
significant hyperfine anisotropy due to localization of electron density in As p-orbitals, and a large "°As
nuclear quadrupole interaction which would cause substantial broadening of the ENDOR spectrum at any
given field. These factors would not limit resolution of these interactions in the CW-EPR spectrum and

would not be present for 'H, and so we assign the observed species to an arsenite-bound Mo(V).

We observed the Mo(V)-arsenite signal only with higher MV concentrations (1 nM to 1 pM). Based on
the rate of Arr (Kea = 9,8107"), these concentrations are likely to allow near completion of the reaction
over the time scale of sample preparation (1-5 minutes). Lower MV concentrations (0.1 nM) produced no
measurable signal, and we were unable to observe a signal consistent with Mo(V)-OH. We interpret this
result to indicate that the putative Mo(V)—-OH intermediate does not accumulate to measurable amounts
during turnover conditions. By driving the reaction to completion, we instead captured an off-pathway
Mo(V)—arsenite conjugate that formed after converting all arsenate into arsenite. Consistent with this
interpretation, we observed no Mo(V) signal when the enzyme was incubated with arsenite and MV (Fig.
S9), indicating that generating the signal requires reduction (e.g. by dithionite) as observed for xanthine
oxidase (33, 34) or possibly enzyme turnover. Nonetheless, our detection of the Mo(V)-arsenite
conjugate establishes the ability of Arr to adopt a Mo(V) redox state in contrast to Aio, suggesting Arr

behaves similarly to other well-characterized Mo-bisSMGD enzymes.
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Discussion

Microbial arsenate reduction is a key driver of arsenic mobilization in carbon-rich anoxic environments,
where arsenate is commonly found adsorbed to minerals. To better understand this biogeochemical
phenomenon, we determined the X-ray crystal structure of the Arr complex and performed a detailed
characterization of its kinetics. Our results help clarify what may limit arsenate respiration in the

environment and provide insight into the cell biological strategy taken to achieve it.

Two very different enzyme systems can catalyze arsenate reduction: ArsABC and ArrAB. The cytosolic
ArsABC detoxification system reduces solubilized arsenate, but it cannot stimulate the release of arsenic
from minerals (26). In contrast, the Arr respiration system is presumed to mobilize mineral-associated
arsenic (10, 24), despite the fact that the Arr enzyme complex is localized intracellularly. Arr must
therefore access aqueous phase arsenate that dissociates from minerals. Arsenate adsorption and
desorption have been modeled as multi-step processes (46). In a fast phase (minutes to hours), arsenate
rapidly equilibrates with surface accessible binding sites. In a subsequent slow phase (hours to weeks),
arsenate subsequently equilibrates with less accessible sites, possibly representing slow diffusion through
the insoluble material, and it is this slower phase that likely controls arsenic mobility (47). The slow
phase in model soils proceeds with first-order rate constants of 0.1-0.8 h™' (3x10°-2x10"*s™") for
adsorption and 0.007-0.035 h™' (2x107—1x107 s") for desorption (46). In comparison, our kinetic data
reveal that Arr is an exceptionally fast enzyme that approaches the diffusion limit. With a rate constant
(Keat = 9,810 s71) around 8 orders of magnitude higher than that for arsenate adsorption, Arr is poised to
easily outcompete mineral surfaces for arsenate. A similar rate has been reported for the Arr complex
from Chrysiogenes arsenatis (15) (Kear = 14,000 s™"). A slower rate has been reported for Bacillus
selenitireducens (13) (Kea = 5 s '), possibly owing to metal lability during purification, assay artifacts
caused by dithionite, or a low affinity for MV"" leading to rate underestimation. It is possible that the rate-
limiting step of arsenate respiration in Vvivo is oxidation of the electron acceptor (at CymA or ArrC),
analogous to how the similarly fast Aio is limited by electron transfer to cytochrome ¢ (48), but given the

vast differences in their rate constants, it is likely that biological arsenate reduction by ArrAB is orders of
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magnitude faster than arsenate adsorption. Together, this kinetic picture is consistent with observations
that arsenate respiration proceeds markedly slower with solid-phase arsenate (10, 26), suggesting that

desorption is the rate-limiting step of arsenate mobilization in the environment.

In terms of arsenate acquisition, the similarity between phosphate and arsenate ions poses challenges for
arsenate respirers. As a natural phosphate analog, arsenate is improperly incorporated by phosphorylases
into arsenate esters with aqueous half-lives up to 100,000-fold shorter than the corresponding phosphate
esters (49), leading to an uncoupling of energy generation through ADP-arsenate hydrolysis (50).
Arsenate enters bacterial cells through the low-affinity Pit phosphate transporter (51). Using Pit with a
Vimax 0f 55 nmol P; (mg cell dry weight)™ min™ (51) devoted solely to arsenate transport, we estimate
(using a cell weight of 1 pg) a maximal uptake rate of approximately 5x10° cell ! s™'. Although this rate is
comparable to the arsenate reduction rate observed in cultures (approximately 1x10° cell ' s ') (10) and
this method of arsenic acquisition would not be rate-limiting per se, it would flood the cytoplasm with
toxic arsenic species. Moreover, we found phosphate to be an effective inhibitor of Arr (K; =325 uM) at
levels far below the typical intracellular phosphate concentration of 10 mM (52). By localizing Arr to the
periplasm, cells solve both problems simultaneously by providing a segregated environment for arsenate
respiration. Compared to the intracellular environment, the average phosphate concentration in arsenic-
rich ground waters is much lower and ranges from 7 uM to 100 uM (53). Assuming the periplasmic
phosphate concentration reflects that of the extracellular milieu, these concentrations are not expected to
significantly inhibit arsenate respiration. Additionally, in arsenic-rich environments, bacteria (including
Shewanella sp. ANA-3, NCBI genome accession NC_008577.1) often contain the high-affinity Pst
phosphate transporter (51) that can maintain up to a 4500-fold selectivity for phosphate over arsenate
(54). With a K, of 0.4 uM (51), the Pst system might lower the periplasmic phosphate concentration
further below that which would inhibit arsenate respiration. Moreover, even in artificial medium with up
to 5 mM phosphate, arrA gene expression is unaffected in Shewanella sp. ANA-3 (55), and higher

phosphate concentrations actually increase growth rates from arsenate respiration, presumably by
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protecting against the toxicity of arsenic (55). Together, these considerations suggest that environmental
phosphate concentrations are not a significant contributing factor for arsenate respiration rates. By
competing with arsenate for mineral sorption sites (56), phosphate likely enhances arsenic mobility rather

than inhibiting it through biological mechanisms.

Consistent with our kinetic results, our crystal structures illustrate that Arr struggles to distinguish
between phosphate and arsenate with both ions binding at the same site (Fig. 2 B and D). Phosphate
binding at this site sterically blocks arsenate from accessing the catalytic Mo atom. Interestingly, we also
observed arsenate, but not phosphate, at a second overlapping site (Fig. 2A) that might be more selective
for arsenate. Binding at this site might reflect changes in the protein structure owing to Mo-reduction in
the synchrotron X-ray beam, or it might compete with the non-specific site. Phosphate selectivity has
been studied in detail using sub-A resolution crystal structures of PstS (54). This protein achieves
selectivity through a single rigid hydrogen bond that is positioned to interact with the specific bond
distances and angles of phosphate (54). While the resolution of our data (1.8 A) and diffuse substrate
electron density (Fig. 2) preclude a similar analysis here, we note that arsenate in the specific site forms
hydrogen bonds ca. 2.6 A from Tyr210 and Arg165 (Fig. 2A), similar to the 2.5 A distance observed in
PstS phosphate selectivity. Both residues are universally conserved in all known ArrA homologs (Fig.
S6), suggesting that, like PstS, Arr might use a hydrogen bonding mechanism to enforce arsenate

selectivity near the catalytic Mo atom.

Regardless of their mechanistic roles, the active site residues revealed by the Arr structure provide a
powerful handle for the annotation of ambiguous sequences as Arr or Arx. The sequence similarity
between these enzymes makes it difficult to distinguish them without a phylogenetic analysis (38, 39), but
doing so is essential to understand the directionality of arsenic redox transformations based on
metagenomic data. The (R/K)GRY motif in Arr and the XGRGWG motif in Arx provide a structural
basis for this distinction. Although PCR amplification with arrA primers has been used to identify Arr-

encoding organisms in the environment (24, 39), the similarity between ArrA and ArxA raises questions
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about the specificity of this detection. For example, the “Cluster V”’ group of arrA sequences identified by
PCR (39) contains the Arx motif, suggesting this group is Arx rather than Arr, even though the amplified
sequences appeared more related to arrA than to arxA (39). Interestingly, two annotated ArxA sequences
from Methanoperedens (57) deviate from the ArxA motif and contain SGRN(R/Q)G (Fig. S5). These
sequences form a sister group to the other ArxA members, suggesting the full sequence diversity of Arr
and Arx has yet to be explored, and it is presently ambiguous whether these Methanoperedens enzymes

operate as Arr or Arx.

Both the crystal structure (Fig. 2C) and the EPR spectrum of Arr (Fig. 5) suggest that the Arr Mo atom
forms stable complexes with arsenite. Similar structures have been observed in xanthine oxidase (33, 34)
for which arsenite is a potent inhibitor (K4 < 0.1 uM for the reduced protein) (58). However, unlike the
case of xanthine oxidase, arsenite is a relevant product necessarily encountered by Arr as part of its
function. Highlighting this point, arsenite is more effective than arsenate at inducing arr gene expression
in Shewanella sp. ANA-3 (55), possibly because its increased mobility makes it a more reliable indicator
for the presence of environmental arsenic (55). Interestingly, although we readily observed a Mo(V)-
arsenite EPR signal in Arr (Fig. 5), a similar signal has never been observed for the arsenite oxidase Aio
(41, 42), a distantly related molybdoenzyme to Arr and Arx (38, 59). Compared to Arr and Arx, the Aio
active site contains primarily basic residues (42, 60) and, unique amongst all known Mo-bisSMGD
proteins, it does not coordinate its Mo atom with the polypeptide chain (18, 42, 60). Moreover, although
both Arr and Arx are bidirectional enzymes (36), Aio has only been observed to operate unidirectionally
(59), a possible phenotypic manifestation of these biochemical differences. The Mo-arsenite conjugate we
observed is likely an off-target pathway that forms in an abundance of arsenite, and the distinct active-site
motif of ArxA might discourage unproductive Mo-arsenite complexes in arsenite-rich environments. The
more drastic differences observed in Aio might also allow it to operate at higher arsenite concentrations

than Arr.
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In conclusion, this study has clarified important aspects of microbial arsenate respiration that allow its
environmental activity to be better predicted. In addition, the native host overexpression system described
here will enable the nature of the relationship between Arr, Arx, and Aio to be probed mechanistically.
Future studies of the Arr mechanism will benefit from a side-by-side comparison to Arx, especially as it
pertains to the functions of the distinct active-site residues, and we anticipate that expression in
Shewanella or a similarly facile native host will provide ample amounts of Arx. By establishing the
mechanisms used to control the directionality of arsenic redox transformations, such comparisons will

provide further insight into arsenic geochemical cycling.

Methods

Please see SI Materials and Methods for information regarding cell culturing, protein expression and

purification, crystallography, enzyme activity assays, and electron paramagnetic resonance spectroscopy.
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Tables

Table 1

Crystallography data collection and refinement statistics. Values in parentheses are for the highest resolution shell.

Arr Arr with Arsenate Arr with Arsenite Arr with Phosphate
6CZ7 6CZ8 6CZ9 6CZA
Cryo protection
Buffer HEPES, pH 7.5 MES, pH 6.0 HEPES, pH 7.5 MES, pH 6.0
Data collection
Space group C2 C2 C2 C2
Unit cell
a,b,c(A) 231.26, 85.64, 146.68 233.162, 86.344, 148.221 232.512, 86.306, 147.367 232.397, 86.366, 147.429
a, B,y (°) 90, 127.84, 90 90, 127.675, 90 90, 127.72, 90 90, 127.608, 90
Resolution range (A) 46.91-1.62 (1.678-1.62) 39.1-1.78 (1.844-1.78) 39.37-1.80 (1.864-1.80) 37.70-1.71 (1.771-1.71)
Unique reflections 286352 (28526) 222359 (22113) 209823 (20962) 245023 (23784)
Rpim (%) 3.1(32.0) 3.4(30.3) 32(31.3) 33311
(I/a(1)) 17.77 (2.40) 15.94 (2.35) 17.49 (2.27) 15.71 (2.17)
Completeness (%) 99.93 (99.99) 99.85(99.84) 98.35(98.89) 98.33 (95.72)
Multiplicity 6.8 (6.6) 6.8 (7.0) 6.9 (7.0) 6.9 (6.6)
Wilson B-factor (A?) 18.10 23.40 23.77 20.40
Refinement
Ruork/Riree 0.1374/0.1547 0.1372/0.1681 0.1422/0.1694 0.1317/0.1535
No. of non-H atoms
Protein 16452 16429 16320 16448
Water 2435 2241 2288 2378
RMSD
Bond lengths (A) 0.007 0.010 0.006 0.009
Bond angles (°) 1.27 1.23 1.16 1.29
Average B-factors (A?)
Protein 25.85 30.22 31.21 26.76
Ligands 23.04 27.30 28.64 23.78
Water 3534 38.37 39.37 36.77
Ramachandran (%)
Favored 96.88 96.73 96.78 96.92
Allowed 2.88 2.98 2.98 2.79
Outliers 0.24 0.29 0.24 0.29




Table 2

EPR parameters for the Mo(V) signal observed in Arr under reaction conditions. The hyperfine and
nuclear quadrupole coupling tensors are colinear with the g-tensor.

axis g Mo A| I"H A |°As A |°As P|
(MHz) (MHz) (MHz) (MHz)
1 | 1.990 122 8.5 23 <12
2 | 1.980 68 5.2 23 <24

3 | 1.957 143 5.2 32 <24



Figures and Schemes

Scheme 1

Proposed reaction cycle for Arr based on the mechanism of other Mo-biSMGD proteins. The reduced
form of Arr contains Mo(IV) coordinated by two MGD cofactors and a cysteine side chain (top left).
Upon binding to the protein, arsenate coordinates to the Mo atom (top right). An oxygen atom from
arsenate is transferred to the Mo atom to form Mo(VI) and arsenite (bottom right). The cofactor is
regenerated by sequential one-electron reductions, first to the EPR active Mo(V) species (bottom left) and
then to Mo(IV) (top left). Although we have illustrated it here as HAsO4 ", the protonation state of bound
arsenate is unknown and might instead be HAsO4*". Also unknown is whether the final water dissociates
as illustrated (bottom left to top left) or if is displaced when arsenate binds (top left to top right).
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Figure 1
Overview of the ArrAB heterodimer from Shewanella sp. ANA-3.

(A) View of the ArrA (yellow) and ArrB (blue) subunits with cofactors highlighted. The [4Fe—4S]
clusters (FSO0-FS4) and Mo atom are shown as spheres (Fe in orange, S in yellow, and Mo in purple). The
MGD cofactors are shown in red labeled Q and P according to the DMSO reductase nomenclature.

(B) Close-up view of the Mo-binding site in ArrA, focusing on the coordination of Mo (purple sphere) by
water (red sphere), Cys193, and two MGD cofactors (C in gray, N in blue, O in red, S in yellow, and P in
orange). Dashed lines illustrate coordination or hydrogen bonding.

A




Figure 2

Close-up view of the arsenate-binding site in ArrA (C in gray, N in blue, O in red, S in yellow, P in
orange, Mo in purple, As in light purple). The 2mFo — F. map around the relevant portions is shown as a
white surface contoured to 1.5c. For clarity, the map is shown only around ligands, the Mo-bisSMGD
cofactor, and the Mo-coordinating cysteine. The anomalous map collected at a wavelength of 1 A is
shown around arsenic atoms contoured to 66. Dashed lines indicate possible hydrogen bonds or
coordination to the Mo atom.

(A) Arsenate bound in the conformation nearest the Mo atom.

(B) Arsenate bound in a second conformation farther from the Mo atom. The two water molecules in teal
substitute for oxygen atoms from the first conformation shown in A.

(C) Arsenite bound and coordinated to the Mo atom.

(D) Phosphate bound to the active site in a conformation resembling the arsenate conformation from B.
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Figure 3

Alignment of representative ArrA and ArxA sequences highlighting the active site residues. A more
complete comparison that includes accession numbers is provided in Fig. S6. Annotated ArrA enzymes
contain a (R/K)GRY motif (blue), while annotated ArxA sequences contain a XGRGWG motif (green).
Other active site residues are generally conserved between ArrA and ArxA (pink), including the Mo-
coordinating Cys residue (yellow). Sequence numbers are relative to the ArrA from Shewanella sp. ANA-
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Figure 4

Kinetic characterization of Arr. Enzyme rates are shown as molecules of arsenate reduced per second per
molecule of protein. Dashed lines illustrate a kinetic model fit for each curve individually. Solid lines
illustrate a single kinetic model fit to all datasets together. For clarity, double-reciprocal plots omit the y-
axis tick marks and begin at 0 s™'. For panels C-E the assays were performed at pH 7.5 and 300 mM

NaCl.

(A) Relative activity of Arr as a function of pH.

(B) Relative activity of Arr as a function of NaCl concentration.

(C) Enzyme rates as a function of arsenate and MV™" concentration. Parallel lines on the double-reciprocal
plot (right) indicate ping-pong kinetics.

(D) Enzyme rates as a function of arsenate and phosphate concentration. The MV concentration was
51.1 uM. Intersecting lines at the y-axis on the double-reciprocal plot (right) indicate competitive
inhibition.

(E) Enzyme rates as a function of MV"" and phosphate concentration. The arsenate concentration was 250
uUM. Parallel lines on the double-reciprocal plot (right) indicate uncompetitive inhibition.
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Figure 5

EPR characterization of the Mo(V) species generated in Arr. Samples contained 50 uM protein, 50 mM
HEPES buffer (pH 7.5), 10 mM sodium dithionite, 1 pM methyl viologen, and 10 mM sodium arsenate.
Simulation parameters are indicated in Table 2.

(A) X-band CW EPR spectrum of Arr acquired at 120 K (black trace) with a simulation of the arsenite-
bound Mo(V) species (red trace) compared to a simulation of a putative Mo(V)—OH species (blue trace)
with the same simulation parameters except that the coupling to "*As has been replaced with a hyperfine
coupling to 'H of A = [44 49 45] MHz. Acquisition parameters: microwave frequency = 9.390 GHz;
microwave power = 1| mW; modulation amplitude = 0.4 mT.

(B) Enlarged view of same X-band CW EPR spectrum (black trace) in A and simulations of the arsenite-
bound Mo(V) species (red trace) and putative Mo(V)—OH species (blue trace) showing the low-intensity
features from the hyperfine interaction with ***’"Mo.

(C) Pseudomodulated Q-band ESE-EPR spectrum of Arr acquired at 12 K (black trace) with a simulation
of the arsenite-bound Mo(V) species (red trace) compared to a simulation of a putative Mo(V)-OH
species (blue trace) with the same simulation parameters except that the coupling to "*As has been
replaced with a hyperfine coupling to 'H of A = [44 49 45] MHz.

(D) Field-dependent Q-band 'H Davies ENDOR of the Mo(V) species in Arr (black trace) with a
simulation of the largest observed 'H hyperfine coupling (red trace).

(E) Wide Q-band 'H Davies ENDOR of the Mo(V) species in Arr (black trace) with a simulation of the
largest observed 'H hyperfine coupling (red trace) compared to a simulation of the expected 'H ENDOR
signals for the putative Mo(V)—-OH species with "H A = [44 49 45] MHz which do not appear in the
experimental spectrum to any significant degree.
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SI Materials and Methods

Materials, Strains, and Growth Conditions

Crystallography reagents were from Hampton Research. L-arabinose was from Chem-Impex
International. Terrific broth (Difco) was from BD Biosciences. Other reagents were from Sigma-
Aldrich or Acros Organics and were of ACS grade or better. For routine culturing, Shewanella sp.
ANA-3 and E. coli were grown in lysogeny broth (LB) containing 10 g/L tryptone, 5 g/L yeast
extract, and 10 g/L NaCl. Solid media contained 15 g/L agar. E. coli was cultured at 37 °C and
ANA-3 was cultured at 30 °C. Liquid cultures were incubated in a New Brunswick Innova 44R
incubator shaking at 250 rpm (2.54 cm stroke length). In our hands, ANA-3 quickly lost viability
on agar plates at 4 °C, and so liquid ANA-3 cultures were usually started directly from a frozen
stock. All buffers were adjusted to the appropriate pH using NaOH or HCI.

Cloning
The final Arr expression vector was developed from iterative attempts to improve upon the

original Arr expression vector for E. coli (1). The starting point was a pET15b vector (Novagen)
modified to include a TEV cleavage site instead of a thrombin site. The primer
AGAGACCATGGGCCATCACCATCACCATCACGACTACGACATCCCGACTACCGAAAA
CCTGTACTTCCAGGGCATGCCTCGAGCACACA was annealed to its reverse complement
and restriction digested with Ncol and Xhol. The resulting fragment was ligated to similarly-
digested pET15b to create the pET15b-Hiss-TEV vector. The arrAB ORF, without the TAT
sequence, was PCR amplified from ANA-3 genomic DNA using primers
ATTTTGTTTAACTTTAAGAAGGAGATATACCATGAAGAAAGAGAATCAAGTCAACTT
GGG and GTGATGGTGATGGTGATGGCCAGCGGCAATCCCCTCGACAATAGG. The
pET15b-Hise-TEV vector was linearized by PCR amplification with primers
GGATCCGGCTGCTAACAAAGC and GCCCTGGAAGTACAGGTTTTCG, and the arrAB
fragment was joined using Gibson assembly (2) to create pET15b-Hiss-TEV-arrAB. The TAT
sequence was then PCR amplified from ANA-3 genomic DNA using primers
ATTTTGTTTAACTTTAAGAAGGAGATATACCATGAAGAAAGAGAATCAAGTCAACTT
GGG and GTGATGGTGATGGTGATGGCCAGCGGCAATCCCCTCGACAATAGQG, the
pET15b-His6-TEV-arrAB vector was linearized using PCR with primers
GGCCATCACCATCACCATC and GGTATATCTCCTTCTTAAAGTTAAAC, and the two
fragments were joined using Gibson assembly to create pET15b-TAT-Hiss-TEV-arrAB. For
expression in Shewanella, this final construct was amplified using primers
TTTTTTGGGCTAGCGAATTCAGGAGTGTGGAAAATGAAGAAAGAGAATCAAGTCAA
CTTG and CGCCAAAACAGCCAAGCTTTTAATAAGCGGTTTTAACACCAAAAC, the
vector pPBAD18-kan (3) was linearized using PCR with primers
GAATTCGCTAGCCCAAAAAAACGG and AAGCTTGGCTGTTTTGGCG, and the fragments
were joined using Gibson assembly. The completed expression vector was transformed into
wildtype Shewanella sp. ANA-3 by conjugation with E. coli (4) to create strain DKN1846. The
strain was stored at -80 °C in LB with 15% (v/v) glycerol.

Arr purification
A typical Arr purification used six 2.8-L baffled Fernbach flasks with 1 L of medium each.

The flasks were inoculated with 10 mL of an overnight culture of DKN1846. The cells were
grown aerobically at 30 °C in terrific broth (containing 12 g/L casein digest, 24 g/L yeast extract,
9.4 g/L KoHPOy, and 2.2 g/ KH,PO4) with 4 mL/L glycerol, 5 mM MgSOs, 200 pM Na;MoOs,
0.2 g/L ferric ammonium citrate, and 35 pg/mL kanamycin. At an ODgg of 2.5 (about 3.5 hours),
Arr expression was induced by adding 20 mL of 1 M L-arabinose. The cultures were incubated
for an additional 4 hours and harvested by centrifugation at 8000xg for 15 min. The cell pellets
were washed once with cold Ni-binding buffer (50 mM HEPES, 500 mM NaCl, 15 mM



imidazole, pH 7.5), pelleted again, flash frozen in liquid nitrogen and stored at —80 °C until
purification.

For purification, the cell pellets were thawed at room temperature and placed on ice. All
subsequent steps were performed at 4 °C. The cell pellets were suspended with lysis buffer (50
mM Tris, 300 mM NacCl, 0.5% Triton X-100, pH 7.5) containing one ULTRA protease inhibitor
tablet (Roche) per liter of cell culture. To induce lysis, EDTA and lysozyme were added to a
concentration of 1 mM and 0.5 mg/ml, respectively. After 1 hour, MgCl, and CaCl, were added
to 5 mM and the viscous mixture was treated with DNase I (approximately 200 Kuntz units per
liter of culture). Once it was no longer viscous (1-2 hours), the lysate was clarified by
centrifugation for 30 min at 50,000xg. The supernatant was applied to a gravity-flow column of
His60 Ni Superflow Resin (Clontech) equilibrated with His-binding buffer with 0.1% Triton X-
100. The column contained approximately 4 mL of resin per liter of culture. The column was
washed with 5 column volumes of His-binding buffer with 0.1% Triton X-100, followed by 5
column volumes of His-binding buffer (without detergent). (Triton X-100 helped to reduce non-
specific binding of Shewanella lysate to the Ni resin, but it was not necessary for Arr solubility or
stability.) The protein was then eluted with a buffer containing 50 mM HEPES, 500 mM NacCl,
and 200 mM imidazole (pH 7.5). The brown eluate was incubated overnight with 1 mM EDTA, 1
mM PMSF, 1 mM TCEP, and 2 mg of TEV protease. The next day, an equal volume of 4 M
(NH4)2SO4 was slowly added, and after 15 min the precipitated material was removed by
centrifugation for 15 min at 5000xg. To ensure a homogenous protein redox state, arsenate was
added to a final concentration of 10 mM. The protein was then passed through a 0.45 pm filter
and applied to a 5S-mL HiTrap Phenyl HP column (GE Healthcare) using an Akta Purifier system.
The column was washed with 5 column volumes of 50 mM HEPES, 2 M (NH4),SO4 (pH 7.5) and
eluted with a linear gradient over 10 column volumes to 50 mM HEPES (pH 7.5). The brown
fractions were pooled. Imidazole (pH 7.5) was added to a concentration of 10 mM and the protein
was passed through a 5-mL HisTrap HP column (GE Healthcare) to remove residual uncleaved
protein and other contaminants that bind to the Ni resin. EDTA was added to 1 mM (to chelate
trace Ni from the Ni resin) and the protein was concentrated to less than 2 mL using an Amicon
ultra centrifugal filter (30 kDa cutoff). The protein was finally passed through a HiLoad 16/600
Superdex 200 column (GE Healthcare) equilibrated with 50 mM HEPES (pH 7.5). The brown
fractions were pooled and concentrated to 40—-60 mg/mL. The protein was divided into 20 pL
aliquots in 200-puL PCR tubes, flash frozen in liquid nitrogen, and stored at —80 °C.

The final yield of purified Arr was approximately 5 mg per liter of culture (as measured by a
Bradford assay using BSA as the standard), and the product was >95% pure as judged by an
SDS-polyacrylamide gel stained with Coomassie Blue (Fig. S1A). Metal analysis by ICP-MS (1),
normalized to the protein concentration, indicated at least 95% Mo and 80% Fe saturation.

Crystallography

Initial crystal screens were set up in a sitting-drop format using an Art Robins Gryphon
Nano liquid-handling robot to mix 0.2 pL of screen solution with 0.2 pL of protein solution (15
mg/ml in 50 mM HEPES, pH 7.5). The screens used were Crystal Screen HT (Hampton), Index
HT (Hampton), PEGRx HT (Hampton), JCSG-plus HT-96 (Molecular Dimensions), and Wizard
Classic 1 and 2 (Rigaku). Approximately 20 hits were obtained under a wide range of pH, PEG
type, and salt type. Crystal optimization on a larger scale led to insurmountable skin growth at the
liquid-air interface, and so we used microbatch under oil instead. The optimized crystals were
grown by mixing 2 pL of protein solution (20 mg/ml in 50 mM HEPES, pH 7.5) with 2 pL of
crystallization solution (30% PEG 2000 MME, 300 mM KSCN, 100 mM HEPES, pH 7.5) and
covering the drop with 50 pL of paraffin oil in an MRC Under Oil 96 Well Crystallization Plate
(Swissci). Where applicable, the crystallization solution also contained 10 mM arsenate or
phosphate (diluted 1:1 with protein to create 5 mM in the final drop); arsenite inhibited crystal
growth and was instead included at 5 mM in the cryo protection solution. Microseeding was




essential for reliable crystal growth, and so the crystallization solution also contained a serial
dilution of crystals that were crushed by vortexing with a glass bead. The crystal trays were
incubated at 20 °C. Light brown crystals were apparent after several hours and reached their
maximum size overnight. The plate-like crystals were typically 200-300 pm long and wide and
20-50 pum thick. The crystals were slowly acclimated to a cryoprotection solution (30% PEG
2000 MME, 100 mM KSCN, 1 M Na formate, 50 mM HEPES, pH 7.5, containing 5 mM ligand
where appropriate) and flash-frozen by plunging into liquid nitrogen.

The Arr structure was initially solved from a 2.0 A resolution dataset collected using an in-
house MicroMax 007-HF X-ray generator (Rigaku) (wavelength 1.5418 A) and a RAXIS-IV++
detector (Rigaku). SAD phasing using shelxd (5) placed an iron atom at the center of each [4Fe—
4S] cluster. These atoms were used as an initial model for site refinement in Phaser (6), which
expanded each cluster into its constituent Fe atoms. A crude model was built using PHENIX
Autobuild (7), which was recycled back into Phaser to improve the Fe sites, and the model was
rebuilt from the refined phase information using Autobuild. The preliminary model was refined
with phenix.refine (7) and iterative model building in Coot (8). A higher resolution, substrate-free
dataset was collected at beamline 5.0.2 of the Advanced Light Source. Datasets for substrate
binding were collected at beamline 12-2 of the Stanford Synchrotron Radiation Lightsource. The
diffraction images were integrated using XDS (9), assigned a space group with POINTLESS (10),
merged with AIMLESS (11), and converted to structure factors with CTRUNCATE (12). The
structures were solved by molecular replacement with Phaser using the preliminary model. The
[4Fe—4S] clusters and Mo-bisMGD cofactor were placed manually in Coot, and the models were
refined with phenix.refine.

Aurr activity assay and curve fitting

The Arr activity assay colorimetrically monitors oxidation of the methyl viologen radical
(MV™, €605 = 13,700 M cm™" (13)) coupled to arsenate reduction. The reaction was followed at
605 nm using a Thermo Scientific Evolution 260 Bio spectrometer maintained at 30 °C. All
reactions were performed inside an anaerobic chamber (Coy) with an atmosphere of 95% N, and
5% Ha. A stock of MV™" was prepared by mixing methyl viologen dichloride and Ti(IIl) citrate to
a final concentration of 1 mM and 0.5 mM, respectively; Ti(IIl) citrate was prepared by mixing
TiCl; with a 10-fold excess of trisodium citrate. The stock MV concentration was determined
from the absorbance at 605 nm. A stock solution of 2 nM Arr was prepared in siliconized
microcentrifuge tubes containing 50 mM HEPES (pH 7.5) and 0.1% Triton X-100. Diluted
protein was prepared fresh and discarded within 1 hour to minimize adsorption to the tube. The
reaction was started by adding 10 puL of an arsenate stock solution to 990 uL of reaction mix
containing 50 mM buffer, 300 mM NaCl (unless indicated otherwise), MV™", and 0.02 nM Aurr.
The buffers used were MES (pH 6.0 and 6.5), MOPS (pH 7.0), HEPES (pH 7.5), and Tris (pH 8.0
and 8.5). The reaction rate was determined from a linear fit to the first 5-10 seconds of the
reaction (never more than 10% of the total reaction).

Non-linear curve fitting of the kinetic data was performed using the curve fit function of the
SciPy optimization package for Python. The local fit for Michaelis—Menten kinetics used the
model

=y S
" Ko+ 5]
where V is the observed reaction rate, Vmax is the maximum reaction rate under the given
conditions, [S] is the varied substrate concentration (arsenate or MV™"), and K, is the Michaelis
constant. The global fit for ping-pong kinetics and competitive inhibition used the model
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where V is the observed reaction rate, Vimax is the maximum reaction rate, [As] is the arsenate
concentration, [MV] is the MV concentration, Ky s is the Michaelis constant for arsenate, K mv
is the Michaelis constant for MV™", [P] is the phosphate concentration, and K;p is the inhibition
constant for phosphate. The turnover number kcat was determined from Viax = Keat [E], where [E]
is the enzyme concentration (0.02 nM). A stoichiometry of 2 MV™" oxidized per 1 arsenate
reduced was used to convert absorbance changes to arsenate reduction.

Electron paramagnetic resonance spectroscopy

Sample preparation: Samples were prepared anaerobically inside an anaerobic chamber
(Coy) containing 95% N, and 5% H». A mixture was prepared containing 50 mM HEPES buffer
(pH 7.5), 50 uM ArrAB, 10 mM sodium dithionite, 10 mM sodium arsenate, and 0.1 nM to 1 pM
methyl viologen and transferred immediately to an EPR tube. The tube was loosely capped,
removed from the anaerobic chamber, and immediately frozen in liquid nitrogen.

CW EPR spectroscopy: X-band (9.4 GHz) CW EPR spectra were acquired using a Bruker
EMX spectrometer using Bruker Win-EPR software (ver. 3.0). For spectra acquired at 120 K and
20 K, temperatures were maintained using an Oxford Instruments ESR900 flow cryostat and an
ITC-503 temperature controller. Spectra acquired at 77 K were collected using a vacuum-
insulated quartz liquid nitrogen immersion dewar inserted into the EPR resonator. Spectra were
simulated using the EasySpin simulation toolbox (14) (release 5.2.12) with Matlab R2016b.

Pulse EPR spectroscopy: All pulse Q-band (34 GHz) EPR and electron nuclear double
resonance (ENDOR) spectra were acquired using a Bruker ELEXSYS E580 pulse EPR
spectrometer equipped with a Bruker D2 resonator. Temperature control was achieved using an
ER 4118HV-CF5-L Flexline Cryogen-Free VT cryostat manufactured by ColdEdge equipped
with an Oxford Instruments Mercury ITC temperature controller.

Pulse Q-band electron spin-echo detected EPR (ESE-EPR) field-swept spectra were
acquired using the 2-pulse “Hahn-echo” sequence (/2 — t — m — echo) and subsequently, each
field swept echo-detected EPR absorption spectrum was modified using a pseudo-modulation
function (modulation amplitude = 1.5 mT) to approximate the effect of field modulation and
produce the CW-like 1st derivative spectrum (15). Acquisition parameters: temperature = 12 K;
microwave frequency = 34.032 GHz; MW = pulse length = 32 ns; interpulse delay t = 140 ns;
shot repetition time (srt) = 5 ms.

Pulse Q-band ENDOR was acquired using the Davies pulse sequence (7 — Trp — Tigp —
Trr — /2 — T — m — echo), where Ty is the delay between MW pulses and RF pulses, gy is the
length of the RF pulse and the RF frequency is randomly sampled during each pulse sequence.
All TH ENDOR was acquired using the following acquisition parameters: Temperature = 12 K;
microwave frequency = 34.032 GHz; MW = pulse length = 80 ns; interpulse delay T = 260 ns; RF
pulse length = 15 pus; TRF delay = 2 ps; shot repetition time (srt) = 5 ms; RF frequency randomly
sampled.

In general, the ENDOR spectrum for a given nucleus with spin I = %2 (1H) coupled to the S
= ' electron spin exhibits a doublet at frequencies

A
vy = |§ 4 vN| )



Where vy is the nuclear Larmor frequency and A is the hyperfine coupling. For nuclei with
I =1 (14N, 2H), an additional splitting of the v, manifolds is produced by the nuclear
quadrupole interaction (P)

3P(2m; - 1) 2)
2
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Simulations of all EPR data were achieved using the EasySpin (14) simulation toolbox
(release 5.2.12) with Matlab 2016b using the following Hamiltonian:

Fi=MB§0g§+‘L{NgN§0i+h§'A'i+hi'P'i (3)

In this expression, the first term corresponds to the electron Zeeman interaction term where
Up is the Bohr magneton, g is the electron spin g-value matrix with principle components g =
[gxx gyy gzz], and S is the electron spin operator. The second term corresponds to the nuclear
Zeeman interaction term where py is the nuclear magneton, gy is the characteristic nuclear g-
value for each nucleus (e.g. 1H, 75As, 95/97Mo) and I is the nuclear spin operator. The third
term corresponds to the electron-nuclear hyperfine term, where 4 is the hyperfine coupling tensor
which can typically be represented as a diagonal matrix with principle components A = [Axx Ayy
Azz]. For nuclei with [ > 1, the final term corresponds to the nuclear quadrupole (NQI) term
which arises from the interaction of the nuclear quadrupole moment with the local electric field
gradient (efg) at the nucleus, where P is the quadrupole coupling tensor. In the principle axis
system (PAS), P is traceless and parametrized by the quadrupole coupling constant e2Qq/h and
the asymmetry parameter 7 such that:

Pex 0 8 B eZQq/h <—(1—TI) 0 0)

= 0 —-(1+n) O
o o p,) HC-D 0 0 2

“4)

2 —
% =212l = 1)P,,andn = Px’;ﬁ. The asymmetry parameter may have values
between 0 and 1, with 0 corresponding to an electric field gradient with axial symmetry and 1
corresponding to a fully rhombic efg.
The orientations between the hyperfine and NQI tensor principle axis systems and the g-

matrix reference frame are defined by the Euler rotation angles (a, B, v).

where
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Fig. S1. Purification and crystallization of ArrAB from Shewanella sp. ANA-3. (A) SDS-
polyacrylamide gel stained with Coomassie Blue showing the purification steps of ArrAB. The
molecular weights of the ladder bands (L) are shown to the left. The lanes illustrate (1) clarified
Shewanella lysate after L-arabinose induction of ArrAB, (2) after nickel affinity chromatography,
(3) after tag cleavage by TEV protease, (4) after hydrophobic interaction chromatography, and (5)
after size-exclusion chromatography. (B) Photographs of purified ArrAB. The deep brown color
originates from the multiple Fe-S clusters in ArrAB. The top picture was taken immediately after
elution from the nickel resin. The bottom picture shows the final product after purification and
concentration (60 mg/ml). (C) Representative ArrAB protein crystals formed using the optimized
microbatch conditions.




metals superimposed

Fig. S2. Comparison of ArrAB to its nearest characterized homolog, PstAB (PDB code 2VPZ)
(16). ArrAB is shown in blue and PsrAB is shown in orange. For clarity, the PsrC subunit is
omitted because the equivalent subunit for Arr was not determined in this work. (A) Overview of
structural similarities between ArrAB and PsrAB. The metal cofactors (left) are nearly
superimposable. The overall topology of the two enzymes is also similar. (B) Close-up of active
site residues for ArrA determined in this work compared to those hypothesized for PsrA (16).
Apart from Ser190 (ArrA) and Ser169 (PsrA), and the Mo-coordinating cysteine, the active site
residues of the two enzymes share no similarity, and they are distinct in both identity and
position. (C) View down the substrate binding funnel. Despite a clear distinction in active site
residues, the backbones of ArrA and PsrA fold nearly identically. Differences in the active site
arise primarily from the orientation and identity of the residue side chains.
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Fig. S3. View of residues lining the substrate binding funnel in ArrA. The color scheme is the
same as in Fig. 1B (C in gray, N in blue, O in red, S in yellow, and P in orange, Mo in purple).



Fig. S4. Comparison of dithiolene bond angles in the P-pterin of ArrA in the absence of substrate
(blue), in protein bound to arsenate (yellow), and in protein bound to arsenite (red). The arrow
indicates the bond in the arsenite-bound structure that appears to be partially reduced.
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Arg159 Lys94

Fig. S5. View of the ridge lined with positively-charged residues near FS4 in ArrB. The protein
backbone is shown in gray with the positively-charged side chains shown in green.
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AAUTIB40.2 Sulfurospirilum barmesii SES-3 HEFVLMRGRY THMN-EIL-YNTFPKLIGSPNN-ISHASICAKTEKFGRYYTEGFWDYADFD
WP_011128677.1  Wolinella succinogenes HKFALFRGRYTHMN-EIL-YNTFPKLIGSPNN-ISHSSICAEAEKFGRYYTEALWDYADFD
WP_015943299.1 Desulfitobacterium hafniense EKYIFFRGRYSGTT-DIL-YDATTKVFGSPNN-ISHSSICAEAEKFGPYYTEAYWDYRDYD
WP_011461606.1 Desulfitobacterium hafniense EKYVYFRGRYGGAT-DIS-YDATTKVEFGSPNN-1SHSSICAEAEKFGPYYTEAYWDYRDYD
ZP_09653255.1  Desulfosporosinus youngiae DSM 17734 EKYVYFRGRYGGAT-DIS-YDATTKVFGSPNN-ISHSSICAEAEKFGPYYTEAYWDYRDYD
ZP_01288668.1  Protecbacterium MLMS-1 NKYALFRGRYSHMN-SMF-YSDMTRIIGSPNN-ISHSSICAEAEKMGSYYTERNWGYRDED
WP_013011386.1 Denitrovibrio acetiphilus HEYMLNRGRYTYMRD-MI-YDAMTKIYGSPNN-ISHSALCAEAEKSGAFYTHGYWDYRDYD
AAUTIE38.1 Chrysiogenes arsenatis DSM 11815 HKYLLMRGRY SDHN-SIF-YGDLTEMIGSPNN-ISHSAICAEVEKMGSMATEGFWGYRDYD
WP_013505023.1 Desulfurispinilum indicum HEFLLMRGRY SDHN-QIF-YGDLPKMIGT PNN-ISHSAICAEVEKMGSMATEGFWGYRDYD
WP_012465220.1 Geobacter lovieyi EKLTYMRGRYSPTSTDLL-YGTLPKIYGTGNY-FSHSAICAEAEKMGPGYTQGFFGYRDYD
ZP_0B322656.1  Parasutterella excrementihominis YIT 118589 ERLLYLKGRYGNTSHALL-YGTVAKLFGSPNN-FSTSALCAETEKMGPGY TQGLFSYRDYD
ZP_073428271  Burkholderiales bacterium ERLLYLEGRYGNTSHALL-YGTVAKLFGSPNN-FSTSALCAETEKMGPGYTQGLFSYRDYD

OGP31207 1 SASDVGT-IETFGKLYGSPNIPIGHASMCSEGSKRAKRATDGNDSYSAYD
WP_041039509.1 iGN SDDGO-LGPFSAMYGSPNVGLGHSSLCSDASKKAKSALDGNYAYNSYD
OGAS5342 .1 ASDAGL-LGDFAKLYGSPNVGLGHSSICADASEKAKLLOTGIYDYNAYD
OGAS0751.1 ASDAGL-HGTFGKLYGSPNVAIGHSATCADASKKAKLLLOGNYSYNAYD
OIP0BST1.1 Y TDVGL=-LKQFGULYGT PNFNLGHSS ICSDASETVKHIMDGHHAY SAYD
WP_009207744.1 GATDVGY-LOTLSSLYGSPNIGLGHSSMCSDGSEETKKI LDGNHGYNAYD
QIP17342.1 ATDVGV-LOSLSKLYGSTNIGLGHSSMCSDGSEETKKILDGNHAYNAYD
OGTo3884.1 - c SATDAGL- FGDWSKLYGSPNVGLNHSSMCSDASKKAKLCVDGNYEYNSYD
OGTE8201.1 £ naprat bacterium ] NGATDAGL-FGDWSKLYGS PNVGLNHSSMCSDASKKAKLCVDGNYEYNSYD
OHCB2914.1 HGASDAGL-LGTFGKLYGSPNVPIGHSSMCSDGSVLSKQCTDGNASYSAYD
WP_008932021.1 ASCAGL-LGNFGKLYGSPNVAIGHSSMCSDGSIISKKAVDGIGGYNSYD
CRIBTT21.1 3ASCAGL-LGPFGKLYGSPNVPIGHSSMCSDGSIISKLSTDGNASYSAYD
0GTs22.1 ASCAGO-LGPFGELYGSPNVPIGHSSICSDGSVWVAKQCLDGNASYSAYD
0GSH9566.1 SATDVGLTIVPFGELYGSPNAPIGHSSICSDGSVLAKQCTDGNASYSSYD
WP_050415005.1 ATDVGVTLVPMAKLYGSPNIGIGHSSMCSDGSVWLAKQCTDGNASYSSYD
WP_076602992.1 SATDVGVTLAPMAKLYGSPNIGIGHSSMCSDGSYLAKQMTDGNASYSSYD
WP_011813170.1 ASCAGL-LGPFAKLYGTPNV-IGHSSMCSDGSMVAKGLTDGNESYNAYD
WP_019503327.1 SASCAGL-QGTFGKLYGSPNVGLGHSSMCSDGSIVAKGLTDGNESYNAYD
WP_011627967.1 WG S SDAGL-YGDFGKLYGT PNSAIGHRSMCAEGSKRAKRATDGNDSYENSYD
ANB03234.1 5SSDAGL-YGDFGKLYGTPNSAIGHAS ICAEGSKRAKQATDGNNSYNAYD
WP_015257777.1 (GRS DAGL-YGDFGKLYGTPNSAIGHAS ICAEGSKRAKQAT DGNNSYNSYD
WP_018231846.1 §5SDAGL-YGDFGKLIGTPNSAIGHASMCAEGSKRAKQATDGNNSYNAYD
WP_026289648.1 SSDAGL-YGDFGKLIGTPNSAIGHAS ICAEGSKRAKRATDGNDSYNAYD
SFC51236.1 SASDAGL-YGDFGKLYGTPNAAIGHASMCAEGSKRAKRATDGNDSYNSHD
WP_072327058.1 ASDAGL-YGDFGKLYGTPNSAIGHASMCAEGSKKAKHATDGNNSYNAHD
KDE38815.1 SASDAGL-YGDFGKLYGTPNSAIGHASMCAEGSKKAKHATDGNNSYNAHD
WP_036549261.1 ASDAGL-YGDFGKLYGTPNSAIGHASMCAEGSKKAKHATDGNNSYNAHD
WP_022524225.1 SASDAGI-QGPFGQLYGTPNAAIGHSSMCADGSKKAKQATDGNNSYSSYD
WP_040480658.1 3ASDAGM-QGDFGKLYGTPNAAIGHS SMCADGSKKAKHATDGHKSYNSYD
WP_066449856.1 G~ SDAGL-YGDFGKLYGTPNSAIGHASMCAEGSKRAKRATDGNDSYNSYD
WP_043513786.1 SASDAGL-YGDFGKLYGTPNSAIGHASMCAEGSKRAKRATDGNDSYNSYD
WP_048088677.1 RAG-TV-WGTFTKLYGTPNN-LGHSSICADASKKARLCLDGTDDY¥CAYD
KPQ43588.1 RAG-SV-WTTFTKLYGTPNN-IGHSS ICADASKKARLCMDGTDDYCAYD

Polysulfide reductase (Psr)
WP_011172610.1  Thermus themophilus

Fig. S6. Alignment of previously analyzed ArrA (17) (blue) and ArxA (18) (green) sequences
highlighting the active site residues of ArrA. The sequence of PsrA (16) (yellow) was included as
an outgroup. Sequence numbers are relative to the ArrA from Shewanella sp. ANA-3. Annotated
ArrA enzymes contain a (R/K)GRY motif (blue), while annotated ArxA enzymes contain a
XGRGW motif (green). Two sequences annotated as ArxA from Methanoperedens (18) deviate
from the conserved active-site motif (orange). Other active site residues are generally conserved
between ArrA and ArxA (pink), including the Mo-coordinating cysteine (yellow). The sequences
were aligned with T-Coffee (19) and the tree was generated using the maximum-likelihood
method with RAXML (20). The figure was generated with iTOL (21) and stylized with Adobe
[lustrator.
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Fig. S7. Temperature dependent X-band CW EPR spectra of Arr. Acquisition parameters:
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microwave frequency = 9.390 GHz; microwave power =20 mW (120 K) or 1 mW (77 K, 20 K);

modulation amplitude = 0.4 mT.
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Fig. S8. Comparisons of simulations with and without hyperfine coupling to °As. Simulation
parameters can be found in Table 2 of the main text. (A) X-band CW EPR spectrum collected at
120 K (black trace) with a simulation of the arsenite-bound Mo(V) species (red trace) compared
to a simulation excluding coupling to "°As (blue trace). Acquisition parameters: temperature =
120 K; microwave frequency = 9.390 GHz; microwave power = 20 mW; modulation amplitude =
0.4 mT. (B) Enlarged view of same X-band CW EPR spectrum in A (black trace) to show the
low-intensity features from the hyperfine interaction with °**’Mo, and a simulation of the
arsenite-bound Mo(V) species (red trace) compared to a simulation excluding coupling to *As
(blue trace). (C) Pseudomodulated Q-band ESE-EPR spectrum of Arr (black trace) with a
simulation of the arsenite-bound Mo(V) species (red trace) compared to simulation excluding
coupling to "°*As (blue trace).
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Fig. S9. Comparison of X-band CW EPR spectra of Arr under reaction conditions to Arr
incubated with As(II). Acquisition parameters: temperature = 77 K; microwave frequency =
9.390 GHz (reaction sample), 9.393 (As(IlI) sample); microwave power = 1 mW; modulation
amplitude = 0.4 mT.
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