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Abstract

Arsenic is a ubiquitous and carcinogenic environmental element that enters the biosphere
primarily from geochemical sources, but also through anthropogenic activities. Microorganisms
play an important role in the arsenic biogeochemical cycle by biotransformation of inorganic
arsenic into organic arsenicals and vice versa. Arsl is a microbial non-heme, ferrous-dependent
dioxygenase that transforms toxic methylarsenite [MAs(I11)] to less toxic and carcinogenic
inorganic arsenite [As(l11)] by C-As bond cleavage. An Arsl ortholog, TcArsl, from the
thermopbhilic bacterium Thermomonospora curvata was expressed, purified, and crystallized. The
structure was solved in both the apo form and with Ni(ll), Co(ll), or Fe(111). The MAs(I11) binding
site is a vicinal cysteine pair in a flexible loop. A structure with the loop occupied with -
mercaptoethanol mimics binding of MAs(111). The structure of a mutant protein (Y100H/V102F)
was solved in two different crystal forms with two other orientations of the flexible loop. These
results suggest that a loop-gating mechanism controls the catalytic reaction. In the ligand-free
open state, the loop is exposed to solvent, where it can bind MAs(I11). The loop moves toward the
active site, where it forms a closed state that orients the C-As bond for dioxygen addition and
cleavage. Elucidation of the enzymatic mechanism of this unprecedented C-As lyase reaction will
enhance our understanding of recycling of environmental organoarsenicals.
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Introduction

Arsenic ranks first on the Agency for Toxic Substances and Disease Registry’s and U.S.
Environmental Protection Agency’s (EPA) Superfund List of Hazardous Substances!.
Arsenic compounds are highly toxic and carcinogenic substances that enter the biosphere
from geochemical sources such as volcanic emissions and from anthropogenic sources such
as the organoarsenical MSMA [monosodium methylarsenate or MAs(V)], which is still in
use as an herbicide for golf courses [1] and on agricultural crops such as cotton, selective
post-emergent weed control in cotton, highway rights-of-way, and sod farms [2]. Aromatic
organoarsenicals such as roxarsone [3-nitro-4-hydroxyphenylarsonic acid or Rox(V)] are
used worldwide as antimicrobial growth promoters in animal husbandry [3].
Microorganisms play an important role in biogeochemical cycling of arsenic by
biotransformation of inorganic arsenic into organic arsenic species and degradation of
organoarsenicals back to inorganic arsenic. For example, prokaryotic and eukaryotic
microbes methylate arsenite [As(l11)] by ArsM [As(111) S-adenosylmethionine
methyltransferease] to the highly toxic trivalent organoarsenicals MAs(111) and
dimethylarsenite [DMAs(I11)][4,5]. To detoxify MAs(111), microbes demethylate it to
inorganic As(I11), which increases arsenic mobility, polluting water supplies. Demethylating
microbes have been isolated from soil and water [6-9].

However, until recently, no enzyme able to cleave the carbon—arsenic bond had been
identified. We identified a pathway for MSMA degradation isolated from Florida golf course
soil that has two steps catalyzed by microbial communities; the first step is the reduction of
MAs(V) to MAs(I11), and the second step is demethylation of MAs(111) to As(111) [9].
Recently, we identified the gene responsible for MAs(I11) demethylation step in a Bacillus
isolated from soil [10]. Arsl is a non-heme, ferrous-dependent extradiol dioxygenase with
C-As lyase activity. In extradiol Fe(11)-dependent dioxygenases, the role of Fe(ll) is to
activate O,, which can then form a C-O bond, cleaving C-C bonds [11], or, in the case of
Arsl, the C-As bond [10]. Arsl degrades both MAs(111) and aromatic organoarsenicals such
as Rox(I11). There is no precedence for cleavage of the carbon-arsenic bond, so the
enzymatic pathway of this novel enzyme is of considerable interest. Knowledge of the three-
dimensional structure of this novel enzyme is necessary to understand its catalytic
mechanism. Here, we describe the structure of TcArsl (Gene bank accession no.
ACY99683.1) from the thermophilic gram-positive bacterium Thermomonospora curvata
DSM 43183. The conserved triad of GIn8, His65, and Glu117 form the metal binding site.
TcArsl is proposed to have a novel binding site for MAs(111) formed by the vicinal Cys98-
Cys99 pair, which is in a flexible loop. The loop could be resolved by formation of a mixed
disulfide between Cys99 in the loop and p-mercaptoethanol (BME). A Y100H/V102F
double mutant was constructed to restrict the mobility of the loop, and its structure was

Thttp://vaw.atsdr.cdc.gov/SPL/index.html
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solved in two crystal forms, each with a different orientation of the loop. Thus, the MAs(111)
binding loop is observed in three orientations in three different structures. The results
suggest that the movement of this distinctive substrate binding loop controls access of
MASs(111) to dioxygen bound in the Fe(ll) site.

Overall structure of the Arsl C-As lyase

TcArsl from the moderate thermophile 7. curvata DSM 43183 was purified and crystallized,
as described previously [12]. The purified enzyme exhibited robust activity from 37° to

55 °C (Fig. 1S). The structure of TcArsl co-crystallized with Ni(ll) was solved by Ni-single-
wavelength anomalous diffraction (Ni-SAD) (PDB 5C4P) phasing. The C-As lyase has an
a/P fold composed of two motifs, each of which has an a-helix and four antiparallel p-
strands arranged in a pa.ppP cupin fold (Fig. 1 and 2S) [13]. The N-terminal segment of the
enzyme starts from the B1 strand (Arg6 to Val13), and residues from Leul6 to Phe27 form
an a1 helix. Strand B2 follows the a1 helix and forms a Bap motif. Strand B3 is antiparallel
to B2 and is connected by a B hairpin loop that includes Pro36 and Gly37. Strand p4 is
located between strands 1 and p3 and is parallel to B1 and antiparallel to 3. Similarly, the
second motif starts from strand p5 and follows helix a2 and strand 6. Strand 7 is
antiparallel to p6, which is connected by a long hairpin loop containing the substrate binding
site (Glu93 to Asp104). Matifs 1 and 2 are connected by a psi loop (Gly55-Thr61). The
resulting eight B strands create a 3 sheet, and two helices are placed at two edges of the
sheet. The C-terminal region ends with strand B8, which is parallel to B5 and antiparallel to
B7. N-terminal strand p1 and C-terminal B8 are adjacent to each other and are located at the
middle of the enzyme core. Motifs 1 and 2 are structurally similar except for the length of
the B hairpin loops. The B sheet forms a convexo-concave core similar to other cupin fold
structures (Fig. 2). The convex side is mostly occupied by hydrophobic side chains, whereas
the concave side includes hydrophilic side chains. As described in more detail below, metal
binding residues GIn8, His65, and Glul17 are in strands p1, 5, and B8, respectively, and
MAs(I11) binding residues Cys98 and Cys99 are in the B hairpin loop that connects 6 and
B7. The crystallographic asymmetric unit consists of one molecule. The twofold symmetry
generates a crystallographic dimer (Fig. 3S). The hydrophobic residues on the convex side of
the B sheet interact with those on the symmetry-related molecule. Each monomer has a
single active site, with no contribution of residues from the other monomer, consistent with
the observation that TcArsl is a monomer in solution [12]. A search for similar structures
using the Dali server [14] identified the closest structural homolog as the non-heme, Fe(ll)-
dependent catechol 2,3-dioxygenase LapB from Pseudomonas sp. KL28 [15]. LapB has two
subunits with four pappp motifs, but TcArsl has only a single subunit. The crystal packing
of TcArsl is similar to LapB, which does not share the active site residues with other
molecules in the asymmetric unit.

The metal binding site

Arsl has been shown to be a Fe(ll)-dependent dioxygenase [10]. To obtain the TcArsl—
Ni(SAD) structure, the protein was co-crystallized with Ni(ll). The TcArsI-Ni(ll) structure
was solved to 1.97 A resolution with the metal binding site filled by Ni(I1) with full

J Mol Biol. Author manuscript; available in PMC 2017 June 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nadar et al.

Page 4

occupancy. TcArsl was also co-crystallized with Co(1l) (PDB ID 5C6X) or Fe(lIl) (PDB ID
5D4F) in the conserved metal binding site. The three metal-bound structures were
superimposable, and only the Ni(ll) structure is described in detail.

A high-resolution structure with partial Ni(Il) occupancy (TcArsl-HR; PDB ID 5C68) was
obtained with crystals to which no Ni(ll) had been added. That structure was solved to 1.46
A resolution with 0.37 occupancy with Ni(ll). The TcArsl-HR structure is superimposable
on the TcArsl-Ni(ll) structure. We assume that the Ni(Il) came from the Ni-NTA column
that was used for purification of the enzyme. Ni(ll) is ligated with GIn8, His67, and Glu117,
which were predicted to comprise inner coordination sphere of the metal binding site [10]
(Fig. 3a). Ni(ll) is bound with a six-coordinate octahedral geometry, with three ligands
coming from the triad of the three conserved residues and three from water molecules. This
geometry, with an average distance between Ni(ll) and the six ligands of 2.2 A, is typical for
members of the dioxygenase superfamily [13]. Lys105 in strand B7 interacts directly with
the inner coordination sphere. The metal coordination geometry is like other dioxygenase
enzymes except that most have two histidine residues in the triad. Some Arsl orthologs have
a histidine residue in place of GIn8 (Fig. 4S). It is not clear whether this difference in the
composition of the triad has functional consequences.

The substrate binding site

MASs(I11) and trivalent roxarsone [Rox (I11)] are Arsl substrates that are predicted to bind to
a conserved vicinal cysteine pair (Cys98 and Cys99 in TcArsl) (Fig. 4S) [10]. To
demonstrate that TcArsl binds those substrates, we employed a fluorescent assay for
substrate binding. We have employed intrinsic tryptophan fluorescence to examine substrate
binding in arsenic detoxification proteins [16—20]. TcArsl has two tryptophan residues,
Trpl107 and Trp116 (Fig. 4S), which produce intrinsic fluorescence that is quenched by
addition of MAs(I11) or Rox(l11), but not As(I11), DMASs(V) or Rox(V) (Fig. 5S). These
results indicate that TcArsl binds MAs(111) and Rox(111). However, neither co-crystallization
nor soaking crystals with either substrate produced crystals with bound substrate visible in
the electron density, nor was the substrate binding loop visible.

As an alternative, TcArsl was reacted with BME to form a mixed disulfide adduct with the
active site cysteines. Even though no Ni(ll) was added, the TcArsI-BME structure (PDB ID
5CB9) had Ni(ll) in the metal site with 0.26 occupancy. Again, the Ni(ll) likely came from
the Ni-NTA column that was used for purification of the enzyme. Like the TcArsI-HR
structure, in the TcArslI-BME structure, Lys105 in strand 7 also interacts directly with the
inner coordination sphere (Fig. 3b). Unlike the TcArsl-HR structure, in the TcArsI-BME
structure, the substrate binding loop with bound BME is visible in electron density, with a
mixed disulfide formed between the thiols of BME and Cys99 (Fig. 4). GIn103 and FME
both interact directly with the inner coordination sphere. In both the TcArsI-HR and
TcArsl-BME structures, Tyr38, located in strand B3, interacts with the metal center through
the outer coordination sphere. Lys105 and Tyr38 are conserved in other Arsl orthologs,
while GIn103 is conserved in some but is a serine in others. The hydroxyl oxygen atom of
BME interacts with Ni(ll) in the metal binding site via a water molecule. The two carbon
atoms of BME face hydrophobic residues Val51, 11e53, and the aromatic ring of Tyr38 in
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motifl. The side chain of Tyr100 in the substrate binding loop is facing out from the core of
the enzyme. The distance between the hydroxyl group of Tyr38 and the sulfur atom Cys99 is
4.8 A. The sulfur—sulfur distance between Cys98 and Cys99 is 3.5 A, consistent with a two-
coordinate binding site for trivalent organoarsenicals [21]. While we presume that the
substrate binding loop is too flexible to be visible in the TcArsI-HR structure, interaction of
BME with the metal binding site and other residues reduces its mobility.

Ligand-free structure

Apparently, TcArsl is able to abstract Ni(Il) from the Ni-NTA resin, so there was always a
partial occupancy of the metal binding site with Ni(ll). To obtain a metal-free structure, we
treated the enzyme with EDTA to remove bound Ni(ll). The metal-free enzyme was
crystallized, and its structure was resolved to 2.27 A (PDB ID 5DRH). Residues from Asn94
to Asp104 are not visible in the electron density map, consistent with substantial flexibility
of the substrate binding loop. The ligand-free structure was superimposed on the TcArsl-HR
structure. Their overall conformations are similar, but there are some differences. The
orientations of metal-binding residues GIn8 and His65 do not change, but the side chain of
Glu117 is flipped out (approximately 4.1 A) from the metal center (Fig. 5a). Tyr38 has two
conformations in the apo structure, in which the orientation of the hydroxy! group of Tyr38
is reoriented nearly 120° different. In one conformation, the hydroxyl group faces the metal
binding residues as in the Ni(ll)-bound structure, and, in the other conformation, the
hydroxyl group faces away from the metal center. The positions of strands p6 and B7 in
motif 2 differ between the two structures (Fig. 5b). Strand B6 in the apo structure is shifted
approximately 2 A behind that in the TcArsl-HR structure, which reduces the concaveness
of the cupin fold in the apo structure (Fig. 6S). The side chain of Lys105 is displaced away
from the metal center. The side chain of Trp107 in strand B7 is reoriented nearly 180°
relative to its position in the Ni(Il)-bound structure. In TcArsI-Ni structure, the aromatic
side chain of Trp107 faces toward the metal, and the ring nitrogen makes a hydrogen bond
with Glu93. In the apo structure, reorientation of Trp107 prevents formation of this bond
with Glu93. This movement of Trp107 may be responsible for the changes in intrinsic
protein fluorescence induced by substrate binding. Residues Tyr38, Lys105, and Trp107 are
conserved in Arsl orthologs (Fig. 4S). Their conformational variations suggest that these
three residues play a role in catalysis. The results demonstrate that cupin fold is more
compact when metal is bound, which brings residues involved in interaction of the inner and
outer coordination spheres closer to metal center.

Structure of the Y100H/V102F double mutant

The substrate binding loop is not visible in the electron density in the apo or Ni(ll)-bound
structures. In the BME-bound structure, the loop has a higher temperature factor than the rest
of the protein, indicating greater mobility. In an effort to restrict the mobility of the loop in
the crystal, a Y100H/VV102F double mutant was constructed. In some Arsl orthologs, a
hydrophilic histidine residue is in the position corresponding to the aromatic Tyr100 residue
(Fig. 4S). We predicted that changing Tyr100 to histidine would increase interactions with
bound metal or water molecules in the core region. We also predicted that replacing the side
chain of Val102 with an aromatic ring might stabilize the substrate binding loop. The
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TcArsl-Y100H/V102F enzyme was treated with EDTA to remove Ni(ll) derived from the
Ni-NTA resin and crystallized in two morphologies, diamond-shaped and plate-like crystals.

The diamond-shaped crystals diffracted to 1.95 A in a tetragonal space group with cell
dimensions similar to the crystals of wild-type enzyme. The structure (PDB ID 5DFG) is
most similar to the apo—TcArsl structure, with the metal binding site unoccupied. The
substrate binding loop is visible in the electron density map, except for residues Ala97,
Cys98, and Cys99. However, relative to strand B7, the orientation of the loop is moved
nearly 180° away from the position of the loop in the TcArsI-BME structure (Fig. 7S). The
loop is nearly entirely solvent exposed and has no strong interactions with other residues or
with residues in symmetry-related molecules. Again, the temperature factor of the loop
residues is higher than the rest of the protein, consistent with a highly mobile loop.

The plate-like crystals diffracted poorly (2.78 A). The crystals belong to the monoclinic P2;
space group, with cell dimensions a=42.9,b=79.7,c=70.9 A, and = 101.1°. The
Mathews coefficient of 2.43 ASD~! indicates that there are four molecules in the
crystallographic asymmetric unit [22]. The crystal packing also differs from the tetragonal
form. In this structure (PDB ID 5HCW), there is similarly no metal in metal binding site. In
molecule A, two metal-binding residues (His65 and Glu117) and Lys105 interact with water
molecules (Fig. 6a). The side chain of Glu117 has a conformation intermediate between that
of the apo and TcArsI-HR structures (Fig. 6b). In molecule B, the entire substrate binding
loop is visible. In molecule D, only a portion of the loop is visible, and the loop is not visible
in either molecule A or C. In molecule B, the loop intrudes into the core region of the
symmetry-related molecule (Fig. 8S), and there are multiple interactions between the loop
residues and residues in the symmetry-related molecule (Fig. 6¢ and d). The side chains of
Glu93 and Asp64 interact with backbone atoms of Thr96 and Phe102, respectively (Fig. 6¢).
The imidazole ring of His100 stacks with the phenyl ring of Tyr38 (Fig. 6d). Thr96 interacts
with residues in the metal-binding site of the symmetry-related molecule via a water
molecule (Fig. 6a). Cys98 and Cys99, which comprise the MAs(I11) binding site, are free
from interactions. The electron density is not sufficiently resolved to determine if there is a
disulfide bond between the two cysteine residues. Even though there is no bound metal, the
orientation of the side chain of Trp105 is similar to that in the TcArsI-HR structure. In the
TcArsl-BME structure, strand 6 continues to Glu93, and strand B7 begins with Lys105,
while in this structure, strand p6 continues to Asp95, and strand B7 begins with GIn103. The
orientation of the loop is midway between that observed in TcArsl-BME and tetragonal
TcArsl-Y100H/V102F structures. Thus, the substrate binding loop is observed in three
different orientations in three different structures, one near the metal-binding site, one
distant from the metal binding site, and one intermediate between those two. This mobility
suggests that the movement of the loop may be involved in presentation of the
organoarsenical substrate to metal-bound dioxygen.

Discussion

Arsl is a novel C-As lyase, the only known enzyme that can cleave a carbon-arsenic bond.
It is a member of the vicinal oxygen chelate superfamily, and, like other vicinal oxygen
chelate family enzymes, it has a cupin fold [13]. However, it has a unique substrate binding
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site that is quite different from those in other dioxygenases. The site is a vicinal cysteine
pair, Cys98-Cys99, which binds the substrate MAs(111) and releases the product As(l11).
Even though vicinal cysteine pairs can bind As(l11), the affinity for As(I11) can be several
orders of magnitude less than for MAs(111) [23]. The MAs(111) binding site is within a
flexible loop consisting of residues from 93 to 104. Attempts to obtain structures with bound
MASs(I1) or other trivalent organoarsenical substrates were unsuccessful. The loop could be
visualized by formation of a mixed disulfide with BME. In that structure, the loop was
stabilized by interaction of the BME hydroxyl with a water of the metal binding site. This
suggests that the loop is highly mobile but is able to bring its substrate in the vicinity of the
metal site to allow for addition of dioxygen to the C—As bond. To restrict mobility of the
loop, the double Y100H/V102F was constructed. The mutant enzyme crystallized in two
forms, with the loop visible in two different positions. In one structure, the loop is flipped
out into solvent. In the other structure, it is located in an intermediate position. Thus, the
loop can move from solvent, where substrate could be bound, to the active site, where
catalysis occurs and back to the medium for product release (Fig. 7).

The nature of the substrate binding site differentiates TcArsl from the closest structural
homolog, the LapB 3-methylcatechol dioxygenase [15]. In LapB, the substrate binds directly
with the metal through its hydroxyl group by displacing water molecules of the inner sphere.
The aromatic ring and methyl group of 3-methylcatechol is surrounded by mostly aromatic
and hydrophobic side chains, which facilitate substrate binding. These residues are not
conserved in TcArsl, where the substrate is directly bound to the vicinal cysteine pair. When
MASs(I11) is bound, its hydroxyl groups are displaced by the sulfurs, and the methyl group
decreases its polarity so that the substrate is unable to interact directly with the metal.
TcArsl has two hydrophabic residues, Val51 and 1le53, and one aromatic residue Tyr38,
which might interact with the methyl group, facilitating its movement toward the inner
coordination sphere. Conserved residue Tyr38 has two conformations that may play a role in
catalysis. Hypothetically, the side chain of Asn40 could orient Tyr38 toward the catalytic
center, where Tyr38 deprotonation of the methyl group of MAs(I11) would facilitate attack
by dioxygen. A similar mechanism of deprotonation of the methyl group of 3-
methylcatechol by a tyrosine has been proposed for LapB [15]. The deprotonated methyl
group would be attacked by O,, resulting in the formation of an alkylperoxo intermediate.
Thus, the mechanism of bond cleavage of TcArsl and LapB may be similar, but it is the
unique nature of the MASs(I11) binding site that makes TcArsl a C-As lyase. We propose that
this loop movement provides a gating mechanism for the enzyme (Fig. 8). In this model,
BME is replaced with MAs(II1), and the loop is moved toward the metal center, where it is
available for reaction with dioxygen. Our model is similar to the loop gating that regulates
substrate entry into the active site of dimethylsulfoniopropionate lyase [24].

Materials and Methods

Protein purification and crystallization

The TcArsl derivative used in this study lacks 25 nonessential residues from the C terminus
[12]. TcArsl and the Y100H/V102F double mutant were purified, as described previously
[12]. The enzymes were crystallized by a hanging drop vapor diffusion method at 293 K
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temperature [25]. The hanging drop contained of 2 pl of protein at approximately 15 mg
ml~1 mixed with 2 pl of a reservoir solution consisting of 0.2 M sodium acetate, 0.1 M Tris—
HCI (pH 8.5), and 30% polyethylene glycol 4000 [12]. To obtain crystals with bound Ni(ll),
1 pl of 10 mM NiCl, was mixed with protein directly in the hanging drop. The diamond-
shaped, chunky crystals were harvested for data collection. Co-crystallation with Co(ll) or
Fe(111) was performed similarly. For TcArsI-BME, crystals were grown by the addition of
10 mM BME to the hanging drop. TcArsl-Apo was obtained by exchanging with a buffer
consisting of 50 mM Mops, 0.5 M NaCl, and 3 mM tris(2-carboxyethyl)phosphine)
containing 5 mM EDTA to remove Ni(ll). Buffer exchange was performed by 10-fold
dilution and concentration with a 10 kDa cutoff Amicon Ultra Centrifuge Filter (Billerica,
Massachusetts). The apoenzyme was crystallized as described above.

The double Y100H/V102F mutant was generated by site-directed mutagenesis using a Quick
Change mutagenesis kit (Stratagene, La Jolla, CA). The forward and reverse oligonucleotide
primers used for mutagenesis were: forward 5’-
GCCTGCTGCCACGCCTTCCAGGACAAGGTG-3” and reverse 5'-
CACCTTGTCCTGGAAGGCGTGGCAGCAGGC-3’ (the mutagenic changes are
underlined). Purified Y100H/V102F was crystallized by the hanging drop vapor diffusion
method. The crystals were obtained with 0.1 M sodium acetate, 0.2 M ammonium sulfate,
and 30% polyethylene glycol 4000. Crystals with two different morphologies were obtained
in a single drop, chunky diamond-shaped crystals and thin rectangular plate-like crystals.
Both crystals were used for data collection.

Assay of TcArsl activity

C-As lyase activity with purified TcArsl was assayed in buffer consisting of 0.1 M Mops
and 0.15 mM KCI (pH 7.0), as described [10]. TcArsl (1 uM) was incubated with 3 mM
tris(2-carboxyethyl)phosphine, 1 mM cysteine, and 0.1 mM FeSQy,, and reaction was
initiated by addition of 5 pM MAs(111). After incubation with shaking at 200 rpm for 2 h at
the indicated temperatures, the reactions were terminated by addition of EDTA. Arsenic
speciation was determined by high pressure liquid chromatography (PerkinEImer Series
2000) with a C18 300 A reverse-phase column (Chromservis s.r.0., Brno, Czech Republic),
with arsenic measured by inductively coupled plasma mass spectrometry using an ELAN
9000 (Perkin Elmer, Waltham, MA).

Data collection and structure determination

The TcArsI-Ni(ll) structure was solved by the single anomalous dispersion method [26]
using Ni(ll) as an anomalous scatterer. Single anomalous dispersion data were collected at a
wavelength of 1.479 A [near the Ni(ll) X-ray absorption peak] on beamline 22-1D at the
Advanced Photon Source (APS), Argonne Laboratory. The crystal belonged to space group
P442,2 with cell dimensions a=b = 42.8 and ¢ = 118.2 A and diffracted to 1.97 A. The data
were indexed and scaled using HKL-2000 [27]. The data indexing details are shown in Table
1. Heavy atom data preparation, location, and phasing were performed using SHELXC, D,
and E, respectively [28]. The phase was further improved by density modification using the
DM program [29] in the CCP4 suite [30]. The model was built using automated model
building program ARP/WARP program [31] in the CCP4 suit with an R-factor of 27.4%.
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The model and electron density map were visualized using COOT software [32], and the
structure was refined using REFMACS [33]. The Ni-SAD structure was used as a template
for molecular replacement with the other data sets. Molecular replacement was performed
using the PHASER program [34] in the CCP4 suite. Crystals of the TcArsl-HR diffracted to
1.46 A, and complete data sets were collected at a wavelength of 1.0088 A on beamline
221D at APS. In the structure, a single Ni atom was present in the metal binding site with
partial occupancy (0.37).

The X-ray data of the apoenzyme and TcArsi—-BME crystals were collected at a wavelength
0.9774 A on beamline 5.0.3 of the Advanced Light Source at the Lawrence Berkeley
National Laboratory. In TcArsi-BME structure, the metal binding site was occupied by a Ni
atom with an occupancy of 0.26. The presence of Ni atom and its occupancy in TcArsI-Ni,
TcArsl-HR, and TcArsI-BME structures were confirmed by calculating the omit (Fo-Fc)
and anomalous maps of those structures (Fig. 9S). These crystals also belong to the P432,2
space group and diffracted with resolutions of 2.27 and 1.95 A, respectively. The diamond-
shaped and plate-like crystals of the TcArsl-Y100H/V102F double mutant diffracted in two
different space groups. The diamond-shape crystals diffracted to 1.97 A and belong to the
P44212 space group. The plate-like crystals diffracted to 2.78 A and belong to the P2, space
group. With all structures, the simulated annealing refinements were performed by the
phenix.refine program in PHENIX [35]. All data sets and coordination are deposited to the
protein data bank [36]. Molecular models were drawn with PYMOL [37].

Assay of substrate-dependent quenching of intrinsic protein fluorescence

Protein fluorescence quenching experiments were performed using a Quanta Master UV-Vis
QM-4 spectrofluorometer (Photon Technology International, Birmingham, NJ) at 23 °C.
Samples were excited at 295 nm, with emission at 340 nm in a buffer consisting of 50 mM
Mops, 0.5 M NaCl (pH 7.5) and 3 mM tris(2-carboxyethyl)phosphine), and 5 uM TcArsl in
a final volume of 1.8 ml. Arsenicals were added with stirring at the indicated concentrations.
Fluorescence intensities were corrected for volume changes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

MSMA monosodium methylarsenate

MAs(V) methylarsenate

Rox roxarsone (4-hydroxy-3-nitrophenylarsonic acid)
As(111) inorganic arsenite
As(V) inorganic arsenate

MAs(I11)  methylarsenite
BME B-mercaptoethanol

APS advanced photon source
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Motif2

Fig. 1.
Overall structure of TcArsl. The structure has an a/p fold with two domains. Each domain

having a pappp fold is connected by a loop (residues from 53 to 65) (green). The resulting
eight p-strands form the core of the enzyme, curving to create a cleft that orients the active
site. The loop that includes the substrate binding site is shown in blue.
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Fig. 2.
The B sheet of TcArsl forms a convexo-concave core. (a) The concave side includes residues

with hydrophilic side chains. (b) The residues in the convex side have primarily hydrophobic
side chains.
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BME .

Fig. 3.
The metal binding site. The binding site is filled with Ni(Il) (green sphere) in (a) TcArsI-HR

and (b) TcArsI-BME. Water molecules are represented by red spheres. Lys105, GIn103, and
BME interact with Ni(ll) via water molecules of the inner coordination sphere. Tyr38
interacts with the inner coordination sphere via a water molecule in the outer coordination
sphere.
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Gln1_

Fig. 4.
The substrate binding site. The substrate binding includes the vicinal pair Cys98-Cys99

[10]. In the TcArsI-BME structure, BME makes a mixed disulfide with the sulfur atom of
Cys99. The oxygen atom of BME interacts with Ni(ll) via a water molecule in the inner
coordination sphere. The carbon atoms of BME face hydrophobic residues Val51, 11e53, and
the aromatic ring of Tyr38.
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Superimposition of the apo TcArsl structure (gray) with the TcArsI-HR structure (cyan). (a)
‘1_> In motif 1, Tyr38 has two conformations in the apo structure. The dotted line shows a
5 hydrogen bond between the hydroxyl and a water of the outer coordination sphere,
= connecting through a hydrogen bond network to Ni(ll) (green sphere). Water molecules are
§ shown as in red spheres. (b) In motif 2, Trp107 is oriented nearly 180° differently in the two
2 structures. The orientation in the TcArsl-HR structure allows for a hydrogen bond between
& Trp107 and Glu93. In the apo structure, strand B6 is displaced by 2 A, preventing formation
-§ of the hydrogen bond.
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Fig. 6.
Symmetry-related molecules in the Y100H/VV102F structures. (a) In the monoclinic TcArsl-

Y100F/V102F, a water molecule occupies the metal binding site. In addition to the His65
and Glul17 of the metal binding site, Lys105 from the same molecule and Thr96 from a
symmetry-related molecule (green) interact with the water molecule. (b) Superimposition of
Glul117 of the monoclinic TcArsl-Y100H/VV102F (cyan) with TcArsl-apo (gray) and
TcArsl-HR (blue) shows the variations in the orientation of this Ni (green sphere) ligand. (c
and d) The substrate binding loop of monoclinic TcArsl-Y100F/\VV102F interacts with a
symmetry-related molecule. The entire substrate binding loop is resolved in molecule B by
stabilization with the symmetry-related molecule and by stacking of the phenyl ring of
Tyr38 in one molecule with the imidozole ring of His100 in the symmetry-related molecule.
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)

Cys99b

His100b

Fig. 7.
Three orientations of the substrate binding loop. The substrate binding loops of the TcArsl-

BME (gray), monoclinic TcArsl-Y100H/V102F (green), and tetragonal TcArsl-Y100H/
V102F (cyan) are superimposed.
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Fig. 8.

Proposed loop-gating mechanism of C—As bond cleavage by Arsl. (a) Loop gating by
movement of the loop with bound MASs(111) in three different states. States 1 and 2 are
modeled from the tetragonal and monoclinic forms of TcArsl-Y100H/V102F structure,
respectively. State 3 was constructed by replacement of the BME molecule with MAs(I11)
bound to the sulfurs of Cys98 and Cys99. The models of the three states were superimposed.
In State 1, the methyl group of MAs(I11) has no interaction with residue in Arsl, and the core
region is in a solvent accessible open conformation. In State 3, the methyl group of MAs(I11)
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is oriented toward a hydrophobic face of enzyme (blue sticks), and C-As bond is oriented
toward the catalytic center for addition of dioxygen. In this state, the active site is in a
solvent inaccessible closed conformation. State 2 is intermediate between the open and close
conformations. MAs(111) is in ball and stick, Fe(ll) is shown as a brown sphere, and water
molecules are shown as blue spheres. (b) Mechanism of C-As bond cleavage. MAs(1I1) in
solvent binds to Cys98 and Cys98 in a loop that repositions to orient the As atom into the
active site. Fe(ll) is bound in a octahedral geometry with six coordinations, three to the
GIn8-His65-Glul17 triad and three with solvent. MAs(I11) transfers from the sulfurs of the
loop to the active site by replacing the two solvent molecules. This activates the metal center
for binding of dioxygen. Binding of O, (red) to Fe(ll) allows electron transfer, converting
dioxygen into a superoxide anion, which attacks MAs(I11) to form an alkylperoxo-Fe(ll)
intermediate, cleaving the C—As bond. The products have one atom of oxygen incorporated
into formaldehyde and the other in As(OH)3. Adapted from Ref. [13].
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