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Abstract

Organoarsenicals such as monosodium methylarsenate (MSMA or MAs(V)) and roxarsone (4—
hydroxyl-3-nitrophenylarsenate or Rox(V)) have been extensively used as herbicides and growth
enhancers for poultry, respectively. Degradation of organoarsenicals to inorganic arsenite (As(lll))
contaminates crops and drinking water. One such process is catalyzed by the bacterial enzyme
Arsl, whose gene is found in many soil bacteria. Arsl is a non-heme ferrous iron (Fe(ll))-dependent
dioxygenase that catalyzes oxygen-dependent cleavage of the carbon-arsenic (C-As) bond in
trivalent organoarsenicals, degrading them to inorganic As(lll). From previous crystal structures
of Arsl, we predicted that a loop-gating mechanism controls the catalytic reaction. Understanding
the catalytic mechanism of Arsl requires knowledge of the mechanisms of substrate binding and
activation of dioxygen. Here we report new Arsl structures with bound Rox(lll) and mutant
enzymes with alteration of active site residues. Our results elucidate steps in the catalytic cycle
of this novel dioxygenase and enhance understanding of the recycling of environmental

organoarsenicals.
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Introduction

Arsenic is a ubiquitous toxic and carcinogenic metalloid, wide spread in the earth’s crust that
enters the biosphere from natural geothermal sources such as volcanic emissions. Anthropogenic
sources of arsenic include organoarsenical herbicides such as monosodium methylarsenate
(MSMA or MAs(V)), which has been used for selective post-emergent weed control in golf courses
(1), cotton fields, highway rights-of-way and sod farms (2). In addition, synthetic aromatic
arsenicals such as roxarsone (4-nitro-3-hydroxyphenylarsate or Rox(V)) were used since the
1940s as antimicrobial growth promoter in animal husbandry (3). In the arsenic biogeochemical
cycle, microorganisms play a major role in the biotransformation of inorganic arsenic to
organoarsenicals and degradation of organoarsenicals back to inorganic arsenic (4). For example,
both prokaryotic and eukaryotic microbes methylate trivalent inorganic arsenite (As(lll)) to highly
toxic trivalent organoarsenicals such as methylarsenite (MAs(lll)) and dimethylarsenite . Microbes
in both soil and water detoxify the trivalent methylated species and trivalent aromatic arsenicals
to inorganic arsenic by demethylation and dearylation (5-8). These reactions increase arsenic

mobility, creating environmental hazards (4, 9).

We previously identified a two-step pathway for MAs(V) degradation from bacteria isolated from
Florida golf course soil (9). In the first step, some members of the microbial community reduce
MAs(V) to MAs(lIl), and, in the second step, other community members demethylate MAs(lll) to
inorganic As(lll) (9). From a Bacillus species isolated from that soil, we cloned the ars/ gene
responsible for MAs(lll) demethylation. The product of ars/ gene is Arsl, a non-heme ferrous iron
(Fe(ll))-dependent extradiol dioxygenase that cleaves the C-As bond (10). In Fe(ll)-dependent
ring-cleaving extradiol dioxygenase enzymes, the role of Fe(ll) is to activate O, which in turn is
incorporated into the target C-C bond, forming a C-O bond that results in cleavage of the C-C
bond (11). In the case of Arsl, the C-As bond would be cleaved rather than a C-C bond. Arsl not

only degrades MAs(IIl) but also the trivalent form of aromatic organoarsenicals such as roxarsone,



68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

93

nitarsone (p-nitrophenyl arsenate) and atoxyl (p-aminophenyl arsenate or p-arsanilic acid) (12).
To date, Arsl is the only known enzyme that cleaves the C-As bond, thus the enzymatic pathway

of this novel enzyme is considerable interest.

The overall structure and active site of TcArsl, the thermophilic C-As lyase ortholog from
Thermomonospora curvata has been reported (13). However, the catalytic mechanism of the
enzyme remains unclear because of the lack of structures with bound substrates. Our previous
crystallographic and biochemical results demonstrate that the Fe(ll)-binding site is composed of
the triad of residues GIn8, His65 and Glu117, and substrate-binding site is composed of the vicinal
cysteine residues Cys98 and Cys99, and single mutations of any of those residues resulted in
loss of C-As lyase activity (12,13). Our previous structural data show that Lys105 and GIn103
are in the second coordination sphere, and Tyr38 interacts with the second coordination sphere
via a water molecule (13). In ring-cleaving extradiol dioxygenases, residues in the second
coordination sphere are involved in activation of dioxygen and stabilization of reaction
intermediates, playing essential roles in catalysis (11). We propose that Lys105, GIn103 and Tyr38
in Arsl are similarly involved in activation of dioxygen for C-As bond cleavage and stabilization of
the reaction intermediates. Here we report the metal-binding and substrate-binding affinity and
crystal structure of mutants with substitutions of those residues. For example, K105A, an inactive
mutant, was crystallized with bound substrate trivalent roxarsone (Rox(lll)) and catalytic metal
Fe(ll). The results of mutant structures contribute to our understanding of the binding mode of the

substrate and the catalytic mechanism.

Materials and Methods

Site direct mutagenesis

Mutants were generated by site-directed mutagenesis using a quick-change mutagenesis kit



94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

119

(Stratagene, La Jolla, CA). The forward and reverse oligonucleotide primers used for mutagenesis
are shown in Supplementary Table 1. The codon of the Lys105 was mutated into those of alanine,
arginine and glutamic acid, generating the K105A, K105R and K105E derivatives. The codon of
Tyr38 was mutated to that of phenylalanine, generating the Y38F derivative. The codon of QIn103

was changed to codons of alanine and histidine to obtain derivatives Q103A and Q103H.

Protein purification and crystallization

All TcArsl constructs were generated without the final twenty-five C-terminal residues, which are
not required for activity, and were expressed and purified as described previously (14).
Crystallization conditions were as previously reported (14, 13). Crystallization trials were
conducted in an anaerobic tent filled with argon gas to avoid oxidation of protein cysteines, Fe(ll)
and Rox(lll). Proteins were incubated with Rox(IIl) for 30 min on ice, following which the Arsl-
Rox(Ill) complex was buffer-exchanged using 10 kDa cutoff Amicon Ultra centrifugal filters
(MilliporeSigma, Burlington, MA) to remove unbound Rox(lIl). Mutant proteins were crystallized
with 15-20% polyethylene glycol 4000 and 0.1 M sodium acetate, pH 4.5, at room temperature.
The crystals were frozen in liquid nitrogen at 100 K for X-ray diffraction analysis. The X-ray data
of K105A were collected on beamline 5.0.2 at Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory with an ADSC Quantum 315 detector. The data of K105R and K105E were
collected on beamline 22-ID at the Advanced Photon Source (APS), Argonne National Laboratory
using a Mar300 detector. The K105A data were indexed and scaled using iMosflm and Scala
software (15). The other two data sets were indexed and scaled using HKL2000 software (16).
The data collection and index details are shown in Table 1. The structures were solved by
molecular replacement with the structure of wild type TcArsl (PDB ID: 5CB9) used as the model.
In K105A, a strong positive peak (Fo-Fc) at the 11 o level was observed near the active site
cysteine residues that resembled the aromatic ring of Rox(lll) (Supplementary Fig. 1A (green)).

The arsenic atom of Rox(lll) was confirmed by the anomalous difference map (Supplementary
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Fig. 1A (red)). After refinement, Rox(lll) satisfactorily fitted in the electron density map
(Supplementary Fig. 1B (blue)). In the K105R and K105E structures, the substrate-binding loop
was not observed due to disorder. The K105R structure, a divalent nickel (Ni(ll)) atom was
identified and refined. Since no Ni(ll) was added during crystallization, we assume that it came
from the Ni- nitrilotriacetic acid (NTA) resin used for protein purification. The refinement statistics
were shown in Table 1. Phaser (17) in the CCP4 suit (18) was used for structure solution, and
Refmac5 (19) and Phenix (20) were used for structure refinement. Coot (21) was used for model
and electron density visualization and manual fitting of the side chains. Molecular models were
rendered with Pymol (22). All data sets and coordination were deposited in the National Center

for Biotechnology Information Protein Data Bank.

Assay of Arsl activity

Arsl activity was assayed by demethylation of MAs(lll) both in vivo by heterologous expression of
wild type and mutant genes in E. coli and in vitro with purified proteins, as described previously
(9, 10). Cells of E. coli BL21(DE3) carrying plasmids with wild type or mutant Tcars/ genes were
grown in lysogeny broth (LB) medium (23) containing 50 ug ml"* kanamycin at 37 °C. Protein
expression was induced by adding 0.1 mM isopropyl p-d-1-thiogalactopyranoside at when the
culture reached an absorbance of 0.6 at 600 nm. After 2 h, cells were harvested and washed one
time with ST 10 medium (24). Demethylation of MAs(lll) by cells was conducted in ST-' medium
containing 1 yM MAs(IIl) overnight at 30 °C. Demethylation activity by purified enzyme (1 yM)
was assayed in a buffer consisting of 0.1 M (3-(N-morpholino)propanesulfonic acid), 0.15 M KCI,
pH 7.0, containing 3 mM tris(2-carboxyethyl)phosphine, 1 mM cysteine and 0.1 mM FeSO4. The
reaction was initiated by addition of 2 yM MAs(lll), incubated for 2 h with shaking at 30 °C and
terminated by addition of 5 mM ethylenediaminetetraacetic acid. Arsenic was speciated by high
pressure liquid chromatography (HPLC) (NexSAR HPLC system, PerkinElmer, Waltham, MA)

with BioBasic-18 5 um C18 300 A reverse-phase column (250 mm x 4.6 mm; Thermo Fisher
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Scientific, Waltham, MA), and the amount of arsenic was quantified by inductively coupled plasma

mass spectroscopy (ICP-MS) using an NexION 1000 (PerkinElmar) (10).

Assay of Fe(ll) binding by isothermal titration calorimetry (ITC)

The binding properties of Fe(ll) with wild type and mutant proteins were determined by ITC. To
prevent oxidation of Fe(ll), protein solutions were prepared with degassed water, and Fe(ll)
solutions were prepared by dissolving (NH4)2Fe(SO4)2(H20)s in degassed water. Binding assays
were carried out using a MicroCal iTC200 (GE Healthcare Bio Sciences, Piscataway, NJ) with
protein concentrations between 50 to 100 uM and Fe(ll) concentrations from 0.5 to 1 mM. Data
were collected at 37 °C with 20 injections at 10 min intervals with a stirring speed of 1000 rpm.
Spectra were analyzed using Origin 7.0 software (TA Instruments, New Castle, DE), and
stoichiometry (n), binding constants (Kq) and enthalpy (AH (kcal/mol)) were calculated with a one

site binding model.

Assay of substrate binding by quenching of intrinsic tryptophan fluorescence

Intrinsic tryptophan fluorescence quenching assays were performed using a Quanta-Master UV-
vis QM-4 steady state spectroflurometer (PTI, Birmingham, NJ) at 23 °C. Fluorescence of 1 uM
protein was assayed in a buffer consisting of 50 mM (3-(N-morpholino)propanesulfonic acid) , pH
7.5, containing 0.5 M NaCl, and 1 mM tris(2-carboxyethyl)phosphine at excitation and emission
wavelengths of 295 and 340 nm, respectively. The fluorescence intensities without (/,) and with
(/) addition of the trivalent organoarsenical substrate Rox(lll) as quenching reagent were acquired,
and Ky values were calculated from /o-//lo differences at various concentrations of Rox(lll) using
the Stern Volmer relationship (25). All experiments were performed in triplicate with independent

samples.

Results
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Comparison of the active site structures of Arsl and a ring-cleaving extradiol dioxygenase
Our previous structural analysis identified three residues, Tyr38, GIn103 and Lys105 in TcArsl that
form an inner shell of residues that interacts with the catalytic metal via water molecules (Fig .1A).
Tyr38 and Lys105 are conserved among Arsl orthologs, whereas GIn103 is replaced by serine in
some orthologs (Supplementary Fig. 2) Interestingly, the Type | extradiol ring-cleaving
homoprotocatechuate 2,3-dioxygenase (2,3-HPCD) from Brevibacterium fuscum also has three
amino acid residues that interact with the catalytic Fe(ll) through water molecules: Asn157, His200,
and Tyr257 (PDB ID: 21G9) (26) (Fig 1B). His200 and Tyr257 but not Asn157 are highly conserved
with other ring-cleaving extradiol dioxygenases such as AkbC (methylcatechol 2,3-dioxygenase
from Rhodococcus sp. strain DK17) (27) and BphC (2,3-dihydroxybiphenyl 1,2-dioxygenase from
Pseudomonas sp. strain KKS102) (28) (Supplementary Fig. 3). During ring cleavage by 2,3-
HPCD, these three residues interact with dioxygen bound to Fe?*, the substrate-alkylperoxo-Fe?*
intermediate and the open ring product in the oxygen activation and insertion steps, suggesting
that the three residues are necessary for catalysis (26). Although these water-interacting residues
are not conserved between 2,3-HPCD and TcArsl, their properties are similar to each other. Both
proteins commonly utilize one polar residue (Asn157 in 2,3-HPCD and GIn103 in TcArsl), one
aromatic residue (Tyr257 and Tyr38) and one positive residue (His200 and Lys105). By analogy,
it is reasonable to assume thatTcArsl residues Tyr38, GIn103 and Lys105 that interact with Fe(ll)

via water molecules also play a critical role in catalysis.

The effect of Arsl mutations on catalytic activity

To test our hypothesis, seven single mutants of TcArsl residues Try38, GIn103 and Lys105 were
constructed. The ability of E. coli cells expressing genes for wild type TcArsl and derivatives Y38F,
Q103A/H and K105A/E/R to demethylate MAs(IIl) was determined by HPLC-ICP-MS analysis of
the culture media (Fig. 2A). The catalytic activity of wild type TcArsl and derivatives was assayed

directly with purified enzymes (Fig. 2B). The results from both in vivo and in vitro assays show
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that the Q103H derivative retains demethylation activity similar to the wild type, the Y38F and
Q103A derivatives retain less than 5% of wild-type activity, and the K105A/E/R derivatives are

nearly inactive.

The effect of Arsl mutations on metal binding

The effect of amino acid substitutions on Fe(ll) binding affinity was determined by ITC (Table 2,
Supplementary Fig. 4). The Ky of wild type TcArsl was determined to be 0.4 uM, which is similar
to those of BmArsl, the Arsl ortholog from Bacillus sp. MD1 (12) and other non-heme Fe(ll)
dependent ring-cleaving extradiol dioxygenases (29). The Ky of the K105R derivative was
determined to be 0.5 yM, similar to that of the wild type enzyme. In contrast, the affinity of the
Y38F and Q103A/H derivatives was an order of magnitude lower than the wild type, and the

K105A/E derivatives bound Fe(ll) with nearly 100-fold lower affinity compared to wild type TcArsl.

The effect of Arsl mutations on substrate binding

Binding of substrate by wild type TcArsl and derivatives was estimated from the quenching of
intrinsic protein fluorescence by addition of increasing concentrations of Rox(lll) (Fig. 3). There
were no significant differences between the apparent affinity of wild type TcArsl and derivatives.
These results demonstrate that substitution of the residues forming or interacting with the second

coordination sphere have essentially no effect on substrate binding.

Structural analysis of binding of substrate and metal in K105A

Co-crystallization of TcArsl with Fe(ll) and Rox(lll) was conducted using wild type TcArsl and
derivatives. To reduce oxidation of protein, substrate and metal, crystallization trials were
performed in an anaerobic tent filled with argon gas. We successfully crystallized and solved the
structures of the K105A derivative with bound Fe(ll) and Rox(lll). The difference map and

anomalous map at the 11 and 7.5 o levels confirm the presence of Rox(lll) in the K105A structure

10
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(PDB ID 5VOF) (Supplementary Fig. 1). The arsenic atom of Rox(lll) is directly coordinated with
the thiolates of Cys98 and Cys99 (Fig. 4A). The distance between the sulfur and arsenic atom is
approximately 2.0 A. The aromatic ring of Rox(lll) stacked with the five-membered ring of His65
on one side and the six-membered ring of Trp107 on the other. The hydroxyl group of Rox(lIl)
forms a hydrogen bond with the side chain of Asp64. In addition, hydrophobic interactions
between the side chain of lle53 and the aromatic ring of Rox(lll) help to stabilize binding of the
substrate. The arsenic atom of Rox(lll) has a trigonal pyramidal geometry with the ring C1 and
the two cysteine sulfur atoms (Fig. 4B). Tyr38, GIn103 and Glu117 make water-mediated

interactions with the Fe atom (Fig. 4A).

In the previously reported TcArsl structure (PDB ID 5CB9), the sulfur atoms of the exogenously
added reductant B-mercaptoethanol (BME) and Cys98 coordinated with the metal center (13).
When the structure of the K105A derivative was superimposed on the TcArsl-BME structure, the
substrate binding loop of the mutant protein was observed to move approximately 2.8 A towards
metal center compared with the loop in the in the TcArsl-BME structure (Fig. 5A). The loop
movement towards metal center brings the C-As bond of Rox(lll) to the first coordination sphere
of metal (Fig. 4A). In the structure of TcArsl-Fe co-crystallized with Fe(ll) under aerobic conditions
(13), the Fe atom makes a five coordinate complex and forms a square pyramidal geometry with
three coordinates from the metal-binding triad of residues GIn8, His65 and Glu117 and two
coordinations from water molecules (PDB ID: 5D4F) (Fig. 6, brown sphere (a)). The Fe binding
mode in the K105A derivative differs from the TcArsl-Fe structure (Fig. 6, brown sphere (b)).
Compared with the structure of TcArsl-Fe, the position of the Fe atom in TcArsI-K105A shifts 1.9
A from that in TcArsl-Fe, which flips the side chain of Glu117 away from the metal center. Due to
this shift, Glu117, which directly coordinates with the Fe atom in TcArsl-Fe, forms an indirect
coordination with Fe through a water molecule. The other two coordinations are to the arsenic

atom of the Rox(lll) and a water molecule. The average distance between the Fe atom and the

11
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coordinated protein residues is 3.1 A, which is larger than that in the TcArsl-Fe structure (2.2 A).
The ITC results demonstrate that the K105A protein binds Fe(ll) with two orders of magnitude
lower affinity compared to wild type (Table 2, Supplementary Fig. 2B). The structural results are
consistent with poorer binding of the Fe atom binds in the K105A protein compared with the wild
type protein. In addition, the lower affinity results in a lower Fe occupancy of only 34% in structure
of the mutant protein. The structural results provide insight into the reason for the reduction in

metal affinity.

The previously reported crystal structure of TcArsl showed that the substrate binding loop is
flexible, and the loop was captured in three different confirmations. Conformers 1 and 2 are distant
from the active site and considered open states. Conformer 3 is close to the active site and
considered to be a closed state. We proposed a loop gating mechanism in which the substrate
binding loop serves as a gate to entry of the substrate to the active site (13). In the wild-type
TcArsl-BME structure the substrate binding loop in the closed state is stabilized by two interactions
with the metal center: one with bound BME and the other with GIn103 via a water molecule (Fig.
5B). In contrast, in the K105A there are three interactions between the metal center and the
substrate binding loop in the closed state: the substrate-binding loop is stabilized by interaction
of Rox(lll) with the metal center and GIn103 through water molecule, as seen in the TcArsl-BME
structure. In addition, in the K105A structure, there is an additional stacking interaction of Tyr100
with the B2 strand. This additional interaction may increase the stability of the substrate binding
loop in the closed state by binding of substrate and make available the substrate for C-As binding

by the metal center.

Structure of the K105R and K105E derivatives
The K105R derivative crystallized with two molecules in the asymmetric unit and Ni(ll), which

likely came from Ni-NTA resin used for protein purification, is in both metal binding sites (PDB ID

12
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6XA0) (Fig. 7). In both molecules the substrate-binding loop is disordered. In the K105R structure,
binding of Ni(ll) is similar to the previously reported wild type structure with bound Ni(ll), but
Arg105 loses the water-mediated interaction with Ni(ll) because the amino and guanidine groups
of the side chain of Arg105 face away from the metal center in the K105R structure. Arg105 does
not affect metal binding because it maintains a hydrogen bond between Glu117 and Arg105 by
the guanidinium group of arginine (Fig. 7). The K105E derivative only crystallized without metal,
and the active site loop is missing in the electron density (PDB ID 6XCK) (Fig. 8). In the previously
reported wild type apo- and Ni(ll)-bound structures (13), Lys105 forms a hydrogen bond with
Glu117. In the K105E structure the side chain of Glu105 is oriented away from the metal center,
and the protein loses the hydrogen bond between Glu117 and Glu105 (Fig. 8). This
conformational change is predicted to reduce metal binding affinity, consistent with the ITC results

that show that the K105E derivative has two orders lower affinity for Fe(ll).

Discussion:

In catechol dioxygenase, amino acid side chains in the second coordination sphere of the metal
binding site play several roles in catalysis. They serve as an active site base to encourage
formation of the monoanionic substrate complex, stabilize the oxygen complex by hydrogen
bonding and orient the substrates through steric interactions to promote oxygen attack (23). The
structure-function analysis of TcArsl reported here contributes to our understanding of the catalytic

roles of conserved second-sphere residues in the TcArsl C-As lyase.

Role of Cys98 and Cys99

Arsl utilizes a substate-binding mode that is unique in the dioxygenase family. Other members of
that family such as the ring-cleaving extradiol catechol dioxygenase utilize direct interaction of the
substrate with the metal center (30). In contrast, Arsl brings the substrate into contact with the

metal center using an independent substrate binding site that is composed of two vicinal cysteine

13
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residues in the flexible loop that are conserved in Arsl orthologs. We previously demonstrated
that these conserved cysteine residues are critical for binding arsenical substrates as well as for
catalytic activity (13). The previous crystallographic studies suggested a loop-gating mechanism
of movement of the substrate binding site toward the metal center. However, understanding how
the substrate interacts with the metal center has been limited due to lack of a structure with bound
substrate. In this study, the K105A derivative crystallized with both Rox(lll) and the Fe atom. This
may have been successful because the K105A mutant is catalytically inactive. This first structure
of Arsl with an arsenical substrate clearly depicts the interaction of the As atom of Rox(lll) bound
to the vicinal cysteine pair in a planar trigonal geometry with the Fe atom. In addition, the flexible
binding loop orients the arsenic atom for dioxygen attack of the C-As bond, placing the metal and

As at a distance of 3.6 A from each other.

Role of Lys105

Conserved residue Lys105, which is near the metal center, is not involved directly in Fe(ll) binding.
However, the K105A and K105E derivatives have lower affinity for metal, suggesting an indirect
role in metal binding. In the crystal structure of wild type TcArsl, Lys105 is observed to form a
hydrogen bond with Glu117, one of triad of metal binding residues. In the K105A and K105E
structures, the interaction with Glu117 is lost. This results in movement of Glu117 away from the
metal center, which is predicted to result in lower affinity for metal, and consequently leading to
loss of catalytic activity. This is confirmed by the results of ITC metal binding assays that directly
demonstrate that both mutant proteins have two orders of magnitude lower affinity for metal than
the wild type of enzyme. In contrast, the K105R derivative has wild-type affinity for metal, and the
structure of K105R with metal shows that the guanidinium group of arginine maintains a hydrogen

bond with Glu117.

Since the K105R mutation has little effects on substrate binding and metal binding, the question

14
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arises why this mutation leads to loss of catalytic activity. Form the structure of other dioxygen-
bound ring cleaving extradiol dioxygenases, a conserved water-interacting histidine residue was
suggested to be involved in acid catalysis as a proton donor to the metal bound oxygen atom
even though it is not directly involved in binding to substrate or metal (24). Based on this reasoning,
we hypothesize that the conserved residue Lys105 in Arsl activates the bound dioxygen molecule,
promoting attack of the initial adduct on the substrate. The structure of K105R clearly shows that
the arginine amino and guanidinium groups face away from the metal center, so this residue
should be unable to activate the dioxygen molecule. This is a reasonable explanation for the lack

of catalytic activity in the K105R derivative.

Role of Tyr38

From the results of mutagenesis of conserved residue Tyr38 to a phenylalanine, it appears that
the tyrosine hydroxyl group is not essential for catalysis. In catechol dioxygenase, the equivalent
conserved tyrosine residue stabilizes the alkyl peroxo intermediate by hydrogen bonding (25). In
K105A-Rox(lll) structure,Tyr38 interacts through a water molecule with the metal, and this water
molecule is also near the sulfur atom of Cys99 (Fig. 4A, Supplementary Fig. 5A). We predict that
Tyr38 similarly stabilizes the reaction intermediate during C-As bond cleavage. The loss of the
hydroxyl group in the phenylalanine derivative may remove a hydrogen bond interaction with the

intermediate, resulting in slower catalysis.

Role of GIn103

Residue GIn103, which is conserved in most but not all orthologs (Supplementary Fig. 2), interacts
with the metal through a water molecule. When GIn103 was changed to an alanine residue,
catalytic activity was largely reduced, while the Q103H derivative retained full activity. In the wild-
type TcArsl-BME and K105A-Rox(l1l) structures, GIn103 stabilizes the active site loop when the

loop enters the catalytic site. In addition, GIn103 interacts with the metal through a water molecule

15
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that is close to sulfur atom of Cys98 and to the arsenic atom of Rox(lll). We predict that GIn103
also stabilize the reaction intermediate (Fig. 4A, Supplementary Fig. 5B). In the Q103A mutant,

the hydrogen bond is lost, and so the active site loop and reaction intermediate are not stabilized.

A proposed catalytic mechanism

We previously proposed a loop-gating mechanism for Arsl substrate binding (13). Here we extend
that proposal to a more complete description of the catalytic mechanism of C-As bond cleavage
(Fig. 9). In the Arsl enzyme, Fe(ll) is bound in an octahedral geometry with six coordinations,
three to the facial conserved amino acid triad and three with solvent (Fig. 9A). In the first step, the
vicinal cysteines Cys98 and Cys99 in the flexible substrate-binding loop capture the trivalent
arsenical substrate and ferry it from solvent to the catalytic metal center, where the vicinal cysteine
residues orient the bound substrate such that the C-As bond faces the metal center. An As-Fe
coordination results when one water molecule is replaced by the As atom of Rox(lll) (Fig. 9B).
We predict that the dioxygen molecule binds the metal and replaces the third water molecule,
although we have been unable to obtain structures with bound dioxygen. The negative charge of
the dioxygen molecule is stabilized by the side chain of Lys105 (Fig. 9C). In extradiol catechol
dioxygeneses, the active site histidine residue involves acid-base catalysis during C-C bond
cleaving (31). We predict a similar mechanism in Arsl, where Lys105 is protonated by the side
chain of GIn103, which prepares it to donate a proton to the dioxygen molecule. Protonation of
dioxygen would then convert it into a superoxide anion, which makes a nucleophile attack on the
C-As bond of Rox(lll), forming an alkylperoxo-Fe(ll) intermediate and cleaving the C-As bond. In
summary, our structural and biochemical analyses demonstrate that Arsl has a catalytic
mechanism similar to other extradiol dioxygenases while utilizing a novel mechanism of substrate

binding and activation.

Accession numbers
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Figure 1. Comparison of the second coordination sphere of TcArsl (PDB ID: 5CB9) with extradiol
ring-cleaving homoprotocatechuate 2,3-dioxygenase (2,3-HPCD) from Brevibacterium fuscum
(PDB ID: 21G9). (A) In TcArsl, Tyr38, GIn103 and Lys105 form an inner shell of residues. (B) In
2,3-HPCD, Asn157, His200, and Tyr257 form an inner shell of residues. Ni(ll) and Fe(ll) are shown

as green and brown spheres respectively. Water molecules are shown as red spheres.

Figure 2. Effect of site direct mutagenesis on TcArsl activity. MAs(lll) demethylation by E. coli
cells heterologously expressing wild type and mutant TcArsl (A) and purified wild type and mutants

TcArsl (B) were determined as described in Materials and Methods.

Figure 3. Rox(lll) binding affinity of wild type mutant Arsl proteins. The relative affinity Rox(lll)
was estimated from the quenching of tryptophan fluorescence at the indicated concentrations of
Rox(lll), as described under Materials and Methods. The proteins were (o) wild-type TcArsl
(apparent Kq = 2.5 uM); (m) Y38F (apparent Kq = 2.1 uM); () Q103A (apparent Kg = 2.5 uM); (¢)
Q103H, (apparent Kq = 1.8 pM); (0) K105A (apparent Kq = 0.9 uM); (V) K105E (apparent Ky =

1.1 uM); (A) K105R (apparent Kg = 0.7 uM)

Figure 4. Binding mode of Rox (lll). (A) The arsenic atom of Rox(lll) is directly coordinated with
the vicinal cysteine pair Cys98 and Cys99. The distance between the sulfur and arsenic atom is
approximately 2.0 A. The aromatic ring of Rox(lll) stacks with the five-membered ring of His65 on
one side and the six-membered ring of Trp107 on the other side. The hydroxyl group of Rox(lll)
forms a hydrogen bond with the side chain of Asp64. Other than these interactions, the
hydrophobic interaction between lle53 and the aromatic ring of Rox(lll) helps to stabilize substrate

binding. (B) The arsenic atom of Rox(lIl) has a trigonal pyramidal geometry.

Figure 5. Superimposition of the structure of TcArsl-BME (gray) with TcArsl-Rox(lll) (green).
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The active site loop moves approximately 3.0 A in the direction of the metal center, bringing the
C-As bond of Rox(lll) into closer to the metal than C-S bond of BME. The conformation of the loop
is stabilized by the stacking interaction of Tyr100 with the B2 strand (A) and the water-mediated
interaction of GIn103 with the metal center (B). In the TcArsl-BME structure, Tyr100 is flanked by

the solvent channel (A).

Figure 6. Superimposition of metal binding in Wild type TcArsl_Fe (PDB ID: 5D4F) (cyan)
with K105A_Rox(lll) (PDB ID: 5VOF) (green). The position of Fe atom of K105A_Rox(lll) (brown
sphere (b)) shifts 1.9 A away from that of the wild-type protein (brown sphere (a)). This results in
the Fe atom making only two coordinations (GIn8 and His65) with the protein molecule. The side
chain of Glu117 moves away from the metal center but interacts with Fe through a water molecule.
The other two coordinations are with the arsenic of the Rox(lll) and a water molecule. The average
Fe-ligand distance in the K105A structure is 3.2 A, compared with 2.2 A in the wild-type TcArsl
structure. The position and occupancy of the Fe atom shows that it binds to K105A with lower
affinity compared with the wild-type enzyme. Fe and water molecules are shown in brown and red
spheres, respectively. The hydrogen bond in TcArsl_Fe shows in black and K105A_Rox(lIl) shows
in gray. Fe atoms are in brown sphere. Water molecule in TcArsl_Fe in light purple and

K105A _Rox(lll) in red spheres.

Figure 7: Structure of K105R. (A) and (B) The K105R crystal has two molecules in the
crystallographic asymmetric unit. In (A) binding of Ni(ll) is similar to the previously reported
structure, but in (B) Ni(ll) has a perturbed geometry. In both conformations, Arg105 loses the
water-mediated interaction with metal because the amino and guanidino groups of Arg105 face
away from the metal center. The substitution of arginine for lysine in residue 105 does not affect
metal binding because it maintains the hydrogen bond between Glu117 and Arg105 by the —C-

NH-C- group of the arginine residue.
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Figure 8. K105E in two conformations with Glu105. In the glutamate substitution of Lys105,
the side chain of moves away from the metal center and loses the hydrogen bond between Glu117
and Glu105. This is comparable to TcArsl-apo structure, in which Lys105 hydrogen bonds with

Glu117 even in the absence of metal.

Figure 9. Proposed mechanism of C-As bond cleavage by Arsl. (A) Fe(ll) is bound in an
octahedral geometry with six coordination, three to the facial triad and three with solvent (blue).
(B) The vicinal cysteine residues in the substrate-binding loop orient the C-As bond with the metal
center. One water molecule is replaced by the As atom of Rox(lll) by As-Fe coordination. (C) The
dioxygen molecule binds the metal and replaces the third water molecule. In (A) and (B), the
position of Fe(ll) and water molecules are derived from the wild type TcArsl-Fe and K105A
structures. In (C), the Lys105 residue derived by superimposition of the K105A and TcArsl-BME
structures and binding of dioxygen is modeled using the dioxygen-bound catechol dioxygenase

structure (26).
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Highlights

Arsl is an Fe(ll)-dependent dioxygenase that cleaves the C-As bond in organoarsenicals
We report new structures of Arsl, the only known enzyme that cleaves the C-As bond
Our iron- and substrate-bound Arsl structures shed light on the catalytic mechanism
The residues in the second coordination sphere play roles in the Arsl catalysis

We propose that a loop-gating mechanism governs the catalytic reaction in Arsl
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Synopsis for the Graphical Abstract

Arsl is an Fe(ll)-dependent dioxygenase that catalyzes oxygen-dependent cleavage of the
carbon-arsenic (C-As) bond in trivalent organoarsenicals, degrading them to inorganic arsenite
(As(Il)). Here we report new Arsl structures with Fe(ll) and substrate bound, elucidating steps in

the catalytic cycle of this novel and unique dioxygenase.



Table 1. Data collection, indexing and refinement statistics.

TcArsl-K105A

TcArsl-K105R

TcArsl-K105E

Source ALS-5.0.2 APS 22-ID APS 22-ID
Wavelength (A) 0.9999 1.0000 1.0000
Resolution (A) 41.77-2.23 (2.35-2.23) 50.00-2.15 (2.23- 50.00-1.62 (1.68-
2.15) 1.62
Space group P43212 P212121 P212121
Unit cell a=b=41.73 and c= a=42.08, b=43.17 a=42.25, b=43.20
119.1 A and c=118.94 and c=119.43
Unique reflections 5438 (782) 12438 (1194) 28571 (2845)
Multiplicity 6.7 (6.9) 13.6 (13.9) 24.0 (13.8)
Completeness (%) 97.6 (98.8) 99.8 (100.0) 99.5 (100.0)
Mean I/sigma(l) 9.5 (2.5) 40.5 (8.3) 36.3 (5.4)
R-merge (%) 12.8 (86.3) 7.3 (43.5) 6.5 (55.6)
Wilson B-factor (A?) 31.2 23.2 12.5
R-work (%) 19.3 19.4 21.5
R-free (%) 26.7 26.8 25.4
No. of atoms
Macromolecules 860 1691 1724
Ligands 43 2 0
Water 13 118 200
RMS (bonds) (A) 0.016 0.008 0.007
RMS (angles) (°) 1.7 1.2 1.2
Ramachandran favored 97.27 97.67 99.10
(%)
Ramachandran allowed 1.82 1.86 0.90
(%)
Ramachandran outliers 0.91 0.47 0.00
(%)
Average B-factor (A?)
Macromolecules 35.22 22.6 15.4
Ligands 35.04 58.9 -
Water 42.68 31.5 30.3
PDB ID 5VOF 6XA0 6XCK
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Supplementary Table 1. Oligonucleotide primers for mutagenesis

Primer

Sequence (5’-3’)

Result

TcArsl_K105A
Fw

AC GCC GTC CAG GAC GCG GTG
TGG GTC ACC GG

TcArsl_K105A
Rv

CC GGT GAC CCA CAC CGC GTC
CTG GAC GGC GT

Lys105 changed to Ala in wild
type background

TcArsl_K105E
Fw

AC GCC GTC CAG GAC GAG GTG
TGG GTC ACC GG

TcArsl_K105E
Rv

CC GGT GAC CCACACCTC GTC
CTG GAC GGC GT

Lys105 changed to Glu in wild
type background

TcArsl_K105R
Fw

AC GCC GTC CAG GAC CGG GTG
TGG GTC ACC GG

TcArsl_K105R
Rv

CC GGT GAC CCA CAC CCG GTC
CTG GAC GGC GT

Lys105 changed to Arg in wild
type background

TcArsl_Q103A
Fw

GC TGC TAC GCC GTC GCG GAC
AAG GTG TGG GT

TcArsl_Q105A
Rv

AC CCACAC CTT GTC CGC GAC
GGC GTAGCAGC

GIn103 changed to Ala in wild
type background

TcArsl_Q103H
Fw

GC TGC TAC GCC GTC CAC GAC
AAG GTG TGG GT

TcArsl_Q105H
Rv

AC CCACACCTT GTC GTG GAC
GGC GTAGCA GC

GIn103 changed to His in wild
type background

TcArsl_Y38F Fw

AG GTC CGG CCC GGC TTC GCC
AAC TTC GCC AT

TcArsl_Y38F Rv

AT GGC GAA GTT GGC GAA GCC
GGG CCG GACCT

Tyr38 changed to Phe in wild
type background




Supplementary Figure 1. Stereo view of the electron density of Rox(lll) in the TcArsl-K105A
structure. A. The Fo-Fc map (green) and anomalous map (red) contoured at 2.50 and 3.50 level,
respectively, confirming the presence of Rox(lll). B. 2Fo-Fc map (blue) contoured at 1.00,
showing that Rox(lIl) well fitted in electron density.
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Supplementary Figure 2. Multiple alignment of Arsl orthologs. The protein sequence of Arsl
from Thermomonospora curvata DSM43183 (ACY99683.1) is compared with Arsl orthologs from
four Gram-positive bacteria [Nonomuraea jiangxiensis (WP_090937645.1), Streptomyces sp.
SID8499 (WP_164387993.1), Paenibacillus sp. VKM B-2647 (WP_041052430.1) and Bacillus sp.
MD1 (AlA09488), three Gram-negative bacteria, Pseudomonas aeruginosa (ACD39059.1),
Acidovorax sp. ROOT402 (WP_056066914.1), Rhizobacter sp. Root1221 (WP_056655130.1),
one cyanobacterium [Nostoc sp. PCC 7120 (BAB73061.1)] and one archaeon [Halobacteria
archaeon (NNG12772.1)]. GenBank accession numbers in parentheses. The Fe(ll)-binding
residues are shaded in cyan. The organoarsenical binding residues are shaded in yellow. The
residues mutated in this study are shaded in light green.
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Supplementary Figure 3. Multiple alignment of type | extradiol ring-cleaving dioxygenases
(C-terminal domains only). The protein sequences of three representative type | extradiol ring-
cleaving dioxygenases [homoprotocatechuate 2,3-dioxygenase encoded by hpcd from
Brevibacterium fuscum (30JT_A), methylcatechol 2,3-dioxygenase encoded by akbC from
Rhodococcus sp. strain DK17 (AAR90133.1) and 2,3-dihydroxybiphenyl 1,2-dioxygenase
isozyme encoded by bphC from Pseudomonas sp. strain KKS102 (AAA25750.1) are aligned and
compared to each other. The Fe(ll)-binding residues and the second coordination sphere residues
are highlighted in cyan and light green, respectively. GenBank accession numbers in parentheses.
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Supplementary Figure 4. Binding assays of Fe(ll) to TcArsl. ITC data and the binding isotherm
of TcArsl with Fe(ll) binding. Data were collected at 37 °C with 20 injections at 10 min intervals:
A, wild type TcArsl; B, Y38F; C, Q103A; D, Q103H; E K105A; F, K105E; G, K105R.
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Supplementary Figure 5. Water mediated interaction of Tyr38 and GIn103 with metal. Tyr38
(A) and GIn103 (B) interact with the Fe atom through the water molecules (red) near to Cys99
and Cys98, respectively.



	ArsI_manuscript Final for 2nd clean version
	Highlights for 2nd submission
	Author statement
	declarationStatement
	graphical_abstract
	Synopsis for the Graphical Abstract 2nd submissino
	Data_coolection_Table
	Figures 1-9 for 2nd submission
	Supplemental figures for 2nd submission2

