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Abstract

Efflux is by far the most common means of arsenic detoxification is by methylation catalyzed by a
family of As(l11) S-adenosylmethionine (SAM) methyltransferases (MTs) enzymes designated
ArsM in microbes or AS3MT in higher eukaryotes. The protein sequence of more than 5000
AS3MT/ArsM orthologues have been deposited in the NCBI database, mostly in prokaryotic and
eukaryotic microbes. As(I11) SAM MTs are members of a large superfamily of MTs involved in
numerous physiological functions. ArsMs detoxify arsenic by conversion of inorganic trivalent
arsenic (As(l11)) into mono-, di- and trimethylated species that may be more toxic and
carcinogenic than inorganic arsenic. The pathway of methylation remains controversial. Several
hypotheses will be examined in this review.

As a consequence of the environmental pervasiveness of arsenic, detoxifying systems are
found in nearly every organism, from bacteria to humans (1). A common means to detoxify
arsenic is by methylation catalyzed by As(I11) S-adenosylmethionine methyltransferases
enzymes (2, 3). In humans arsenic methylation paradoxically both detoxifies arsenic and
simultaneously transforms it into carcinogenic species. Human AS3MT is a liver enzyme
that is a member of a large superfamily of methyltransferases that are involved in many
physiological functions (4). As(I11) toxicity is due to its ability to react with protein
sulfhydryl groups, and AS3MT detoxifies arsenic by conversion of into the methylated
species methylarsenic (MAs) and dimethylarsenic (DMAS) (5). Biotransformation of small
molecules into carcinogens is common (6), and arsenic biomethylation is associated with
arsenic-related cancers by conversion of inorganic arsenic (As(l11)) into carcinogenic
trivalent MAs(111) and DMASs(1IT) (7-9).

The pathway of methylation remains controversial. One hypothesis proposed by Challenger
(10, 11) is that the enzyme catalyzes a series of alternating oxidative methylations and
reductions, using S-adenosylmethionine as the methyl donor to generate the pentavalent
products methylarsenate (MAs(V)), dimethylarsenate (DMAs(V)) and a small amount of
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trimethylarsine oxide (TMAS(V)O). The trivalent species MAs(I11), DMAs(I1I) and
TMAS(111) are intermediates but not products. Most consistent with this hypothesis is that
humans primarily excrete DMAs(V) and to a lesser extent MAs(V), but, until recently, little
or no trivalent arsenicals were found in urine (12, 13). More recently, Hayakawa and
coworkers (9) proposed an alternate pathway in which the preferred substrates of the
methyltransferase are the glutathione (GSH) conjugates As(GS)3 and MAS(GS)5, and the
products are the trivalent conjugates MAs(GS)2 and DMAS(GS). This pathway also
involves a series of sequential oxidations and reductions, but SAM is reduced to S-
adenosylhomocysteine (SAH), and GSH is oxidized to GSSG rather than changes in the
oxidation state of arsenic, which remains trivalent throughout the catalytic cycle. The
conjugates dissociate to unstable MAs(111) and DMAs(I11), which rapidly oxidize
nonenzymatically in air to MAs(V) and DMAs(V), the observed urinary species (13, 14).
This review will examine these hypotheses in light of a new x-ray crystal structure (15) and
biochemical analysis (16) of an As(ll1) SAM MT from the acidothermophilic alga
Cyanidioschyzon merolae that grows in hot springs in Yellowstone National Park (2).

1) Arsenic binding proteins

Avrsenic is found in the organic and inorganic forms and it occurs in different valence states.
The most common inorganic species are arsenate (As(V)) and arsenite (As(l11)). In general,
trivalent arsenite is more toxic than pentavalent arsenate and is primarily responsible for the
biological effects of this metalloid. The detoxification mechanism of arsenic involves
reduction, oxidation, methylation and demethylation (17). Reduction is the mechanism of
arsenic reduced from pentavalent form to trivalent form, and oxidation is from trivalent to
pentavalent form. Methylation is an alternate detoxification process in which inorganic
arsenic is transformed into mono, di and trimethyl arsenicals, and demethylation is the
reverse process of methylation. The major pentavalent products (DMAs(V)) and
(TMAS(V)O) are approximately 100-fold and a 1,000-fold, respectively, less toxic than
As(I11) (18). The reduction of inorganic As(V) to As(l1) is a prerequisite for its methylation
and utilizes glutathione (GSH) and the ArsC arsenate reductase (19). The best characterized
ars operon consists of three genes: arsR, arsB, and arsC (20). In addition to ArsC, ArsR is a
trans-acting regulatory protein (21) and ArsB is an As(111) efflux protein (22). In addition to
the three-gene chromosomal ars operon, some ars operons such as those carried by
Escherichia coli plasmids R773 and R46 have five genes, arsRDABC, that encode two
additional proteins, the ArsA ATPase, which is the catalytic subunit of the ArsAB efflux
pump (23), and ArsD, an As(l11) chaperone to the ArsAB pump (24). In each of these
proteins, As(I11) binds to two or three cysteine residues (25-27), except for ArsB, which has
single cysteine residue that is not involved in As(l11) binding (28). Escherichia coli plasmid
R773 ArsR is a 117 residue homodimer with high affinity for the ars promoter (29) that
binds As(l11) at three cysteine residues, Cys32, Cys34, and Cys37 (30) (Fig. 1A). ArsD also
has three conserved cysteine residues, Cys12, Cys13 and Cys18, that form an As(ll)
binding site (31) (Fig. 1B)

ArsA is an 583-amino acid ATPase with a high affinity metalloid binding domain and two
nucleotide binding domains, Al and A2, connected by a short linker (32). ArsD transfers
As(111) to the ArsA metalloid binding site formed by cysteine residues Cys113, Cys172 and
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Cys422 (33) (Fig. 1C). Both three-gene and five-gene ars operons may be present in a single
strain (for example in T. arsenitosidans 3As) (34). In addition ars opeons may include other
genes such as the ArsH oxidoreductdase (35, 36), the ArsM As(l11) SAM MT (3) or other
genes of unknown function.

Biomethylation of arsenic is a common mechanism for its detoxification, and it has evolved
in nearly all organisms, humans and most animal species (7, 37). As(l1l) SAM MTs share
common sequence motifs that form the SAM binding site (Fig. 2). The recently solved
structure of the C. merolae CmArsM demonstrates the As(111) and SAM binding sites and
suggest a role for conserved cysteine residues Cys72, Cys174 and Cys224 in the arsenic
methylation process (15).

2) S-adenosylmethionine methyltransferases

S-adenosylmethionine (SAM or AdoMet) has an activated methyl group that is transferred
by members of the MT superfamily to acceptor groups by Sy2 displacement mechanisms,
involving attack of a nucleophile on the methyl group of SAM with inversion of
configuration and concomitant release of SAH. MTs are categorized based on the electron-
rich, methyl accepting atom, usually O, N, C, S or As. SAM is involved in many essential
chemical reactions and is the second most widely used and most multifunctional enzyme
substrate after ATP (38). SAM plays a major role in many chemical reactions and serves as
a target for various clinical and therapeutic studies (39) such as cancer (40, 41), Alzheimer’s
disease (42) and Parkinson’s disease (43). SAM is used in the biosynthesis and modification
of many types of biomolecules, including DNA, RNA, proteins, lipids and small molecules
(44, 45). The highly favourable thermodynamics of SAM-dependent methyltransfer
reactions enables SAM to be used in preference to other methyl donors such as folate. SAM-
dependent methyltransferases are a well-studied diverse class of enzymes. To date, a text
search of the keyword “methyltransferases” in the Protein Data Bank yields 825 unique
structures. Of these, 147 structures have SAM bound, and 345 have the product SAH bound.
SAM MTs are classified into nine classes (39). Among the available structures, the
Rossmann fold is the best characterized type of fold that is composed of a basic seven-
stranded p-sheet (46).

3) Structure of the CmArsM As(lll) MT

CmArsM is a 400 amino acid residue orthologue of human AS3MTT that methylates As(111)
to a final product of volatile TMASs(I1I) (2). A search of the NCBI site using CmArsM
sequence yields 5480 unique sequences in 2934 species, of which 281 are in archaea, 4047
are in bacteria, 204 are in metazoa, 268 are in fungi, 99 are in plants and 581 others.
CmArsM has been crystallized (47), and structures of CmArsM with or without bound SAM
or As(I11) have been reported (Fig. 3) (15). CmArsM adopts a compact globular structure
with the typical Rossmann fold, the N-terminal § strand in the middle of sheet, and the
strand topology is 6754123, with the 7! strand antiparallel to other sheets. All seven f-
strands surrounded by helices forming a three-layer (apa) sandwich. The SAM binding
domain of CmArsM consists of 147 residues, and the secondary structure of this domain is
highly conserved compared to other MTs. A search using the DALI server of this domain
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yielded the 1011 closest homologue structures. Out of 1011 molecules, 912 structures have
Z-score 10 and above, and 877 structures can be superimposed with a root-mean-square
(RMS) deviation of 3.0 A, which suggests that the secondary structure of SAM binding is
highly conserved. Analysis of multiple sequence alignment of the CmArsM with another
alga, Ostreococcus, fish, fungal and mammalian (rat and human) demonstrates that they all
have a high degree of conservation (Fig. 2). CmArsM belongs to the small molecule
methyltranferase family (48). SAM-dependent methyltransferases of proteins and small
molecules contained three common sequence motifs (49), and interactions between SAM
and these conserved amino acids are critical for methyl group transfer to substrate (50).
Motif I is the glycine-rich sequence of 87-(V/1)(L/V)DLG(C/S)G(T/S/G)G(R/1)D-98, the
hall mark of SAM-binding motif hh(D/E)hGXGXG of SAM MTs, where h is a hydrophobic
amino acid, and X is any amino acid. Motif Il encompasses p-strand 4 in the structure of
CmArsM, with sequences 164-(D/K/N)(S/A/E/K)S(V/IYIH)D(I/C)(V/N)(V/1)SN-173 and
motif 111 corresponds to a5-f5 loop and p-strand 5 in the structure of CmArsM at residues
190 to 217. All three motifs are well conserved with the animal homologues such as sea
urchin, sea squirt, mouse, rainbow trout, chicken, cow and chimpanzee (51).

The As(111) binding domain of CmArsM has three modular components with a total of 48
residues. It is a novel and unique domain not found in non-As(I11) MTs. The first module is
between 4 and a5 with one 31 helix, the second module is between 5 and a8 with two
short a helices. The third module is an insertion of 16 residues between 6 and 7 (15). In a
comparison between CmArsM and orthologues, the first module adopts a similar secondary
structure, and the sequences are highly conserved (Fig. 2) compare to other two modules. A
CmArsM model with the As(111) and SAM bound structures superimposed reveals the active
site in which the methyl group is transferred from SAM to inorganic As(l11). In the crystal
structure of CmArsM with bound As(111), the arsenic ion is bound to the thiolates of Cys174
and Cys224 at an average distance of 2.21 A and forms a pyramidal site with a nonprotein
ligand, chloride. Mutagenesis studies suggest that four conserved cysteine residues, Cys44,
Cys72, Cysl74, Cys224, are required for As(111) methylation, while only Cys174 and
Cys224 are involved in MAs(111) methylation (16) (K. Marapakala and B.P. Rosen,
unpublished results). This fact is further strengthened by comparing the location of reside
Cys72 in the ligand-free, As(l11)- and SAM-bound structures of CmArsM. In the SAM-
bound structure, Cys72 moves closer to the As(l11) binding site (6.58 A) compare to ligand-
free and As(l11)-bound structures (8.23 A). CmArsM has 17 cysteine residues, of which
there are five in the N-terminal region and six in the C-terminal, with cysteine residues in
the SAM (Cys92, Cys273 and Cys 277) and As(l11) (Cys174, Cys176 and Cys224) binding
domains (Fig. 2). Comparison of Cys72, Cys174 and Cys224 in CmArsR and the 100 closest
homologues in the Blink database indicates that Cys72, Cys174 and Cys224 are conserved,
suggesting conserved function. Cys44 and Cys92 are found in 83 and 72 respectively, of the
100 closest homologues, suggesting that they are not absolutely required for As(l111) SAM
MTs. Cys92 makes a hydrogen bond with the carboxyl group of the SAM cofactor, but this
may not be necessary for catalysis. From mutagenic studies, however, Cys44 appears to be
similar to Cys72 in methylation of As(111) but not MAs(111) (K. Marapakala and B.P. Rosen,
unpublished results). The corresponding residue is missing in fungal sequences, but those
have not been characterized, so it is not clear whether they are true orthologues. It is
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possible, for example, that the fungal enzymes methylate MAs(I11) but not As(l11), in which
case the residues corresponding to Cys44 may not be required.

4) The catalytic mechanism of As(lll) SAM MTs

As mentioned above, the pathway of methylation remains controversial. The hypothesis
proposed by Challenger (10, 11) differs from that of Hayakawa and coworkers (9) in several
major aspects including the nature of the substrates and the oxidation state of the products.
To examine whether the substrate is As(OH)3 or As(GS)s, the fluorescence of engineered
single-tryptophan derivates of CmArsM was used to analyze As(l11) binding.
Crystallographic data indicates that the Cys72 loop moves during the catalytic cycle, so
Tyr70 in the Cys72 loop was changed to a tryptophan in an otherwise tryptophan-free
derivative, creating a single tryptophan-derivate of CmArsMS3MT (16). This construct
responded to As(l11) binding with a large quenching of fluorescence. The rate of quenching
was on the order of minutes, much slower than expected for a physiological reaction. In
contrast, addition of pre-formed As(GS)3 evoked fluorescent quenching in milliseconds —
several order of magnitude faster binding than As(OH)3, which is the solution form of
As(I11) at neutral pH (52). Similarly, binding of MAs(GS), was much faster than free
MAS(OH),. Other thiols such as 2-mercaptoethanol also increase the rate, but only GSH is
present in millimolar levels in cell cytosol, and As(I11) is nearly completely in complex with
GSH (53). So it is likely that AS3MT recognizes as As(GS)3 preferentially over As(OH)3 in
vivo. These results support Hayakawa’s hypothesis that GSH serves a chaperone-like
function to bind intracellular As(I11) and delivers it to As(ll1) SAM MTs. Similarly,
As(GS)3 and MAS(GS), are substrates of the ABC efflux pumps MRP1 and MRP2, which
excrete the conjugates into blood and bile (54, 55). Thus, As(GS)3 appears to be the
common currency of intracellular arsenic.

The other major difference between the Challenger and Hayakawa pathways is the oxidation
state of the products. Challenger predicted that the products are pentavalent, while
Hayakawa suggested that they are trivalent. Yet, to date, no study has demonstrated the
presence of a pentavalent intermediate bound to an As(l11) SAM MT, and the evidence that
they directly generat As(V) metabolites is not strong. At long times of CmArsM catalysis,
only DMASs(V) was observed, but DMAs(111) easily oxidizes in air (16). Importantly, the
first methylation product of CmArsM is MAs(111), with no MAs(V) found, clearly in support
of Hayakawa’s pathway. Another consideration is that no other SAM MT oxidizes its
substrate (4). Lysine and arginine methyltransferases are good models for arsenic
methyltransferases as they carry out three very similar methyl transfers without oxidation of
the nitrogen (56). Nature is conservative, and there is no reason to consider that As(l11)
SAM MTs would use a different enzymatic mechanism from any other SAM MT. From
these considerations, we have proposed a reaction scheme similar to Hayakawa’s in which
the substrates and products are all trivalent glutathione conjugates (Fig. 4) (16).
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Fig. 1. Structuresof Ag(l11) binding proteins
R773 ArsR binds As(111) to Cys32, Cys34 and Cys37. ArsD binds As(l11) to Cys12, Cys13

and Cys18. ArsA binds As(l11) to Cys113, Cys172, Cys444.,
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Fig. 2. Structure-based alignment of CmArsM with five orthologous As(l11) SAM MTsfrom an
alga, rat, zebrafish, fungus and human

Conversed cysteines are in bold, with numbering above. Black and grey shaded are
conserved and similar residues. The dotted lines indicate the As(l11) binding site, the double
arrow are the three common SAM-binding matifs, and the thick arrows are N and C-
terminal residues.
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SAM binding
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Fig. 3. Structure of CmArsM
The crystal structures of CmArsM with bound As(I11) and bound SAM were superimposed,

yielding a model in which the methyl group of SAM is poised for transfer from SAM to
As(l11) a distance of 5.2 A. Arrow: The electron density of the As(I11) binding residues are
fitted with stick models of Cys72, Cys174 and Cys224.
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Fig. 4. Proposed reaction scheme of Ag(l11) S-adenosylmethionine methyltransfer ases
As(GS)3 is proposed to be the actual substrate and binds to the active site cysteines by a

series of thiol exchange reactions (reactions 1-3). The overall scheme involves two types of
reactions, thiol exchange reactions (top) and oxidative methylations (bottom). After
metalloid is bound, there is transfer of the methyl group from SAM, which becomes reduced
to SAH (reaction 4). The enzyme-bound form of the methylated trivalent arsenic can
dissociate from the enzyme in the reverse of the initial thiol exchange (reaction 5),
producing MAs(GS)2, the first product. Alternatively, it can remain bound in the active site
and undergo a second round of methylation (reaction 6). Exchange with GSH and
dissociation (reaction 7) produces the second product, DMAs(GS)3. Alternatively,
DMAs(111) can remain bound to the active site and undergo a third round of methylation
(reaction 8), producing the final product, TMASs(I11) gas. Exposure to oxygen results
nonenzymatic oxidation to the frequently observed pentavalent species, which explains why
human urine most commonly contains 60-80% DMAs(V) and only 10-30% MAS(V). This
reaction scheme is based on data from (16).
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