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This report demonstrates that transition metal ions and selenite affect the arsenite methylation by the
recombinant human arsenic (+3 oxidation state) methyltransferase (hAS3MT) in vitro. Co2+, Mn2+, and
Zn2+ inhibited the arsenite methylation by hAS3MT in a concentration-dependent manner and the
kinetics indicated Co2+ and Mn2+ to be mixed (competitive and non-competitive) inhibitors while Zn2+

to be a competitive inhibitor. However, only a high concentration of Fe2+ could restrain the methylation.
UV–visible, CD and fluorescence spectroscopy were used to study the interactions between the metal ions
above and hAS3MT. Further studies showed that neither superoxide anion nor hydrogen peroxide was
involved in the transition metal ion or selenite inhibition of hAS3MT activity. The inhibition of arsenite
methylating activity of hAS3MT by selenite was reversed by 2 mM DTT (dithiothreitol) but neither by
cysteine nor by b-mercaptoethanol. Whereas, besides DTT, cysteine can also prevent the inhibition of
hAS3MT activity by Co2+, Mn2+, and Zn2+. Free Cys residues were involved in the interactions of transition
metal ions or selenite with hAS3MT. It is proposed that the inhibitory effect of the ions (Co2+, Mn2+, and
Zn2+) or selenite on hAS3MT activity might be via the interactions of them with free Cys residues in
hAS3MT to form inactive protein adducts.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction [16]. On the other hand, the antagonist effects of selenium on
Arsenite and the methylated trivalent arsenic species which are
metabolites of arsenate in humans and many other species [1–3]
are multisite carcinogens [4–7]. Adverse health effects, resulting
from chronic exposure to inorganic arsenic (iAs) in drinking water,
such as increased risk of cancers and diseases on the circulatory,
cardiovascular, and neurological system, have been well-studied.
Methylation which is catalyzed by a SAM-dependent arsenic (+3
oxidation state) methyltransferase has been commonly regarded
as the primary mechanism of detoxification of iAs in mammals
[8]. However, the high affinity of methylated trivalent arsenic spe-
cies for thiols, their uncoupling of mitochondrial oxidative phos-
phorylation, altering DNA repair and methylation patterns,
changing growth factors, enhancing cell proliferation, and the
bursts of reactive oxygen species (ROS) produced during the meth-
ylation may result in chronic metabolic alterations [9–13].

Arsenic and selenium are metalloids with similar chemical
properties and metabolic conversions in vivo [14]. They act as met-
abolic antagonists. The original studies showed that both iAs3+ and
iAs5+ protected laboratory animals against the toxicity of SeO2�

3 ,
selenocystine, and selenomethionine [15]. Trivalent arsenicals
affect the selenoprotein synthesis in a Keratinocyte cell model
ll rights reserved.
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metabolism of iAs3+ in organisms, cells, humans, rat liver cytosol,
and even by a recombinant rat arsenic(+3) methyltransferase
(AS3MT) and a recombinant human AS3MT have been studied
[14,17–22]. The inhibition mechanisms perhaps include the antag-
onistic interactions between arsenic and selenium [23–25] and the
direct interactions between selenium and AS3MT [19]. However,
the inhibition mechanisms of selenium remain unclear. In addition,
the combined effects of arsenic and antimony compounds have
been studied in mammalian systems. IAs3+ methylation, in rat liver
cytosol, is completely inhibited by SbCl3 [26], and the chromosome
mutagenicity induced by iAs is significantly suppressed by anti-
mony(+3) in the micronucleus test with V79 cells [27]. The iAs3+

methylation is dramatically inhibited by antimony(+3) while the
methylation of antimony is accelerated in the presence of iAs3+

by Scopulariopsis brevicaulis [28]. Some drugs, such as ampicillin,
sodium molybdate, bromoethane sulfonate, monensin, and lasalo-
cid also affected the iAs3+ methylation by bacteria in general, the
sulfate reducing bacteria, and the methanoarchaea [29]. Mean-
while, many of other substances have been manifested to affect
the metabolism of iAs3+, such as Hg2+ [30].

Human depends on at least nine trace elements (iron, zinc, cop-
per, manganese, iodine, chromium, selenium, molybdenum, and
cobalt) for normal physical activities. They distribute in almost
all of the tissues in human and serve a variety of functions includ-
ing catalytic, structure, and regulatory activities. In organisms,
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some of these trace elements undergo biomethylation as well [31].
Frankenberger and Arshad [32] reported the effects of trace ele-
ments on the iAs3+ methylation by a Penicillium sp. Kimpe studied
the effects of metal ions on the iAs3+ methylation by rabbit liver
cytosol [33]. The inhibition caused by these trace elements was
speculated to be due to their effects on the enzyme [32]. However,
there are no data of the influence of these trace elements on the
iAs3+ methylation by purified enzyme at the present time.

Since iAs can cause liver cancer, hemolysis, marrow suppres-
sion, and blood vessels thickening, we chose the transition metals
(CoCl2, ZnCl2, MnCl2, FeCl2) of these trace elements above, which
show high concentration in the liver and marrow, skeletal muscle,
bones, and blood, respectively to study their influence on the
methylation of iAs3+ by hAS3MT in this report. As well, more stud-
ies were considered to probe the inhibition mechanism of selenite.
Spectra (UV–visible (UV–vis), CD and fluorescence spectra) were
used to study the interactions between these four transition metal
ions and the hAS3MT. Co2+, Mn2+, and Zn2+ were the potent
inhibitors of iAs3+ methylation by hAS3MT in different modes.
The effects of Co2+, Mn2+, and Zn2+ on the structure and activity
of hAS3MT were both in concentration-dependent manners. How-
ever, only a high concentration of Fe2+ could restrain the reaction.
ROS were not involved in the inhibition of hAS3MT activity by both
transition metal ions and selenite. The results demonstrate that
transition metal ions and selenite affect the iAs3+ methylation by
hAS3MT through their interactions with the enzyme in vitro.
2. Materials and methods

Caution: inorganic arsenic [34] and sodium selenite are classi-
fied as human carcinogens and should be handled accordingly.

2.1. Reagents

All chemicals were analytical grade or better. Expression host,
Escherichia coli BL21 (DE3) pLysS was got from Novagen. Arsenicals
were bought from J&K Chemical Ltd. Isopropyl b-D-thiogalactopy-
ranoside (IPTG), 5,50-dithiobis (2-nitrobenzoic acid) (DTNB), bovine
serum albumin (BSA), S-adenosyl-methionine (SAM), dithiothreitol
(DTT), cysteine, glutathione (GSH), b-mercaptoethanol (b-ME), and
selenite were all bought from Sigma. All solutions were prepared
using Milli-Q deionized water. The phosphate-buffered saline
(PBS) was prepared from Na2HPO4 and NaH2PO4.

Stock solutions containing 1000 mg As L�1 each of the following
species were prepared in Milli-Q deionized water: arsenite and
arsenate prepared from NaAsO2 (As3+) and Na2HAsO4�7H2O
(As5+), respectively; methylarsonate prepared from disodium
methylarsonate (MMA); dimethylarsinate prepared from dimeth-
ylarsinic acid (DMA) (J&K Chemical Ltd.). All four of the stock solu-
tions were stored at 4 �C in the dark. Working solutions of
standards were prepared fresh daily from the stock solutions.

2.2. Preparation of hAS3MT

The cloning, expression, and purification of the recombinant
hAS3MT were carried out as described previously [22]. Briefly,
the hAS3MT gene was modified to eliminate the effect of the hair-
pin on the protein expression by site-directed mutagenesis. The
modified gene was inserted into pET-32a vector to produce the
expression plasmid. Expression host, E. coli BL21 (DE3) pLysS,
was transformed by the ligated plasmid and the colonies were se-
lected on standard ampicillin-containing agar plates and confirmed
by restriction enzyme analysis. For expression, E. coli was cultured
to the mid-log phase (OD600 0.6–1.0) and then induced with 1 mM
IPTG at 25 �C for 5 h. The cultured cells were harvested by centri-
fugation and sonicated on ice. After centrifugation, the cleared ly-
sate was filtered through a 0.45 lm membrane and loaded onto a
2.5 mL Ni–NTA agarose column to purify the target protein. The
purity of the hAS3MT was confirmed by SDS–PAGE and only a sin-
gle band yielded. The purified enzyme was dialyzed three times
against PBS (phosphate-buffered saline) (pH 7.0) for 24 h at 4 �C
and protein concentration was determined by the Bradford assay
based on a BSA standard curve.

2.3. UV–vis, CD and fluorescence spectroscopy

All spectra were recorded for the purified hAS3MT in 25 mM
PBS (pH 7.0) at room temperature. UV–vis spectra were measured
on a Perkin Elmer Lambda-35 spectrophotometer. Under the con-
dition of the excitation wavelength of hAS3MT, 290 nm, the fluo-
rescence emission spectra were recorded on a 48,000 DSCF time-
resolved fluorescence spectrometer (SLM Co., USA). CD (195–
250 nm) spectra were recorded on a JASCO-J810 spectropolarime-
ter (Jasco Co., Japan) with 1 mm slit width and 10 mm light length
at the scanning rate, 50 nm/min. The spectra were the average of
three readings and the secondary structure parameters of hAS3MT
were computed using Yang. jwr software [35].

The spectra titrations of hAS3MT in PBS buffer were performed
by using a fixed protein concentration to which increments of the
Co2+, Zn2+, Mn2+, and Fe2+ fresh solutions were added, respectively.
Protein solution employed was 4 lM in concentration and the ratio
of [M2+]/[protein] was ranged from 0 to 2.5. Protein–M2+ solutions
were allowed to incubate for 10 min before the spectra were
recorded.

2.4. Methylation assay in the presence of transition metal ions

The reaction mixtures (100 lL) contained 25 mM PBS (pH 7.0),
11 lg hAS3MT, 7 mM GSH, 1 mM SAM, and varying amounts of
iAs3+. PBS or fresh solutions of transition metal chloride and sele-
nite were added to reaction mixtures to reach a final volume of
100 lL. To determine the effects of transition metal ions on the
activity of hAS3MT, the methylation of 1 lM iAs3+ was examined
by hAS3MT in the absence and presence of 0.05–100 lM (concen-
trations were arbitrarily chosen with the literature average values
for packed blood cells as a guideline [36]) corresponding metal
ions. Reaction mixtures were incubated in capped tubes at 37 �C
for the desired times. Because trivalent arsenicals are known to
bind to proteins [37], the incubated samples were treated with
H2O2 at a final concentration of 3% to convert all arsenic metabo-
lites to pentavalency to release the trivalent arsenic metabolites
from enzyme before analysis. Then the reactions were quenched
by boiling the samples for 5 min and the denatured proteins were
removed by centrifugation. A 20 lL aliquot of each sample was
separated on an anion-exchange column (PRP-X100 250 mm �
4.6 mm i.d., 5 lm, Hamilton) using 15 mM [NH4]2HPO4, adjusted
to pH 6.0 with H3PO4, as the mobile phase with a flow rate of
1.2 mL/min [38–40]. Arsenicals of the separated species were de-
tected by an Elan 9000 ICP-MS. The amounts of arsenic species
were calculated from the working curves prepared using 5, 10,
20, 40, 80, and 160 lg As L�1 of standard arsenic species with
the Chromera software. Methylation rates were calculated as mole
equivalents of methyl groups transferred from SAM to iAs3+ (i.e.,
1 pmol CH3 per 1 pmol MMA or 2 pmol CH3 per 1 pmol DMA) [18].

2.5. Titration of free thiol groups in the solutions of hAS3MT–M2+/
SeO2�

3

The concentration of free thiol groups in the solutions of
hAS3MT–M2+/SeO2�

3 was determined by the method of Ellman
[41]. The solutions of hAS3MT–M2+/SeO2�

3 (enzyme-inhibitors)
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([M2+ or SeO2�
3 ]/[protein] = 1, 2, 4), containing 3.6 � 10�4 lmol en-

zyme, were incubated at 37 �C for 2 h in cuvets. After the incuba-
tion, 10 lL DTNB (0.01 M in 0.05 M PBS, pH 7.0) was added and
then Tris–HCl buffer (0.05 M, pH 8.0) was appended to the reaction
mixtures to reach a final volume 1.0 mL. The reaction was carried
out at 25 �C for 30 min, and the release of 2-nitro-5-mercaptoben-
zoic acid was followed at 412 nm, using Perkin Elmer Lambda-35
spectrophotometer. Each sample had a control in which only corre-
sponding concentration of M2+ or SeO2�

3 was added. The concentra-
tion of free thiol groups was calculated with the working curves
prepared using 0.5, 1, 2.5, 5, 10, and 20 lM of cysteine.
3. Results

3.1. Effects of Co2+, Mn2+, Zn2+, and Fe2+ on iAs3+ methylation by
hAS3MT

The arsenic metabolites were separated and detected by HPLC–
ICP-MS (inductively coupled plasma mass spectrometry) (Fig. 1)
and the amounts were calculated from the working curves pre-
pared using standard arsenic species with the Chromera software.
Co2+, Mn2+, and Zn2+ all exhibited a concentration-dependent man-
Fig. 1. Elution profiles of arsenicals on a PRP-X100 column by HPLC–ICP-MS. (A) A
20 lL of authentic arsenicals (30 ppb) such as inorganic arsenic (As3+), dimethyl-
arsinic acid (DMA5+), monomethylarsonic acid (MMA5+), and inorganic arsenic
(As5+). (B) A 20 lL of arsenicals from an enzymatic assay mixture. The reaction
mixture (100 lL), containing 11 lg hAS3MT, 1 mM SAM, 7 mM GSH, 1 lM iAs3+, in
25 mM PBS (pH 7.0), was incubated at 37 �C for 1.5 h. The sample was treated with
H2O2 before analysis.
ner in the inhibition of iAs3+ methylation by hAS3MT. But only a
high concentration of Fe2+ could suppress the reaction (Fig. 2). Ki-
netic analysis characterized the inhibition of hAS3MT activity by
Co2+, Mn2+, and Zn2+ over a range of iAs3+ concentrations from 1
to 5 lM. Double reciprocal (1/V vs 1/[iAs3+]) plots show both
Co2+ and Mn2+ to be mixed (competitive and non-competitive)
inhibitors of iAs3+ methylation by hAS3MT (Fig. 3A and B), while
Zn2+ to be a competitive inhibitor (Fig. 3C). SeO2�

3 has been shown
to be a non-competitive inhibitor of the methylation of iAs3+ by
hAS3MT [22]. The Ki values of 1.70 lM for Co2+, 3.98 lM for
Mn2+, and 0.49 lM for Zn2+ were calculated from the replots of
the slopes vs the concentrations of the inhibitors (Fig. 3, insets).
A 24 h dialysis against 25 mM PBS (pH 7.0) at 4 �C reversed the
inhibition of hAS3MT activity by Co2+ or Mn2+ up to 80% while that
by Zn2+ or SeO2�

3 was almost totally reversed (Fig. 4). CD spectra
monitored the secondary structures of hAS3MT–M2+/SeO2�

3 en-
zyme after a 24 h dialysis at 4 �C (Table 1). The content of each sec-
ondary structure of hAS3MT–Zn2+/SeO2�

3 enzyme is consistent with
that of hAS3MT (29.0% a-helix, 23.9% b-pleated sheet, 17.9% b-turn,
and 29.2% random coil) [22,42] after a 24 h dialysis at 4 �C. How-
ever, the conformation of hAS3MT–Co2+/Mn2+ enzyme can not be
totally reversed, with the content of a-helix increased while that
of b-pleated sheet decreased. ICP-MS analysis showed that there
was no metal or selenite left in the enzyme–M2+/SeO2�

3 solutions
after the dialysis.
3.2. Interactions of Co2+, Mn2+, Zn2+, and Fe2+ with hAS3MT

The interactions of these four transition metal ions with
hAS3MT were determined, respectively by UV–vis, CD and fluores-
cence spectra. Fig. 5 shows a well-behaved titration of hAS3MT
with Co2+, Mn2+, and Zn2+ in the UV–vis spectra. Co2+ and Mn2+

yielded hypochromism while Zn2+ showed hyperchromism. The
CD spectra for hAS3MT in the absence and presence of increasing
concentrations of Co2+, Mn2+, and Zn2+ are displayed in Fig. 6.
When Co2+, Mn2+, and Zn2+ were added, respectively, the intensi-
ties of the CD spectra decreased gradually. The content of a-helix
decreased while that of b-pleated sheet increased (the total con-
tent of a + b had little change) in the secondary structure of
hAS3MT when Co2+ or Mn2+ was added. The titration of Zn2+ also
Fig. 2. Modulation of iAs3+-methylation activity of hAS3MT by Co2+, Mn2+, Zn2+, and
Fe2+. Reaction mixtures (100 lL), containing 11 lg hAS3MT, 1 mM SAM, 7 mM GSH,
1 lM iAs3+, and varying amounts of M2+ (0.05–100 lM) in 25 mM PBS (pH 7.0),
were incubated at 37 �C for 2 h. Plots for Co2+ (j), Mn2+ (d), Zn2+ (N), and Fe2+ (.).
Control, reaction mixture incubated without metal ions. Values are the means ± SD
of four separate experiments.



Fig. 3. Double reciprocal plots for the inhibition of iAs3+ methylation by Co2+, Mn2+,
and Zn2+. The reaction mixtures (100 lL), containing 11 lg hAS3MT, 1 mM SAM,
7 mM GSH, 25 mM PBS (pH 7.0) with iAs3+ indicated were incubated at 37 �C for
1.5 h. (A) Co2+, plots for 0 lM (j), 1 lM (d), and 2 lM (N) Co2+. (B) Mn2+, plots for
0 lM (j), 1 lM (d), 2 lM (N), and 4 lM (.) Mn2+. (C) Zn2+, plots for 0 lM (j),
0.5 lM (d), and 1 lM (N) Zn2+. Replots of slopes vs concentrations of inhibitors are
shown in the insets. Values are the means ± SD of four separate experiments.

Fig. 4. Effects of dialysis on the inhibition of hAS3MT by M2+ or SeO2�
3 . (a) Control,

The reaction mixture (100 lL), containing 11 lg hAS3MT, 1 mM SAM, 7 mM GSH,
1 lM iAs3+, and 25 mM PBS (pH 7.0) was incubated at 37 �C for 1.5 h. (b1) SeO2�

3 to
2 lM was added to 500 lL reaction mixture as (a) and was incubated at 37 �C for
1.5 h, 100 lL was taken out for analysis. (b2) The rest of (b1) was dialyzed three
times against 25 mM PBS (pH 7.0) at 4 �C for 24 h and the protein concentration in
the solution was determined by the Bradford assay based on a BSA standard curve.
Then the reaction mixture containing the same content of each component as (a)
was incubated at 37 �C for 1.5 h. (b3) EDTA to 10 lM was added to 100 lL of (b2)
and was incubated at 37 �C for 1.5 h. (c1–c3) Co2+ to 2 lM was added. The methods
were the same as that of (b1–b3), respectively. (d1–d3) Mn2+ to 2 lM was added.
The methods were the same as that of (b1–b3), respectively. (e1–e3) Zn2+ to 1 lM
was added. The methods were the same as that of (b1–b3), respectively. Values are
the means ± SD of four separate experiments.

Table 1
Secondary structures of hAS3MT–M2+/SeO2�

3 enzyme after 24 h dialysis at 4 �C.a

a% b% Turn% Random%

hAS3MT[22] 29.0 ± 2.2 23.9 ± 1.9 17.9 ± 1.7 29.2 ± 1.4
E-Seb 28.4 ± 1.8 23.5 ± 1.6 19.2 ± 2.6 28.9 ± 1.8
E-Cob 36.1 ± 1.3 16.1 ± 1.5 24.2 ± 1.1 20.6 ± 2.7
E-Mnb 35.6 ± 2.4 16.2 ± 1.1 27.5 ± 3.0 20.7 ± 1.6
E-Znb 25.8 ± 2.1 28.3 ± 2.5 19.4 ± 3.1 26.5 ± 2.9

a Values are the means ± SD of four separate experiments.
b hAS3MT in the dialysis solutions described in Fig. 4 (b2–e2).
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gave rise to the decrease of a-helix and increase of b-pleated sheet
but the total content of a + b increased dramatically. The varieties
in the fluorescence spectra of hAS3MT with the increasing amounts
of Co2+, Mn2+, and Zn2+ are given in Fig. 7. Under the excitation
wavelength of 290 nm, hAS3MT had maximal fluorescence at
about 348 nm. The fluorescence intensities decreased with about
4 nm red shift in the emission band when Co2+, Mn2+, and Zn2+

was added, respectively. Meanwhile, another peak appeared at
about 408 nm when Co2+ or Mn2+ was added. Differently, Fe2+

had little effect on these three spectra of hAS3MT in the investi-
gated [Fe2+]/[protein] range from 0 to 5 (data not shown).
3.3. Concentration of free thiol groups in the solutions
of hAS3MT–M2+/SeO2�

3

The thiol contents of the solutions of hAS3MT–M2+/SeO2�
3 are

listed in Table 2. The content of free thiol groups in hAS3MT is
4.39 (thiol group/mol of enzyme). With the ratio of [M2+ or
SeO2�

3 ]/[protein] increasing, the thiol contents of the solutions de-
creased. Thus, the interactions of M2+ or SeO2�

3 with hAS3MT in-
volved free Cys residues.



Fig. 5. UV–vis spectra of hAS3MT in the absence and presence of increasing
amounts of M2+ in 25 mM PBS (pH 7.0) at room temperature. The concentration of
hAS3MT was 4 lM. (A) Co2+, the [Co2+]/[hAS3MT] rates were 0, 0.1, 0.3, 0.5, 0.8, 1.0,
1.2, 1.5. (B) Mn2+, the [Mn2+]/[hAS3MT] rates were 0, 0.1, 0.3, 0.5, 0.8, 1.0, 1.2, 1.5.
(C) Zn2+, the [Zn2+]/[hAS3MT] rates were 0, 0.1, 0.3, 0.6, 1.0, 1.5, 2.0. Arrows indicate
the change in absorbance upon increasing M2+ concentrations.

Fig. 6. CD spectra of hAS3MT in the absence and presence of increasing amounts of
M2+ in 25 mM PBS (pH 7.0) at room temperature. The concentration of hAS3MT was
4 lM. (A) Co2+, the [Co2+]/[hAS3MT] rates were 0, 0.25, 0.5, 0.75, 1.25, 1.5, 2.0. (B)
Mn2+, the [Mn2+]/[hAS3MT] rates were 0, 0.25, 0.75, 1, 1.5, 2.0, 2.5. (C) Zn2+, the
[Zn2+]/[hAS3MT] rates were 0, 0.2, 0.4, 0.8, 1.2, 1.8, 2.0. Arrows indicate the change
in CD spectra upon increasing M2+ concentrations.
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3.4. Effects of deoxidant on the inhibition of hAS3MT activity by 1 Zn2+,
Co2+, Mn2+, and SeO2�

3

Hydrogen selenide is one of the products in the reaction of sel-
enite with GSH and it can be converted to Se0 with the production
1
Fe2+ affected the iAs3+ methylation only in a very high concentration. Thus, we did not

test the following experiments.
of superoxide anion [43]. So it was pertinent to determine the pos-
sible involvement of superoxide anion (O�2 ) and H2O2 in the sele-
nite inhibition of hAS3MT activity. ROS such as O�2 , OH�, and
singlet dioxygen, can be cleared out by L-ascorbic. Then inhibition
assays by SeO2�

3 were carried out in the presence of sodium ascor-
bate or catalase. Sodium ascorbate, 2 or 4 mM, did not prevent the
inhibition of hAS3MT activity, neither did catalase (Fig. 8). SeO2�

3



Fig. 7. Fluorescence emission spectra of hAS3MT in the absence and presence of
increasing amounts of M2+ in 25 mM PBS (pH 7.0) at room temperature. The
concentration of hAS3MT was 4 lM. (A) Co2+, the [Co2+]/[hAS3MT] rates were 0, 0.1,
0.2, 0.5, 0.8, 1.0. (B) Mn2+, the [Mn2+]/[hAS3MT] rates were 0, 0.1, 0.2, 0.5, 0.8, 1.0.
(C) Zn2+, the [Zn2+]/[hAS3MT] rates were 0, 0.1, 0.2, 0.3, 0.5, 0.8. Arrows indicate the
change in fluorescence intensity upon increasing M2+ concentrations. k (excitation)
and k (emission) were 290 nm and 348 nm, respectively.

Table 2
Concentration of free thiol groups of hAS3MT in the presence of M2+ or SeO2�

3
a.

Thiol group/mol of enzyme

c1:1 2:1 4:1

E-Seb 3.50 ± 0.30 2.75 ± 0.26 2.20 ± 0.11
E-Feb 2.85 ± 0.40 2.48 ± 0.19 1.96 ± 0.39
E-Cob 3.80 ± 0.25 3.33 ± 0.30 1.15 ± 0.23
E-Mnb 3.60 ± 0.16 2.88 ± 0.18 1.36 ± 0.19
E-Znb 2.83 ± 0.35 2.25 ± 0.23 0.63 ± 0.17

a Values are the means ± SD of four separate experiments.
b hAS3MT–M2+/SeO2�

3 enzyme.
c The ratio of [M2+/SeO2�

3 ]/[hAS3MT].

Fig. 8. L-Ascorbic acid and catalase did not prevent SeO2�
3 inhibition of hAS3MT

activity. The reaction mixture (100 lL) containing 11 lg hAS3MT, 1 mM SAM, 7 mM
GSH, 1 lM iAs3+, and 25 mM PBS (pH 7.0) was incubated at 37 �C for 2 h. (a) No
SeO2�

3 , no ascorbate, no catalase. (b) Pluse 1.5 lM SeO2�
3 . (c1) Pluse 1.5 lM SeO2�

3 ,
pluse 2 mM ascorbate. (c2) Pluse 1.5 lM SeO2�

3 , pluse 4 mM ascorbate. (d1) Pluse
1.5 lM SeO2�

3 , pluse 2 lg catalase. (d2) Pluse 1.5 lM SeO2�
3 , pluse 4 lg catalase.

Values are the means ± SD of four separate experiments.
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did not inhibit the activity of catalase in reducing hydrogen
peroxide [43]. Therefore, ROS were not involved in the SeO2�

3 inhi-
bition of hAS3MT activity. Corresponding inhibition experiments
by Co2+, Mn2+, or Zn2+ were investigated in the presence of sodium
ascorbate and it did not prevent the inhibition as well (data not
shown).
3.5. Effects of reductant on the inhibition of hAS3MT activity by Co2+,
Mn2+, Zn2+, and SeO2�

3

The inhibition of hAS3MT activity by SeO2�
3 was substantially

reversed by incubation with 2 mM DTT for an additional 1 h. Nev-
ertheless, inhibition by SeO2�

3 was not prevented by 10 mM cys-
teine or 10 mM b-ME (Fig. 9A). For the inhibition by Co2+, Mn2+,
and Zn2+, 10 mM cysteine or 2 mM DTT but not 10 mM b-ME re-
versed it substantially (Fig. 9B).
4. Discussion

Arsenite and arsenate are important worldwide environmental
toxicants of both natural and anthropogenic sources [44,45]. It is
generally accepted that inorganic arsenicals are methylated by ar-
senic(+3) methyltransferase (AS3MT) through repetitive reduction
and oxidative methylation to form pentavalent methylated arsen-
icals, such as monomethylarsonic acid (MMAV) and dimethylar-
sinic acid (DMAV), which are excreted mainly in urine [46–48].
Various reports have implicated different steps in this pathway
as being susceptible to inhibition by selenite, antimonite, and other
substances [14,15,26–33]. However, there are no data about the
influence of metal ions on the iAs3+ methylation by purified en-
zyme at the present time and neither the inhibition mechanisms.

Therefore, we chose some transition metals (Co, Zn, Mn, Fe)
showing high concentration in the organs that would be damaged



Fig. 9. (A) Effects of reductants on the inhibition of hAS3MT activity by SeO2�
3 . (a1)

Four tubes of reaction mixtures (11 lg hAS3MT, 1 mM SAM, 7 mM GSH, 1 lM iAs3+,
and 25 mM PBS (pH 7.0)), 500 lL per tube, were incubated for 1 h at which time
100 lL was removed from each tube to determine hAS3MT activity. (b1) As in panel
(a1) but in the presence of 1.5 lM SeO2�

3 . (a2–b2) A 100 lL amount of (a1), (b1) was
incubated for an additional 1 h. (a3–b3) DTT to 2 mM was added to a 100 lL
amount of (a1), (b1), respectively and incubated for an additional 1 h. (a4–b4)
Cysteine to 10 mM was added to a 100 lL amount of (a1), (b1), respectively and
incubated for an additional 1 h. (a5–b5) b-ME to 10 mM was added to a 100 lL
amount of (a1), (b1), respectively and incubated for an additional 1 h. (B) Effects of
reductants on the inhibition of hAS3MT by M2+. (a1) Four tubes of reaction mixtures
(11 lg hAS3MT, 1 mM SAM, 7 mM GSH, 1 lM iAs3+, and 25 mM PBS (pH 7.0)),
500 lL per tube, were incubated for 1 h at which time 100 lL was removed from
each tube to determine hAS3MT activity. (b1–d1) As in panel (a1) but in the
presence of 1 lM Co2+, 0.5 lM Zn2+, 2 lM Mn2+, respectively. (a2–d2) A 100 lL
amount of (a1–d1) was incubated for an additional 1 h. (a3–d3) Cysteine to 10 mM
was added to a 100 lL amount of (a1–d1) and incubated for an additional 1 h. (a4–
d4) b-ME to 10 mM was added to a 100 lL amount of (a1–d1) and incubated for an
additional 1 h. (a5–d5) DTT to 2 mM was added to a 100 lL amount of (a1–d1) and
incubated for an additional 1 h. Values are the means ± SD of four separate
experiments.
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by metabolizing or transmitting arsenic to study their influence on
the methylation of iAs3+ by hAS3MT. Meanwhile, further studies
were considered to study the interaction modes of selenite and
metal ions with hAS3MT to probe the inhibition mechanism. Ki-
netic analysis showed both Co2+ and Mn2+ to be mixed (competi-
tive and non-competitive) inhibitors of iAs3+ methylation by
hAS3MT and Zn2+ seemed to be a competitive inhibitor. However,
only a high concentration of Fe2+ could restrain the methylation.
SeO2�

3 has been shown to be a non-competitive inhibitor of the
methylation of iAs3+ by hAS3MT in our previous report [22].

The inhibition of enzyme activity by selenite usually has been
stated to attribute to its affinity for sulfhydryl groups of the en-
zymes [19,22]. This interaction between selenite and the enzymes
possibly alters the conformation of the proteins and makes them
inactive. Accordingly, since transition metal ions are prone to coor-
dinate with atoms which are rich in electrons, we hypothesized
that transition metal ions might modify the structure of hAS3MT
due to their coordination with some amino acid residues of the en-
zyme. So in our experiments, we monitored the interactions be-
tween transition metal ions and hAS3MT by UV–vis, CD and
fluorescence spectra. The intrinsic UV–vis absorbance peak of
hAS3MT at 278 nm is mainly caused by Trp and Tyr in hAS3MT.
The titration of transition metal ions induced large spectral pertur-
bations in the specific absorption peak. Co2+ and Mn2+ yielded hyp-
ochromism while Zn2+ showed hyperchromism. These spectral
varieties displayed the change of the microenvironment of aro-
matic chromophores owing to the interactions between hAS3MT
and the transition metal ions. The changes in the conformation of
hAS3MT caused by Zn2+ made the chromogenic residues exposed
while that caused by Co2+ and Mn2+ made the chromogenic resi-
dues embedded into the interior of the protein, which gave rise
to hyperchromism and hypochromism, respectively. These varie-
ties also indicated the way by which Zn2+ combined with hAS3MT
was different from that for Co2+ and Mn2+. Protein secondary struc-
ture can be probed by CD spectroscopy in the far UV [34,49,50]. At
the far UV range, the chromophores are the peptide bonds, and sig-
nal arises when they are located in a regular, folded environment.
Alpha-helix, b-pleated sheet, and random coil structures each
causes a characteristic shape and magnitude of CD spectrum
[50]. The CD spectra of hAS3MT showed a positive peak at
195 nm and two negative peaks at 208 nm and 222 nm, respec-
tively. It was analyzed to have the secondary structures of 29.0%
a-helix, 23.9% b-pleated sheet, 17.9% b-turn, and 29.2% random coil
[22]. CD is remarkably sensitive to protein secondary structure and
can be applied to protein in solution. Thus, CD can be used to fol-
low changes of protein secondary structure in solvent composition
or that in biomolecular interactions [51]. When Co2+, Mn2+, or Zn2+

was added, the intensities of the CD spectra of hAS3MT decreased
gradually. The content of each secondary structure was changed.
These may attribute to the hAS3MT–M2+ interactions which made
the peptide bonds in a disorderly and unfolded environment. Pro-
teins contain three aromatic amino acid residues (Trp, Tyr, Phe)
which may offer intrinsic fluorescent probes of protein conforma-
tion, dynamics, and intermolecular interactions [52]. Of these three
aromatic amino acids, Trp is the most popular probe. It has the
strongest fluorescence and highest quantum yield and is highly
sensitive to environment, making it an ideal choice for monitoring
protein conformation changes and interactions with other mole-
cules. Trp fluorescence is uniquely sensitive to collisional quench-
ing, either by externally added quenchers or by nearby protonated
acidic groups in the protein [52,53]. The wavelength of the emis-
sion maximum is a good indication of the environment of the fluo-
rophore [54]. The hAS3MT had a maximal fluorescence at about
348 nm at the excitation wavelength of 290 nm. This result dem-
onstrated that Trp residues were exposed to water, not buried into
the inside of hAS3MT. There are three Trp residues (at positions 73,
203, and 213) in the hAS3MT, each of which is located beside pro-
tonated acidic groups (Asp76, Glu205 and Glu215) and Cys resi-
dues (Cys72, Cys206 and Cys226). The hAS3MT fluorescence was
quenched gradually with a red shift by the increasing concentra-
tions of transition metal ions. Because Trp fluorescence is sensitive
to environment and collisional quenching, we speculate that tran-
sition metal ions might change the microenvironment around Trp
residues owing to their coordination with some electron-rich
group residues or Cys residues beside the Trp residues in hAS3MT
and then Trp fluorescence might be quenched by neighbouring
protonated acidic groups. Also, our results show that the side
chains of corresponding Trp residues, protonated acidic groups,



Fig. 10. 3D structural model of hAS3MT through 3D-JIGSAW Comparative Model-
ling Server. The residues are shown as stick model.
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and Cys residues are in close proximity to each other [55]. Another
peak appeared at about 408 nm when Co2+ or Mn2+ but not Zn2+

was added. This indicate that the way by which Co2+ and Mn2+

act on hAS3MT is different from that by Zn2+ and these results
are consistent with our data from CD and UV–vis. In addition, the
protein-metal adducts may be confirmed according to the new
peak at 408 nm in the fluorescence spectra. Our results indicated
that Co2+, Mn2+, and Zn2+ could modify the structure of hAS3MT
through their interactions with the enzyme. The differences in
the inhibition modes and the interaction modes with the hAS3MT
between Zn2+ and Co2+/Mn2+ appear to be due to the differences in
the electronic structure of Zn2+ and Co2+/Mn2+, that is diamagne-
tism of the former and paramagnetism of the latter.

Selenite requires six electrons for the bioreductive activation of
one selenium(+4) atom to selenodisulfide (RS-Se-SR) prior to elic-
iting its therapeutic or pro-oxidant activity. The subsequent forma-
tion of selenopersulfide (RS-SeH) and selenide (H2–Se) is a critical
step in the utilization of selenium [56,57]. The pro-oxidant cata-
lytic activity of selenite is considered to be owing to the reaction
of hydrogen selenide with oxygen to produce O�2 , H2O2, other cas-
cading oxyradicals, and elemental selenium [58]. In order to deter-
mine whether the inhibition of hAS3MT activity by SeO2�

3 involved
these products, our experiments were performed in the presence of
sodium ascorbate, a scavenger of superoxide, and catalase. But nei-
ther sodium ascorbate nor catalase blocked the selenite inhibition
of hAS3MT activity (Fig. 8). Corresponding inhibition experiments
by Co2+, Mn2+, or Zn2+ were also investigated in the presence of so-
dium ascorbate. As well, sodium ascorbate did not prevent the
inhibition (data not shown). Thus, it was unlikely that O�2 or
H2O2 was involved in the selenite and transition metal ion inhibi-
tion of hAS3MT activity.

DTNB has been extensively used for probing free thiol groups in
proteins [41]. Then we used this reagent to study whether free Cys
residues were involved in the interaction of M2+ or SeO2�

3 with
hAS3MT since free thiol is only contained in free Cys residues in
proteins. With the ratio of [M2+ or SeO2�

3 ]/[protein] increasing,
the thiol contents of the solutions decreased. Thus, we speculate
that the interaction of M2+ or SeO2�

3 with hAS3MT involves free
Cys residues.

Integrating the results obtained from the above assays, we con-
sidered that the inhibition of enzyme activity by transition metal
ions is due to the modification on the structure of hAS3MT by
the interactions with some amino acid residues (active sites or
non-active sites) of the enzyme. Fomenko reported that Cys157
and Cys207 were the active sites of the recombinant mouse AS3MT
[59]. Correspondingly, Cys156 and Cys206 were confirmed to be
the active sites of hAS3MT by protein sequence align analysis
and site-directed mutagenesis [42]. We modeled the structure of
hAS3MT (Fig. 10) through 3D-JIGSAW Comparative Modelling Ser-
ver. In the model, the active-site Cys residue was surface-exposed
and was consistent with that in the mouse AS3MT model reported
by Fomenko [59]. There are two Asn residues (Asn155 and Asn159)
and one Ser resiude (Ser154) around Cys156 while one Trp residue
(Trp203) and one Glu residue (Glu205) around Cys206. These res-
idues all have electron-rich groups (amide group for Asn, hydroxy
group for Ser, indole ring for Trp, and carboxyl group for Glu) and
tend to coordinate with metal ions. Considering the high affinity of
Co2+, Mn2+ and Zn2+ for S, O, and N and integrating the inhibition
manners (mixed manner for Co2+, Mn2+ and competitive manner
for Zn2+) and the data from the DTNB assay, we conjecture that
Co2+ and Mn2+ might coordinate with some of the electron-rich
group residues, such as Asn155, Asn 159, Ser154, Trp203, and
Glu205, as well as one or two of the active sites (Cys156 and
Cys206) and/or other Cys residues while Zn2+ acted on all the ac-
tive sites (Cys156 and Cys206) and other nearby residues. When
metal ions combined with hAS3MT, the conformation of hAS3MT
changed and the activity decreased. According to the DTNB data,
Fe2+ also acted on the Cys residues of hAS3MT. However, it affected
the activity of hAS3MT only in a very high concentration. This may
attribute to that Fe2+ first acts on the Cys residues which are not
contributory to the structure maintenance and the activity of
hAS3MT.

A 24 h dialysis of the hAS3MT–M2+/SeO2�
3 (enzyme-inhibitors)

against 25 mM PBS (pH 7.0) at 4 �C partially reversed the inhibition
of hAS3MT activity by Co2+ and Mn2+ while that by Zn2+ or SeO2�

3

was almost totally reversed. CD spectra monitored that the second-
ary structure of hAS3MT–Zn2+/SeO2�

3 enzyme was consistent with
that of hAS3MT [22] after a 24 h dialysis at 4 �C. However, the con-
formation of hAS3MT–Co2+/Mn2+ enzyme could not be totally re-
versed (Table 1) although there were no metal ions left in the
enzyme solutions after the dialysis. These results also illuminated
that Co2+ and Mn2+ acted on hAS3MT in different manners as com-
pared with Zn2+ and SeO2�

3 .
Previous studies have suggested that there are four different

types of reactions by which selenite might modify proteins: (a) for-
mation of bis (S-cysteinyl) selenide (selenotrisulfide) bonds (–S–
Se–S–); (b) catalysis of disulfide bonds formation (–S–S–); (c) for-
mation of S-selanylcysteine, selenoylsulfide bonds (–S–Se–); (d)
catalysis of disulfide bonds rupture [60]. Gather proposed that
selenium toxicity was attributed to its interactions with proteins
to form bis (S-cysteinyl) selenide, (RS-Se-SR) [61]. The inhibition
of rat brain prostaglandin-D synthetase by selenite was suggested
as a selenotrisulfide bond type. This inhibition was reversed by
an excess DTT [62]. The inhibitory action of selenite on Caspase-
3 was also affected by DTT not GSH, suggesting formation of a sele-
notrisulfide or disulfide [63]. Our data showed that the inhibition
of hAS3MT activity by SeO2�

3 was substantially reversed by incuba-
tion with 2 mM DTT but not with 10 mM cysteine or 10 mM b-ME
(Fig. 9A). These results demonstrated that the inhibitory effect of
selenite on hAS3MT activity might be via formation of RS-Se-SR ad-
ducts with protein thiols or disulfide and further enriched the pre-
vious report [22,61]. For the inhibition by Co2+, Mn2+, and Zn2+,
10 mM cysteine but not 10 mM b-ME reversed it. This may attri-
bute to that high concentration cysteine will compete with
hAS3MT to coordinate with the metal ions to release the ions from
hAS3MT. However, b-ME is unaccessible to be close to the enzyme
hydrophobic center or region to release the metal ions since it has
a hydrophilic group, hydroxy. In addition, 2 mM DTT could also re-
verse the inhibition, suggesting a disulfide type or a RS-metal-SR
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type might be also involved in the inhibitory action on hAS3MT by
Co2+, Mn2+, and Zn2+. Integrating the data that the conformation of
hAS3MT–Co2+/Mn2+ enzyme could not be totally reversed (Table 1)
after the dialysis, Co2+ and Mn2+, in addition to the RS-Co/Mn-SR
type, probably also catalyzed a disulfide formation in the enzyme
by which they inhibited the activity of hAS3MT. For Zn2+ and
SeO2�

3 , a RS-Zn/Se-SR type was probably used when they inhibited
the activity of hAS3MT. According to our findings above, the possi-
ble path for the inhibition by transition metal ions and selenite
through their interactions with hAS3MT might be estimated in
Scheme 1.

In summary, This report demonstrates transition metal ions and
selenite modulate the iAs3+ methylation by hAS3MT in vitro. They
modify the structure and activity of hAS3MT through their interac-
tions with the enzyme. Kinetic experiments showed that Co2+ and
Mn2+ to be mixed (competitive and non-competitive) inhibitors of
iAs3+ methylation by hAS3MT while Zn2+ to be a competitive inhib-
itor. The inhibitory effect of SeO2�

3 and Zn2+ on hAS3MT activity
was almost via a RS-Zn/Se-SR type. For the inhibition by Co2+ and
Mn2+, in addition to the disulfide type, perhaps RS-Co/Mn-SR type
was also used. However, some uncertainties about the inhibition
mechanisms of transition metal ions and selenite as well as the im-
pacts of transition metals on the iAs3+ methylation in vivo should
be further studied.

5. Abbreviations
iAs
 inorganic arsenic

MMA5+
 monomethylarsonic acid

DMA5+
 dimethylarsinic acid

AS3MT
 arsenic(+3) methyltransferase

IPTG
 isopropyl b-D-thiogalactopyranoside

BSA
 bovine serum albumin

SAM
 S-adenosyl-methionine

DTNB
 5,50-dithiobis (2-nitrobenzoic acid)

b-ME
 b-mercaptoethanol

ICP-MS
 inductively coupled plasma mass spectrometry

ROS
 reactive oxygen species

M2+
 divalent transition metal ions (Co2+, Mn2+, Zn2+, Fe2+)

PBS
 phosphate-buffered saline
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