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Abstract The effects of SeIV on the structure and function

of recombinant human arsenic (?3 oxidation state) meth-

yltransferase (AS3MT) purified from the cytoplasm of

Escherichia coli were studied. The coding region of human

AS3MT complementary DNA was amplified from total

RNA extracted from HepG2 cell by reverse transcription

PCR. Soluble and active human AS3MT was expressed in

the E. coli with a Trx fusion tag under a lower induction

temperature of 25 �C. Spectra (UV–vis, circular dichroism,

and fluorescence) were first used to probe the interaction of

SeIV and recombinant human AS3MT and the structure–

function relationship of the enzyme. The recombinant

human AS3MT had a secondary structure of 29.0% a-helix,

23.9% b-pleated sheet, 17.9% b-turn, and 29.2% random

coil. When SeIV was added, the content of the a-helix did not

change, but that of the b-pleated sheet increased remarkably

in the conformation of recombinant human AS3MT. SeIV

inhibited the enzymatic methylation of inorganic AsIII in a

concentration-dependent manner. The IC50 value for SeIV

was 2.38 lM. Double-reciprocal (1/V vs. 1/[inorganic AsIII])

plots showed SeIV to be a noncompetitive inhibitor of the

methylation of inorganic AsIII by recombinant human

AS3MT with a Ki value of 2.61 lM. We hypothesized that

SeIV interacts with the sulfhydryl group of cysteine(s) in the

structural residues rather than the cysteines of the active site

(Cys156 and Cys206). When SeIV was combined with cys-

teine(s) in the structural residues, the conformation of

recombinant human AS3MT changed and the enzymatic

activity decreased. Considering the quenching of tryptophan

fluorescence, Cys72 and/or Cys226 are deduced to be

primary targets for SeIV.
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Abbreviations

AS3MT Arsenic (?3 oxidation state)

methyltransferase

CD Circular dichroism

cDNA Complementary DNA

DMAV Dimethylarsinic acid

DTT 1,4-Dithiothreitol

GSH Glutathione

iAsIII Inorganic arsenite

iAsV Inorganic arsenate

IPTG Isopropyl b-D-thiogalactopyranoside

MALDI Matrix-assisted laser desorption/ionization
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2-ME 2-Mercaptoethanol

MMAV Monomethylarsonic acid

MS Mass spectrometry

Ni-NTA Nickel nitrilotriacetic acid

SAM S-Adenosyl-L-methionine

SDS-PAGE Sodium dodecyl sulfate polyacrylamide

gel electrophoresis

SeIV Selenite

TOF Time of flight

Tris–HCl Tris(hydroxymethyl)aminomethane

hydrochloride

Introduction

Inorganic arsenite (iAsIII) and inorganic arsenate (iAsV) are

important worldwide environmental toxicants of both nat-

ural and anthropogenic sources [1–4]. Chronic exposure to

arsenic through contamination of drinking water can cause

cardiovascular disease, neurologic and neurobehavioral

disorders, and cancers of the skin, liver, lungs, bladder, and

kidneys [5–8]. Methylation has been commonly regarded

as the primary mechanism of detoxification of inorganic

arsenic in mammals [9]. It is generally accepted that

inorganic arsenicals are metabolized by arsenic (?3

oxidation state) methyltransferase (AS3MT), through

repetitive reduction and oxidative methylation to form

pentavalent methylated arsenicals, such as monomethylar-

sonic acid (MMAV) and dimethylarsinic acid (DMAV),

which are excreted mainly in urine [10–16]. However,

Hayakawa et al. [17] put forward a new putative enzymatic

mechanism of methylation of inorganic arsenicals by

human AS3MT. As a result, a new metabolic pathway of

inorganic arsenic via an arsenic–glutathione (GSH) com-

plex was developed. Thus, the mechanism of methylation,

especially the factors affecting the methylation of iAsIII,

such as selenium, should be studied further.

Selenium and arsenic are metalloids with similar

chemical properties and metabolic conversions in vivo

[18]. Inorganic selenium is first reduced by GSH to form

selenodiglutathione, which is catalyzed to selenopersulfide

and hydrogen selenide (H2Se) by GSH reductase [19–21].

H2Se, the putative intermediary metabolite, is enzymati-

cally methylated by methyltransferase to methylselenol,

CH3SeH, dimethylselenide, (CH3)2Se, and trimethylsele-

nonium cation, (CH3)3Se? [22–24]. Moreover, selenium

and arsenic act as metabolic antagonists. For example,

inorganic arsenic could antagonize the toxicity of inorganic

selenium [25]. The effects of selenium on the metabolism

of inorganic arsenic in organisms and cells, and even by rat

liver cytosol and a recombinant rat AS3MT were studied

[18, 26–36]. Selenite (SeIV) was found to inhibit AS3MT

activity, yet the mechanisms were unclear. The mecha-

nisms perhaps include the interaction between arsenic and

selenium and the direct interaction between selenium and

AS3MT [28]. The formation of selenobis(S-glutathio-

nyl)arsinium ion provided a molecular basis for the

antagonistic interaction between arsenic and selenium

[37–39]. The inhibition of enzyme activity by selenium

compounds was attributed to their affinity for thiols at the

active site of the enzyme [40]. Analysis of matrix-assisted

laser desorption/ionization (MALDI) time of flight (TOF)

mass spectra of hGSTO1-1 after reaction with GSH and

SeIV indicated that SeIV was integrated into hGSTO1-1

molecules between the disulfides of GSH and the cysteines

of hGSTO1-1 [40]. However, the interaction between

selenium and recombinant human AS3MT had been sel-

dom studied. The site(s) where selenium binds to the

cysteine(s) of recombinant human AS3MT should also be

studied further. In the structure model of mouse AS3MT

raised by Fomenko et al. [41], active-site cysteine was

surface-exposed and protein topology supported the for-

mation of an intramolecular disulfide during the catalytic

cycle. It is well known that human AS3MT has high

homology with mouse AS3MT [15]. However the sec-

ondary structure of human AS3MT, especially the effect of

selenium on the change of secondary structure of human

AS3MT, had not been reported.

In this study, we describe several significant

achievements in the Escherichia coli expression of

human AS3MT and examine the effect of SeIV on the

methylation of iAsIII. Spectra (UV–vis, circular dichro-

ism, CD, and fluorescence) were first utilized to probe

the interaction of SeIV and recombinant human AS3MT

and the structure–function relationship of the enzyme.

SeIV was the potent inhibitor of iAsIII methylation by

recombinant human AS3MT in a noncompetitive man-

ner. The effects of SeIV on the structure and activity

were both concentration-dependent. The modification of

the conformation of recombinant human AS3MT by SeIV

probably involved interactions with one or several

cysteines in the structural residues of recombinant human

AS3MT, not in the active site of the enzyme. Combined

with the quenching of tryptophan fluorescence, Cys72

and/or Cys226 may be primary targets for SeIV. Further

study will be done on the site(s) where selenium binds to

the cysteine(s) of human AS3MT by the use of site-

directed mutagenesis.

Materials and methods

Caution: Inorganic arsenic [42] and sodium selenite have

been classified as human carcinogens and should be

handled accordingly.
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Reverse transcription PCR

AS3MT has been reported to be expressed in the HepG2

human hepatoma cell line [14]. Total RNA was extracted

from the cells using Trizol reagent at 0 �C. After the

addition of chloroform, extracts were vortexed, incubated

at room temperature, and centrifuged at 12,000g at 4 �C.

RNA in the aqueous phase was precipitated with 2-pro-

panol and pelleted by centrifugation at 4 �C. RNA pellets

were washed with 75% ethanol and air dried for

10–20 min. With use of an RNA PCR kit (Takara)

according to the manufacturer’s instructions (forward pri-

mer 50-ATGGCTGCACTTCGTGACGC-30, reverse primer

50-GATTTAGCAGCTTTTCTTTG-30), the coding region

of human AS3MT complementary DNA (cDNA) was

amplified by reverse transcription PCR (Fig. 1). The PCR

conditions were denaturation (30 s at 94 �C), annealing

(30 s at 60 �C), and extension (1.5 min at 72 �C) for 30

cycles, and final extension (7 min at 72 �C) for one cycle.

Site-directed mutagenesis

There was a stable hairpin in the human AS3MT gene which

was analyzed by RNAstructure 4.3 (Fig. 2). To eliminate the

effect of the hairpin in the protein expression, the gene was

modified using five synonymous codons according to the

code bias of E. coli. Briefly, this step used the ‘‘megaprimer’’

method of site-directed mutagenesis by the use of three oli-

gonucleotide primers and two rounds of PCR with

PrimeSTAR HS DNA polymerase (Takara). One of the oli-

gonucleotides is mutagenic (mutagenic primer 50-CGG

CCTcGCgGTGGTcACgCAaCCGTTG-30); the other two

are forward and reverse primers that lie upstream and

downstream of the binding site for the mutagenic oligonu-

cleotide (forward primer 50-GGATCCATGGCTGCACTT

CGTGAC-30, reverse primer: 50-GTCGACTTAGTGGTG

GTGGTGGTGGTGGCAGCTTTTCTTTGT-30). The for-

ward primer contains a BamHI restriction site, and the

reverse primer has a sequence to encode the 69His-tag and a

SalI site at the 30 end immediately before and after the stop

codon, respectively, to facilitate the cloning of the amplified

product into the expression vector, pET-32a(?). The muta-

genic primer and the forward primer were used in the first

PCR to amplify a mutated fragment of the human AS3MT

gene. The first PCR product, a 120-bp DNA fragment, was

purified by an agarose gel DNA purification kit and was used

as the megaprimer in the second PCR in conjunction with the

reverse primer to amplify the full-length mutant gene of the

template DNA. The modified human AS3MT gene was

sequenced using the double-stranded dideoxy method
Fig. 1 Human arsenic (?3 oxidation state) methyltransferase (AS3MT)

complementary DNA nucleotide and encoded amino acid sequences
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(described by Sanger et al. [43]) to ensure that no new

sequence error was introduced during PCR amplification.

Protein expression and purification

The modified human AS3MT gene was inserted between the

BamHI and SalI sites of the pET-32a vector to produce the

expression plasmid pET-32a-AS3MT. Expression host,

E. coli BL21 (DE3) pLysS (Novagen), was transformed by

the ligated plasmid by heat shock (42 �C, 30 s) and the

colonies were selected on standard ampicillin-containing

agar plates and confirmed by restriction enzyme analysis. To

express human AS3MT, E. coli was cultured to the mid-log

phase (optical density at 600 nm 0.6–1.0) in 200 ml of

Luria–Bertani broth medium (10 g tryptone, 5 g yeast

extract, 10 g NaCl per liter) containing 100 lg/ml of

ampicillin and then induced with 1 mM isopropyl-b-D-

thiogalactopyranoside (IPTG) at 25 �C for 5 h. The cultured

cells were centrifuged at 10,000g for 10 min at 4 �C,

resuspended in 8 ml of ice-cold 19 binding buffer [20 mM

tris(hydroxymethyl)aminomethane hydrochloride (Tris–

HCl) buffer at pH 7.9 containing 0.5 M NaCl and 5 mM

imidazole], sonicated on ice, and centrifuged at 14,000g for

20 min. The postcentrifugation supernatant was filtered

through a 0.45-lm membrane to prevent clogging of resins,

and loaded onto a 2.5 ml nickel nitrilotriacetic acid

(Ni-NTA) agarose column (Novagen) at a flow rate of about

20 ml/h. The Ni-NTA agarose column was pre-equilibrated

with three column volumes of 19 binding buffer. After

adsorption of recombinant human AS3MT, the column was

washed with ten column volumes of 19 binding buffer. Then

the contamination proteins were eluted with six column

volumes of 19 wash buffer (20 mM Tris–HCl buffer at pH

7.9 containing 0.5 M NaCl and 60 mM imidazole), and the

recombinant protein (recombinant human AS3MT) was

eluted with six column volumes of 19 elution buffer (20 mM

Tris–HCl buffer at pH 7.9 containing 0.5 M NaCl and 1 M

imidazole). The recombinant human AS3MT was dialyzed

twice against sodium phosphate buffer to remove imidazole.

The purified recombinant human AS3MT yielded a single

band on sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE). Protein concentration was

measured by a Bradford assay based on a bovine serum

albumin standard curve.

Analysis of recombinant human AS3MT

by MALDI-TOF mass spectrometry

Removal of buffers and salts from protein samples was

accomplished in accordance with the user guide of ZipTipC4

(Millipore). The tip was prewetted twice with wetting buffer

(50% acetonitrile in water), and equilibrated twice with

equilibration buffer (0.1% trifluoroacetic acid in water). The

recombinant human AS3MT samples could then be applied

and the flow-through fraction could be disposed of. After

they had been washed with two cycles of 0.1% trifluoroacetic

acid and 5% methanol in a 0.1% trifluoroacetic acid/H2O

mixture, the samples were eluted into a new Eppendorf tube

with 4 ll elution buffer (50% acetonitrile in water). All steps

used air pressure generated by the 10-ll pipette to drive the

liquids through the resin bed. For MALDI-TOF mass spec-

trometry (MS) analysis the desalted recombinant human

AS3MT samples were mixed with an equal volume of a

saturated sinnapinic acid solution in 40% acetonitrile/60%

H2O containing 0.1% trifluoroacetic acid. One microliter

was spotted on a polished steel target plate and allowed to air-

dry prior to mass analysis. Reported masses are the average

of three separate determinations. MS was performed using an

Ultra flexII TOF/TOF mass spectrometer (Bruker Daltonics,

Bremen, Germany) in linear mode with a 20-kV acceleration

voltage.

Analysis of recombinant human AS3MT

by western blot

The western-blot analysis of recombinant human AS3MT

used mouse monoclonal anti-His-tag antibody (Tiangen

Biotechnology). Samples from cultured cells, supernatant of

cell lysate, and purified recombinant human AS3MT were

dissolved in 29 SDS-PAGE sample buffer and boiled for

10 min. Proteins were resolved on 12% SDS-PAGE gel and

electrophoretically transferred to a nitrocellulose membrane.

The membrane was blocked with 5% nonfat milk in TBST

buffer (10 mM Tris–HCl at pH 7.5, 150 mM NaCl, and

0.05% Tween 20) for 1 h at room temperature, and was

WT: 5′GGC TGT GTC ACC ACA GCC3′

MU: 5′GGT TGC GTG ACC ACC GCG3′

AA : G C V T T A

a

b

Fig. 2 Hairpin of the human AS3MT gene and its modification. a
Hairpin of the gene. b Hairpin sequence (WT), modification gene

sequence (MU), and their common encoding amino acid sequence

(AA). The italics indicate mutant sites
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probed for 1 h at room temperature with mouse monoclonal

anti-His-tag antibody (1:1,000) that was diluted with 5%

nonfat milk. Following incubation with horseradish peroxi-

dase conjugated goat–antimouse IgG antiserum (Santa Cruz

Biotechnology, Santa Cruz, CA, USA) for 1 h at room

temperature, recombinant human AS3MT protein was

visualized with diaminobenzidine as a substrate.

UV–vis, CD, and fluorescence spectra

All spectra were recorded for the purified recombinant

human AS3MT in 25 mM phosphate buffer (pH 7.0) at

room temperature. UV–vis spectra were recorded using a

PerkinElmer Lambda-35 spectrophotometer. Under the

condition of the excitation wavelength of recombinant

human AS3MT, 290 nm, the fluorescence spectra were

recorded with a 48000 DSCF time-resolved fluorescence

spectrometer (SLM, USA). CD (195–250 nm) spectra were

recorded using a JASCO-J810 spectropolarimeter (JASCO,

Japan) with 1-mm slit width and 10-mm light length. The

scanning rate was set at 100 nm/min. The spectra were the

average of three readings. The secondary structure

parameters of recombinant human AS3MT were computed

using Yang. Jwr software [44].

The spectra titrations of recombinant human AS3MT in

the buffer were performed using a fixed protein concen-

tration to which increments of the SeIV stock solution

(sodium selenite, Sigma) were added. Protein solutions

employed were 4 lM in concentration and the concentra-

tion ratio of SeIV to protein ranged from 0 to 1.2. Protein–

SeIV solutions were allowed to incubate for 5 min before

the absorption spectra were recorded.

Activity assay

To optimize the reaction conditions, the reaction mixture

(100 ll), containing iAsIII (0.5, 1.0, 3.0, 8.0, 15.0 lM),

1 mM S-adenosyl-L-methionine (SAM), and GSH or 1,4-

dithiothreitol (DTT), cysteine, and 2-mercaptoethanol (2-

ME) (0.5, 1.0, 3.0, 5.0, 7.0, 10.0 mM), and recombinant

human AS3MT (1.0, 2.5, 5.0, 7.5, 10.0, 15.0, 20.0 lg) in

25 mM sodium phosphate buffer (pH 7.0), was incubated in

a capped tube at 37 �C for 4 h. The concentration of SAM

was determined in a previous study [16]. For the measure-

ment of iAsIII methylation activity, the reaction mixture

(100 ll), containing 1 lM iAsIII, 1 mM SAM, 7 mM GSH,

and 10 lg recombinant human AS3MT in 25 mM sodium

phosphate buffer (pH 7.0), was incubated at 37 �C for 4 h.

To determine the effect of selenium on the activity of

recombinant human AS3MT, the methylation of 1 lM

iAsIII was examined by recombinant human AS3MT in the

absence and presence of up to 1,000 lM SeIV. Methylation

rates were calculated as mole equivalents of methyl groups

transferred from SAM to iAsIII (i.e., 1 nmol CH3 per 1 nmol

MMAV or 2 nmol CH3 per 1 nmol DMAV). The reaction

was quenched by boiling the samples for 5 min. Because

trivalent arsenicals are known to bind to proteins [36, 45,

46], the methylation products of recombinant human

AS3MT were treated with H2O2 (final concentration 10%)

to oxidize all the arsenicals to the pentavalent form so that

the arsenic metabolites can be released from the protein.

Denatured proteins were removed by centrifugation and the

supernatant of each sample was filtered though a 0.22-lm-

pore membrane before measurement of arsenicals by high

performance liquid chromatography inductively coupled

plasma MS. Aliquots of reaction mixtures were chromato-

graphed on an anion-exchange column (PRP X-100

250 mm 9 4.6 mm inner diameter, 5 lm, Hamilton) using

15 mM (NH4)2HPO4, adjusted to pH 6.0 with HCOOH, as

a      

b

Lane1 Lane2 Lane3 Lane4 Lane5 Lane6 Lane7 kDa

97.4

66.2

43

31

20.1

14.4

Lane8 Lane9 Lane10

Fig. 3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) and western-blot analysis of Escherichia coli expressed

human AS3MT. a Coomassie blue stained 12% SDS-PAGE gel of

fractions generated in the purification of recombinant human AS3MT.

b Western-blot analysis performed using a monoclonal antibody

against the 69 His-tag at 1:1,000 dilution. Lane1 purified recombi-

nant human AS3MT, Lane2 wash fraction, Lane3 flow-through

fraction, Lane4 soluble fraction, Lane5 total proteins of induced cells,

Lane6 marker, Lane7 total proteins of induced cells recombined with

pET32a, Lane8 recombinant human AS3MT in the induced cells,

Lane9 soluble fraction, Lane10 purified recombinant human AS3MT
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the mobile phase with a flow rate of 1.0 ml/min. Arsenicals

of the separated species were detected using a Thermo X

series II inductively coupled plasma mass spectrometer.

Results and discussion

Expression and purification of recombinant human

AS3MT

The recombinant human AS3MT enzyme was expressed in

E. coli with a Trx tag introduced at the N-terminus. SDS-

PAGE and western-blot analyses of the recombinant

human AS3MT in the cytoplasmic fraction of the IPTG-

induced cells revealed the presence of distinct bands with

molecular masses of about 60 kDa. A variety of bacteria

growth temperatures and times were compared. The con-

dition resulting in the best level of protein expression was

37 �C for 3 h. However, the recombinant human AS3MT

protein was almost found in the inclusion bodies when the

growth and the induction temperature were 37 �C, and

recombinant protein purified from inclusion bodies was not

successfully isolated in catalytically active form (data not

presented). The culture conditions for the highest expressed

activity were 5 h of incubation at 25 �C.

Culture conditions and the vector all contribute to

modulating the proportion of soluble and insoluble forms

of b-galactosidase, phospholipase A1, and so on [47–50].

Low-level expression may enhance the solubility and

activity of difficult target proteins. Conditions that decrease

the rate of protein synthesis, such as low induction

temperatures, tend to raise the percentage of target protein

found in soluble form [51]. Growth at 37 �C causes some

proteins to accumulate as inclusion bodies, while incuba-

tion at 30 �C leads to a soluble, active protein [52]. In some

cases, prolonged (e.g., overnight) induction at low tem-

peratures (15–20 �C) may prove optimal for the yield of

soluble protein. Growth and induction at 25 �C was opti-

mal for the expression of a soluble and active form of

recombinant human AS3MT.

The Trx�TagTM fusion tag is a highly soluble polypep-

tide that can potentially enhance solubility of target

proteins. Many proteins that are normally produced in an

insoluble form in E. coli tend to become more soluble

when fused with the N-terminal thioredoxin (Trx�Tag)

Fig. 4 Matrix-assisted laser desorption/ionization time of flight mass

spectral analysis of purified recombinant human AS3MT. The results

are the average of three determinations. Bovine serum albumin (BSA)

was used as a standard protein
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Fig. 5 Elution profiles of arsenicals on a PRP X-100 column by high

performance liquid chromatography–inductively coupled plasma–

mass spectrometry (HPLC–ICP-MS). A 20-ll portion of a authentic

arsenicals such as inorganic AsIII (iAsIII), dimethylarsinic acid

(DMAV), monomethylarsonic acid (MMAV), and inorganic AsV and

b arsenicals from an enzymatic assay mixture. The reaction mixture

(100 ll), containing 10 lg recombinant human AS3MT, 1 mM

S-adenosyl-L-methionine (SAM), 7 mM glutathione (GSH), and

1 lM iAsIII in 25 mM phosphate buffer (pH 7.0), was incubated at

37 �C for 4 h
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sequence [53]. When the pET-32a(?) vector designed for

cytoplasmic expression is used, the Trx�Tag not only

enhances the solubility of many target proteins, but also

catalyzes the formation of disulfide bonds in the cytoplasm

[54]. The combination of low expression temperature

and coexpression of thioredoxin produced maximum lev-

els of soluble, active, properly folded recombinant human

AS3MT.

The supernatant fraction of cell lysate was loaded on a

column packed with Ni-NTA agarose beads. Most of the

soluble recombinant human AS3MT was bound to the

column and minimally eluted in the flow-through fraction.

The nonspecific proteins were removed from the Ni-NTA

column through a series of washes with binding buffer and

wash buffer. The catalytically active recombinant human

AS3MT was eluted with elution buffer. Figure 3 shows a

representative SDS-PAGE gel and western blot (using a

monoclonal antibody against the 69 His-tag) in which the

supernatant and purified recombinant human AS3MT

appear as single bands with an apparent molecular mass of

60 kDa. The mass of recombinant human AS3MT was

determined to be 60,277 ± 44 Da. The human AS3MT

cDNA had a 1,125-bp open reading frame that encoded a

375 amino acid protein [55]. The human AS3MT cDNA

sequence as well as that of the encoded protein are shown

in Fig. 1. The recombinant human AS3MT in this study

was a fusion protein which had a Trx�Tag, an S�Tag, and

two His�Tags. Thus, the calculated molecular mass for the

recombinant human AS3MT is 60,273 Da. The results of

molecular mass measurements performed by MALDI-

TOF-MS confirmed the identity of our purified protein as

recombinant human AS3MT (Fig. 4).
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Fig. 6 Effect of concentrations

of recombinant human AS3MT

on methylation yields.

Proportions of a MMAV,

b DMAV, and c MMAV plus

DMAV. The reaction mixture

(100 ll), containing

recombinant human AS3MT

(1.0, 2.5, 5.0, 7.5, 10.0, 15.0,

20.0 lg), 1 mM SAM, 7 mM

GSH, and 1 lM iAsIII in 25 mM

phosphate buffer (pH 7.0), was

incubated at 37 �C for 4 h. Each

sample was applied to a PRP

X-100 column and analyzed by

HPLC–ICP-MS for speciation

of arsenicals in the sample. The

amount of each methylated

arsenical was calculated by

means of chromatography

software. The data shown are

means and standard deviations

of three independent

experiments
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Fig. 7 Effect of concentrations of iAsIII on methylation yields. The

reaction mixture (100 ll), containing 10 lg recombinant human

AS3MT, 1 mM SAM, 7 mM GSH, and iAsIII (0.5, 1.0, 3.0, 8.0,

15.0 lM) in 25 mM phosphate buffer (pH 7.0), was incubated at

37 �C for 4 h. The data shown are means and standard deviations of

three independent experiments
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Optimization of the methylation condition of iAsIII

by recombinant human AS3MT

The recombinant human AS3MT could methylate arsenite

to form MMAV and DMAV in vitro (Fig. 5). To optimize

the reaction conditions, iAsIII methylation with various

protein concentrations was investigated. Figure 6 shows

the effect of the concentrations of recombinant human

AS3MT on the production of MMAV and DMAV in the

reaction mixture. The generation of DMAV increased with

the concentration of protein, whereas that of MMAV ini-

tially increased with the concentration of recombinant

human AS3MT, reaching a maximum value at 10 lg, and

then decreased rapidly. The generation of total methylation

products became saturated at 20 lg protein.

The recombinant human AS3MT methylated iAsIII at

concentrations up to 1,000 lM. The generation of
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methylation products increased with the concentration of

iAsIII from 0 to 15 lM (Fig. 7). Purified recombinant

human AS3MT enzyme followed apparent Michaelis–

Menten kinetics with apparent Km and Vmax of 3.16 lM

and 19.05 nmol/(mg h). The Vmax of the recombinant

human AS3MT was found to be higher than in an earlier

study where the average methylation rate of recombinant

rat AS3MT was 285 pmol CH3 per milligram of protein per

hour [28]. The reasons for the variation may be differences

in sources of AS3MT and conditions used in the enzymatic

assay, e.g., reductant and pH. At higher concentrations, the

methylation activity of recombinant human AS3MT was

inhibited. It is reported that higher concentrations of iAsIII

may be toxic to recombinant protein [56]. The second

methylation, from MMAV to DMAV, was probably inhib-

ited by iAsIII [57].

The methylation reaction is inherently a redox process.

It is generally accepted that inorganic arsenicals are

metabolized by AS3MT through repetitive reduction and

oxidative methylation to form pentavalent methylated ar-

senicals [10–16]. In the structure model of mouse AS3MT

raised by Fomenko et al. [41], active-site cysteine was

surface-exposed and protein topology supported the for-

mation of an intramolecular disulfide during the catalytic

cycle. This could imply that the methylation reaction is a

redox-driven process with cysteine thiols getting oxidized.

Oxidation of monothiols and dithiols has been linked to the

reduction of AsV in organic arsenicals [58]. Thus, reduc-

tants play an important role in the methylation reaction. We

performed extensive investigations of the effect of reduc-

tants on the function of recombinant human AS3MT

(Fig. 8). The capacity of four reductants containing thiol,

DTT, GSH, cysteine, and 2-ME, to support recombinant

human AS3MT catalyzed formation of methylated arseni-

cals from arsenite was determined in reaction mixtures

containing 10 lg recombinant human AS3MT, 1 mM

AdoMet, a reductant, and 2 lM sodium arsenite in 25 mM

sodium phosphate buffer (pH 7.0). In the absence of each

reductant, no methylated metabolites were obtained. These

reductants were about equipotent in supporting the con-

version of arsenite to DMAV, except DTT. Reductants

(GSH, cysteine, and 2-ME) increased the methylation rates

in concentration-dependent manners. MMAV was the main

methylated metabolite using cysteine as a reductant. The

rate of formation of methylated metabolites decreased with

increase of DTT concentrations. The mechanism for the

methylation of iAsIII in the presence of DTT, a potent

reductant, should be determined further.

Effects of the selenium compound on the structure

and function of recombinant human AS3MT

The effect of selenium on the structure of recombinant

human AS3MT was determined by UV–vis, CD, and

fluorescence spectroscopy.

Figure 9a displays a well-behaved titration of recombi-

nant human AS3MT with SeIV. The intrinsic UV–vis

absorption peak of recombinant human AS3MT at 278 nm

is mainly caused by tryptophan and tyrosine in the

recombinant human AS3MT. The titration of SeIV induced

large spectral perturbations in the specific absorption peak.

The UV–vis spectra showed clearly that addition of SeIV

yielded hyperchromism and a slight blueshift. The hyper-

chromism and blueshift reached 17.77% and 2 nm,

respectively. These spectral characteristics contributed

to the change of the microenvironment of aromatic

chromophores owing to the interaction between the

recombinant human AS3MT and selenium.

Figure 9b shows the CD spectra for the recombinant

human AS3MT in the absence and presence of increasing

concentrations of SeIV in the far-UV spectral region (190–

250 nm). The CD spectra of recombinant human AS3MT

showed a positive peak at 195 nm and two negative peaks

at 208 and 222 nm, respectively. The recombinant human

AS3MT was thus deduced to have a secondary structure of

29.0% a-helix, 23.9% b-pleated sheet, 17.9% b-turn, and

29.2% random coil. Protein secondary structure can be

probed by CD spectroscopy in the far-UV [59, 60]. At these

wavelengths the chromophore is the peptide bond, and the

signal arises when it is located in a regular, folded envi-

ronment. The a-helix, b-pleated sheet, and random coil

structures each give rise to a characteristic shape and

magnitude of the CD spectrum [60]. CD can also be used to

follow changes in secondary structure with changes in

solvent composition and changes in biomolecular interac-

tions [61]. When SeIV was added, the intensities of the

positive peak and the two negative peaks decreased grad-

ually, up to 35.54% (positive peak at 195 nm), 35.54%

(negative peak at 208 nm), and 35.94% (negative peak at

Fig. 9 UV–vis, circular dichroism (CD), and fluorescence spectra of

the recombinant human AS3MT in the absence and presence of

increasing amounts of SeIV. The concentration of recombinant human

AS3MT was 4 lM. a Absorption spectra of recombinant human

AS3MT in 25 mM phosphate buffer (pH 7.0) at room temperature in

the absence and presence of SeIV. The SeIV to recombinant human

AS3MT concentration ratios were 0, 0.1, 0.2, 0.4, 0.6, 0.7, 0.8, 0.9,

1.0, and 1.2, respectively. The arrow indicates the change in

absorbance upon increasing SeIV concentration. b CD spectra of

recombinant human AS3MT in 25 mM phosphate buffer (pH 7.0) in

the absence and presence of SeIV. The SeIV to recombinant human

AS3MT concentration ratios were 0, 0.1, 0.3, 0.6, 0.9, 1.1, and 1.2,

respectively. The arrow indicate the change in CD signal upon

increasing SeIV concentration. c Emission spectra of recombinant

human AS3MT in 25 mM phosphate buffer (pH 7.0) in the absence

and presence of SeIV. The SeIV to recombinant human AS3MT

concentration ratios were 0, 0.1, 0.2, 0.4, 0.5, and 0.8, respectively.

The arrow indicates the change in fluorescence intensity upon

increasing SeIV concentration. k(excitation) and k(emission) were 290

and 350 nm, respectively

b
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222 nm). The content of the a-helix did not change, but

that of the b-pleated sheet increased remarkably in the

secondary conformation of recombinant human AS3MT.

The fluorescence spectra of recombinant human AS3MT

in the absence and presence of increasing amounts of SeIV

are given in Fig. 9c. Under the excitation wavelength of

290 nm, recombinant human AS3MT had maximal fluo-

rescence at a wavelength of about 350 nm. The result

showed that tryptophan residues were exposed to water, not

buried in the internal environment of the recombinant

human AS3MT. Proteins contain three aromatic amino acid

residues (tryptophan, tyrosine, phenylalanine) which may

contribute to their intrinsic fluorescence [62]. Tryptophan

has the strongest fluorescence and highest quantum yield

among the three aromatic amino acids [62]. The wavelength

of the emitted light is a good indication of the environment

of the fluorophore [63]. The fluorescence can be used to

monitor structural changes in the protein [64]. Tryptophan

fluorescence appears to be uniquely sensitive to collisional

quenching, either by externally added quenchers or by

nearby protonated acidic groups in the protein [62, 64, 65].

The recombinant human AS3MT has three tryptophan

residues (Trp73, Trp203, and Trp213), each of which is

located on the side of a protonated acidic group (Asp76 or

Glu205 and Glu215) and a cysteine residue (Cys72,

Cys206, and Cys226). The fluorescence of recombinant

human AS3MT was quenched gradually with increasing

concentrations of SeIV. We hypothesized that SeIV might

modify the structure of recombinant human AS3MT owing

to its combining with the sulfhydryl group of the cysteine

residue, and then tryptophan fluorescence might be quen-

ched by neighboring protonated acidic groups.

SeIV inhibited the enzymatic methylation of arsenite in a

concentration-dependent manner (Fig. 10). The IC50 value

for SeIV was 2.38 lM. Kinetic analysis characterized the

inhibition of recombinant human AS3MT by SeIV over a

range of iAsIII concentrations from 1 to 5 lM. Double-

reciprocal (1/V vs. 1/[iAsIII]) plots showed SeIV to be a

noncompetitive inhibitor of the methylation of iAsIII by

recombinant human AS3MT (Fig. 11a). The Ki value of

2.61 lM was obtained from the replot of the slopes of the

corresponding double-reciprocal plots versus concentration

of SeIV (Fig. 11b).

The mechanisms by which SeIV inhibits AS3MT activity

are unclear. The inhibition of enzyme activity by selenium

compounds was attributed to their affinity for thiols at the

active site of the enzyme [40]. Fomenko et al. [41] con-

firmed that Cys157 and Cys207 were the active sites of the

recombinant mouse AS3MT using high-throughput iden-

tification of catalytically redox active cysteine residues and

site-directed mutagenesis. The active sites of recombinant
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human AS3MT were deduced to be Cys156 and Cys206 by

protein sequence alignment analysis. Walton et al. [28]

reported that SeIV could effectively inhibit the methylation

of recombinant rat AS3MT in a competitive manner. Our

experiments gave different findings. SeIV was a noncom-

petitive inhibitor of the methylation of iAsIII by the

recombinant human AS3MT. Given the high affinity of

SeIV for thiols [66], we hypothesized that SeIV probably

interacts with one or several cysteines in the structural

residues of recombinant human AS3MT rather than the

cysteines of the active site (Cys156 and Cys206). These

cysteine residues probably play an important role in sup-

porting the conformation of recombinant human AS3MT.

When SeIV was combined with cysteine(s) in the structural

residues, the conformation of recombinant human AS3MT

changed and the activity decreased. Levander et al. [67] put

forward a possible role of this arsenic/selenium antagonism

in metabolism. It was suggested that a peculiar grouping

might be a selenopersulfide in close proximity to a thiol.

Perhaps an inhibitory complex would be formed as shown

in Scheme 1 [25]. Considering the quenching of tryptophan

fluorescence, Cys72 and/or Cys226 may be primary targets

for SeIV. The effects of selenium structure and function of

AS3MT were both concentration-dependent. These results

might be a sound explanation for the relationship between

the structure and function of recombinant human AS3MT.

Conclusions

Under the optimal conditions, soluble and active recom-

binant human AS3MT was expressed in E. coli with a Trx

tag introduced at the N-terminus. UV–vis, CD, and fluo-

rescence spectra were firstly used to study the interactions

between recombinant human AS3MT and SeIV. Further

studies showed that SeIV was a noncompetitive inhibitor of

the methylation of iAsIII by the recombinant human

AS3MT. Given the affinity of SeIV for thiols, SeIV could be

combined with one or several cysteines in the structural

residues of human AS3MT. In a future study, cysteines in

the structural residues will be mutated by the use of site-

directed mutagenesis. Effects of selenium on the structures

and function of those human AS3MT mutants will con-

tribute to locating the site(s) where selenium binds to the

cysteine(s) of human AS3MT.
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