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a b s t r a c t

Cysteine (Cys) residues are often crucial to the function and structure of proteins. Cys157 and Cys207
in recombinant mouse arsenic (+3 oxidation state) methyltransferase (AS3MT) are shown to be related
to enzyme activity and considered to be the catalytic sites. The roles of some conserved Cys residues in
the N-terminal region of the rat AS3MT also have been examined. However, little is known about the
roles of the Cys residues in the middle region. The metabolism of inorganic arsenic in human is different
from rat and mouse in some aspects though the AS3MT has a high degree of similarity in these species.
In order to determine whether the Cys156 and Cys206 (corresponding to the catalytic sites, Cys157 and
Cys207 in the mouse AS3MT) in the hAS3MT act as the catalytic sites and to study the roles of the Cys
residues (Cys226 and Cys250) near the catalytic center in the middle region, we designed and prepared
four mutants (C156S, C206S, C226S, and C250S) in which one Cys residue replaced by serine by PCR-based
site-directed mutagenesis. The native form and cysteine/serine mutants were assayed for enzyme activity,

free thiols, and the secondary structures by circular dichroism and Fourier transform infrared. Our data
show that, besides C156S and C206S, C250S is another potential important site. C226S seems to have the
same action as the wild-type hAS3MT with the consistent KM and Vmax values. Meanwhile, selenium can
also inhibit the methylation of inorganic arsenic by C226S. All the mutants except C226S are calculated to
have dramatic changes in the secondary structures. Cys250 might form an intramolecular disulfide bond
with another Cys residue. These findings demonstrate that Cys residues at positions 156, 206, and 250

e enz
play important roles in th

. Introduction
Inorganic arsenic (iAs) is a potent human carcinogen. More
ecent epidemiological studies have demonstrated that there is
n increased risk for cancers of urinary bladder, lungs, skin, and
ossibly also kidneys and liver in people chronic exposed to iAs in

Abbreviations: iAs, inorganic arsenic; MMA, monomethylated arsenicals;
MA, dimethylated arsenicals; TMA, trimethylated arsenicals; AS3MT, arsenic (3+)
ethyltransferase; IPTG, isopropyl �-d-thiogalactopyranoside; BSA, bovine serum

lbumin; SAM, , S-adenosylmethionine; Cys, cysteine; ATG, arsenic triglutathione;
ADG, monomethylarsonic diglutathione; DAMG, dimethylarsinic glutathione;
TNB, 5,5′-dithiobis (2-nitrobenzoic acid); CD, circular dichroism; ATR-FTIR,
ttenuated total reflection Fourier transform infrared; WT, wild-type; GSH,
lutathione; PBS, phosphate buffer solution; HPLC–ICP-MS, high performance liq-
id chromatography–inductively coupled plasma-mass spectrometry; SDS-PAGE,
odium dodecyl sulfate-polyacrylamide gel electrophoresis.
∗ Corresponding author. Tel.: +86 25 83686082; fax: +86 25 83317761.

E-mail address: wangzl@nju.edu.cn (Z. Wang).

009-2797/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2008.12.018
ymatic function and structure of the hAS3MT.
© 2009 Elsevier Ireland Ltd. All rights reserved.

occupational and environmental settings [1]. Generally, iAs is con-
verted into monomethylated arsenicals (MMA) and dimethylated
arsenicals (DMA) by the catalysis of arsenic (3+) methyltransferase
(AS3MT) in humans and many other species. However, the forma-
tion of trimethylated arsenicals (TMA) is extensive in rat. TMA are
also detected in the urine of patients in a rare subacute arsenic
poisoning accident [2]. However, this is not prevalent. The pathway
for the transformation of iAs into these metabolites can be sum-
marized as iAs5+ → iAs3+ → MMA5+ → MMA3+ → DMA5+ → DMA3+,
in which iAs3+ is the substrate, the final products are trivalent and
the process is described as an oxidative methylation mechanism
[3,4]. Another putative enzymatic mechanism is put forward
as iAs5+ → iAs3+ → ATG3+ (arsenic triglutathione) → MADG3+

(monomethylarsonic diglutathione) → MMA3+ → MMA5+ and

iAs5+ → iAs3+ → ATG3+ → MADG3+ → DAMG3+ (dimethylarsinic
glutathione) → DMA3+ → DMA5+, in which arsenic-GSH complexes
are directly methylated by the hAS3MT to produce MMA3+ and
DMA3+, MADG3+ is the substrate for further methylation rather
than MMA3+ and pentavalent compounds are the final metabolites

http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:wangzl@nju.edu.cn
dx.doi.org/10.1016/j.cbi.2008.12.018
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Table 1
Primers used for site-directed mutagenesis.

Primer Sequence

C156S + 5′GGCACAAGGTTAATAACGCTGTTTGATAC3′

− 5′GTATCAAACAGCGTTATTAACCTTGTGCC3′

C206S + 5′ATAAAGCACCACCCAGGCTCTCACCCC3′

− 5′GGGGTGAGAGCCTGGGTGGTGCTTTAT3′

C226S + 5′GACCAAACGTGGAGGGCTGAACCCA3′

− 5′CCTTGCTCAAAAAATTGGGTTCAGCCCTCC3′

C250S + 5′GAAACAAAACGGCTGTCACCGATAAC3′
22 X. Song et al. / Chemico-Biologi

5]. Commonly, methylated arsenicals are thought to be less toxic
nd methylation of iAs has been considered to be a detoxification
eaction [6]. Whereas, metabolites containing As3+ are more
ytotoxic, genotoxic and more potent enzyme inhibitors than iAs
7–11]. It has been suggested that there is large inter-individual
ariation in arsenic metabolism [12,13], which may be related to the
enetic polymorphisms of the enzymes participating in iAs methy-
ation. In these processes, AS3MT catalyzes S-adenosylmethionine
SAM)-dependent methylation and the transformation of As5+ to
s3+. Some researchers described that, similarly to other arsenate
eductases, AS3MT used thioredoxin or glutaredoxin to translate
s5+ to As3+ in vivo [14]. However, the mechanisms governing the
ethylation of iAs by AS3MT remain unclear.
Different from other amino acids, cysteine (Cys) residues are

ften conserved and act importantly in the structure and function of
roteins. Cys residues which are critical to protein function are usu-
lly used at enzyme catalytic sites. A Cys pair may form a disulfide
ond for stabilizing protein structure [15–17] and many additional
oles of Cys residues have been described. Lately, Cys157 and Cys207
n recombinant mouse AS3MT have been revealed to be related to
nzyme activity. In the protein model, the topology supports the
ormation of an intramolecular disulfide bond by these two active-
ite Cys residues during the catalytic cycle [15]. The roles of some
onserved Cys residues (32, 61, 85, and 156) in the N-terminal region
f the rat AS3MT have been examined and C156S is completely
nactive. In the C-terminal portion common to rat, mouse, and
uman, there are seven additional conserved Cys residues, includ-

ng a CysCys pair. This region is required for protein stabilization
nd enzyme activity [16]. As homologous protein, there is only one
spartic acid missing in the hAS3MT, but the activity is different
n some aspects. Otherwise, the effects of the catalytic sites on the
tructure of the AS3MT have not been reported at the present time.
hese findings led us to investigate whether the Cys156 and Cys206
n the hAS3MT also act as the catalytic sites and whether they affect
he structure of the hAS3MT as well as to study the roles of the
ys residues (Cys226 and Cys250) near the catalytic center in the
iddle region.
In the work reported here, we have used recombinant DNA tech-

iques to study the roles of four Cys residues (Cys156, Cys206,
ys226, and Cys250) in the hAS3MT by substituting serine for each
ys residue and then measuring the mutants (C156S, C206S, C226S,
nd C250S) functions including enzyme activity, and varieties in
he secondary structures by circular dichroism (CD) and attenuated
otal reflection Fourier transform infrared (ATR-FTIR). In addition,
ince DTNB has been extensively used for probing free thiol groups
n proteins, we also used this reagent to measure the concentra-
ion of free thiol groups in the wild-type (WT) hAS3MT and the

utants. Of these, except C226S, all other mutants displayed dra-
atic changes in the secondary structures and enzyme activity. The

esults of this study documented the roles of each of the four Cys
esidues in the hAS3MT.

. Materials and methods

Caution: iAs has been classified as a human carcinogen and
hould be handled accordingly.

.1. Materials

Restriction enzymes, dNTPs and PrimeSTAR HS DNA Polymerase

ere from Takara. The wild-type (WT) hAS3MT expression plasmid,
ET-32a-hAS3MT, was available from an earlier study. Expression
ost, E. coli BL21 (DE3) pLysS was got from Novagen. Isopropyl �-d-
hiogalactopyranoside (IPTG), 5,5′-dithiobis (2-nitrobenzoic acid)
DTNB), bovine serum albumin (BSA), SAM, and selenium were
− 5′TGGAAAGAGTTATCGGTGACAGCCG3′

Bold and underlined letters indicate the mutation sites introduced by PCR-based
mutagenesis. (+) Sense strand; (−) antisense strand.

bought from Sigma. All other reagents were of analytical grade
and all solutions were prepared using Milli-Q deionized water. The
phosphate buffer solutions (PBS) were prepared from Na2HPO4 and
NaH2PO4.

2.2. Preparation of hAS3MT mutants

The cDNA encoding for the WT hAS3MT carried in the plasmid
pET-32a-hAS3MT [18] was used to generate the hAS3MT mutants. E.
coli BL21 (DE3) pLysS was used for protein production. Substitutions
of serine for Cys156, Cys206, Cys226, and Cys250 of the hAS3MT
were carried using site-directed mutagenesis by PCR overlap exten-
sion with pET-32a-hAS3MT as the DNA template. The primers used
for the mutagenesis are listed in Table 1 with the mutated codons
underlined. The oligonucleotide primers, each complementary to
opposite strands of the hAS3MT gene sequence, were extended dur-
ing temperature cycling (30 cycles of PCR consisting of incubation
for 10 s at 98 ◦C, 15 s at 55 ◦C, and 1 min at 72 ◦C) and final extension
(7 min at 72 ◦C) for one cycle by using PrimeSTAR HS DNA Poly-
merase. Incorporation of the oligonucleotide primers generated the
mutants with Cys to serine substitution for the hAS3MT. Follow-
ing mutagenesis the target PCR products were purified by agarose
gel DNA purification kit and sequenced using the double-stranded
dideoxy method to ensure that no errors had been introduced dur-
ing the amplification process [19]. For expression the recombinant
plasmids were transformed into E. coli BL21 (DE3) pLysS.

2.3. Expression and purification of hAS3MT mutants

The colonies were selected on standard ampicillin-containing
agar plates. Single colonies were picked, and in each case the fidelity
of the PCR amplification and the presence of the mutation were
confirmed by sequencing [19]. The expression and purification of
the hAS3MT mutants (C156S, C206S, C226S, and C250S) followed
protocols used for the WT hAS3MT [18]. Briefly, the transformed
cells were grown in 200 ml LB broth medium (10 g tryptone, 5 g
yeast extract, 10 g NaCl per 1 l) containing 100 �g/ml of ampi-
cillin at 25 ◦C until OD600 reached 0.8–1.0 and protein expression
was induced by the addition of 1 mM IPTG for an additional 4 h
at 25 ◦C. The cultured cells were harvested by centrifugation at
7000 rpm for 10 min at 4 ◦C and then resuspended in 20 ml 1×
binding buffer (20 mM Tris–HCl buffer at pH 7.9 containing 0.5 M
NaCl and 5 mM imidazole). After sonication on ice and centrifu-
gation at 12,000 rpm for 15 min at 4 ◦C, the cleared lysate was
filtered through a 0.45 �m membrane and loaded onto a 2.5 ml Ni-
NTA agarose column which had been equilibrated with 1× binding

buffer to purify the target protein. The enzyme was eluted with
1× elute buffer (20 mM Tris–HCl buffer at pH 7.9 containing 0.5 M
NaCl and 1 M imidazole). The purity of each enzyme was confirmed
by SDS-PAGE. Compared with the other mutants, it was neces-
sary to use a lower concentration IPTG (0.5 mM) and was induced
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vernight at 20 ◦C when C250S was expressed. The enzymes were
ialyzed twice against PBS to remove imidazole. Protein concentra-
ion was determined by the Bradford assay based on a BSA standard
urve.

.4. Steady-state enzyme activity assays and kinetic
easurements

Enzyme activity of the WT hAS3MT and the mutants was deter-
ined by using HPLC–ICP-MS. Enzyme reactions were carried out

n 100 �l of 25 mM PBS (pH 7.0), 11 �g enzyme, 7 mM GSH, and
arying amounts of iAs3+ substrate and SAM. To measure iAs3+ sub-
trate kinetics, 1 mM SAM and 0.5–600 �M iAs3+ were used. In SAM
inetic experiments, 1 �M iAs3+ and 0.05–0.3 mM SAM were used.
he reaction mixtures were incubated at 37 ◦C for the desired time
nd then quenched by boiling the samples for 5 min. The samples
ere analyzed before (to determine the concentrations of the pen-

avalent arsenicals) and after (to determine the total arsenicals)
eing treated with H2O2 at a final concentration of 3% to convert all
rsenic metabolites to pentavalency [5]. The H2O2-treated samples
ere then boiled again for 5 min. The concentrations of trivalent

rsenicals were calculated by the differences between the total and
he pentavalent arsenicals. After centrifugation at 12,000 rpm for
0 min and being filtered through a 0.22 �m pore membrane, 20 �l
liquots of reaction mixtures were separated on an anion-exchange
olumn (PRP X-100 250 mm × 4.6 mm i.d., 5 �m, Hamilton) using
5 mM (NH4)2HPO4, adjusted to pH 6.0 with H3PO4, as the mobile
hase with the flow rate of 1.2 ml/min. Arsenicals of the separated
pecies were detected by an Elan9000 ICP-MS. The amounts of
rsenic species were calculated with the working curves prepared
sing 10, 20, 40, 80, and 160 ppb of standard arsenic species. Methy-

ation rates were calculated as mole equivalents of methyl groups
ransferred from SAM to iAs3+ (i.e., 1 pmol CH3 per 1 pmol MMA or
pmol CH3 per 1 pmol DMA) [20].

.5. Antagonism effects of selenium on iAs3+ methylation by
226S

The antagonism effects of selenium on iAs3+ methylation cat-
lyzed by C226S were determined through the reactions (100 �l)
ontaining 25 mM PBS (pH 7.0), 11 �g C226S, 7 mM GSH, 1 mM
AM, and varying amounts of iAs3+ and 0, 1, 2 �M selenium. The
amples were treated with H2O2 at a final concentration of 3% to
onvert all arsenic metabolites to pentavalency and then analyzed
y HPLC–ICP-MS (conditions were consistent with 2.4). Methyla-
ion rates were calculated as mole equivalents of methyl groups
ransferred from SAM to iAs3+ as above.

.6. Circular dichroism measurements and secondary structure
nalysis

CD (195–250 nm) spectra were recorded on a JASCO-J810 Spec-
ropolarimeter (Jasco Co., Japan) in a cell of 1 mm slit width and
0 mm light length. The scanning rate was set at 50 nm/min. The
pectra were the average of three readings. Standard measurements
ere carried out at room temperature in very dilute enzyme solu-

ions (2 �M) (25 mM PBS at pH 7.0). A blank spectrum of PBS was
ollected previously and the subtraction was automatically carried

ut to get the protein spectrum. No baseline drifts were observed
uring the collection time of a complete spectrum. The secondary
tructure parameters of the WT hAS3MT and the mutants were esti-
ated with the Jasco secondary structure manager software using

he reference CD data—Yang. jwr [21].
eractions 179 (2009) 321–328 323

2.7. ATR-FTIR spectroscopy and secondary structure analysis

All spectra were obtained at room temperature with an infrared
spectrometer (Bruker, IFS 66/s) equipped with a deuterated triglyc-
eride sulfate (DTGS) detector and coupled with an ATR device.
All measurements were performed in PBS 25 mM at pH 7.0. The
concentration of the WT hAS3MT and the mutants for FTIR spec-
troscopic measurements was 2.0 × 10−4 M. A 256-scan water vapor
correction spectrum was collected previously and the correction
was automatically carried out during data collection. After an
open background spectrum was recorded, the sample solution
was spread on the ZnSe wafer and its 256-scan spectrum was
collected at a resolution of 4 cm−1. The protein spectrum was
obtained by subtracting the spectrum of PBS. Baseline correc-
tion was carried out in the range from 1700 to 1600 cm−1 to get
amide I bands. Fourier self-deconvolution and secondary deriva-
tive were applied to the range to estimate the position and strength
of the component bands. According to these parameters, curve-
fitting process was carried out by origin software (version 7.0) to
get the best Gaussian-shaped curves that fit the original protein
spectrum. Assignment and integration of each absorption band
gave the relative contents of different types of secondary struc-
tures.

2.8. Titration of free thiol groups with DTNB

The concentration of free thiol groups of the WT hAS3MT and the
mutants was determined by the method of Ellman [22]. The reac-
tion mixture, which was placed in a cuvet, contained 4 × 10−4 �mol
of enzymes in 1.0 ml of 0.05 M Tris–HCl buffer, pH 8.0, and 10 �l
of 0.01 M DTNB in 0.05 M PBS, pH 7.0. The reaction was car-
ried out at 25 ◦C, and the release of 2-nitro-5-mercaptobenzoic
acid was followed at 412 nm, using LAMBDA-35 spectrometer.
The concentration of free thiol groups was calculated with the
working curves prepared using 0.5, 1, 2.5, 5, 10, and 20 �M of
Cys.

3. Results and discussion

3.1. Recombinant hAS3MT cysteine/serine mutants

Methylation of iAs is the main biotransformation in animals and
fungi. An enzyme encoded by Cyt19 gene catalyzes the methylation
of iAs to MMA, DMA, and TMA [23]. However, the methyltrans-
ferase activity is lacking in some mammals such as chimpanzee
[24], marmoset, tamarin monkey [25], and guinea pig [26,27]. These
differences are possibly due to the genetic modification of the
enzyme. Cys residues often play important roles in the structure
and function of enzymes. Dmitri E. Fomenko shows that Cys157
and Cys207 in recombinant mouse AS3MT are the catalytic sites.
Substitution of Cys156 with serine in recombinant rat AS3MT also
makes it inactive. To further determine whether the correspond-
ing Cys residues (Cys156 and Cys206) in the hAS3MT are related
to its activity and to study the effects of the Cys residues (Cys226
and Cys250) near the activity sites in the middle region on the
enzyme activity, we prepared four hAS3MT mutants (C156S, C206S,
C226S, and C250S) by PCR-based site-directed mutagenesis. A vari-
ety of bacteria growth temperatures and times were compared.
Growth and induction at 25 ◦C produced enough soluble protein
when the C156S, C206S, and C226S mutants were expressed. How-
ever, the C250S mutant had to be expressed in a modified way at a

lower temperature (20 ◦C) as compared to the other enzyme vari-
ants. This probably attributes to that the substitution of Cys250
by serine absolutely destroys the structure of the hAS3MT and
makes it easier to form inclusion body than the other mutants
during expression. A lower temperature is required to slow down
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Fig. 1. (A) Effects of C156S, C206S, and C250S mutation on the catalytic activity of
the hAS3MT. Reaction mixtures containing 11 �g enzymes, 1 �M iAs3+, 1 mM SAM,
7 mM GSH, 25 mM PBS (pH 7.0) with the WT hAS3MT or mutants (C156S, C206S,
and C250S) were cultured at 37 ◦C for 2 h with H2O2 treating. (B) Effects of C226S
mutation on the catalytic activity of the hAS3MT. Reaction mixtures containing 11 �g
enzymes, 1 �M iAs3+, 1 mM SAM, 7 mM GSH, 25 mM PBS (pH 7.0) with C226S or the
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Fig. 2. Concentration dependence of rate. (A) WT hAS3MT and (B) C226S reaction

[15]. Based on our kinetic data presented here and corresponded to
T hAS3MT were cultured at 37 ◦C for 2 h with or without H2O2 treating before
nalyzed by HPLC–ICP-MS. Data are presented as the means ± S.E. of four separate
xperiments.

he formation speed of this mutant to gain soluble protein. All the
utant proteins were successfully overexpressed. The purity of

ach mutant protein was confirmed to be over 95% by SDS-PAGE
data not shown).

.2. Kinetic properties of the WT hAS3MT and the mutants

Through the same reaction mixtures (100 �l of 25 mM PBS (pH
.0), 11 �g enzyme, 7 mM GSH, 1 �M iAs3+, 1 mM SAM) incubated at
7 ◦C for 2 h, we compared the activity and catalytic capacity of the
AS3MT native form and the mutants. Unexpectedly, except C156S
nd C206S, C250S was also completely inactive in iAs3+ methyla-
ion, while the WT hAS3MT could convert about 65% iAs3+ into

ethylated arsenicals with approximately 35% MMA5+ and 30%
MA5+ (Fig. 1A) within 2 h. This result suggests that Cys250 is sim-

larly critical for enzyme function. In contrast, C226S performed
he same as the WT hAS3MT, verifying that Cys226 is probably not
oncerned with catalysis directly (Fig. 1B). DMA mainly existed in
entavalent form while MMA in trivalent form in both the reactions

atalyzed by the WT hAS3MT or C226S. The iAs3+ concentration
ange investigated here with the WT hAS3MT or C226S clearly
hows both substrate inhibition of rate by iAs3+ (Fig. 2A and B). The
ate of methylation in the presence of noncompetitive substrate
mixtures containing 11 �g enzymes, 1 mM SAM, 7 mM GSH, and 25 mM PBS (pH 7.0)
were incubated with the concentrations of iAs3+ indicated for 2 h with H2O2 treating.
Values are the means ± S.D. of three separate experiments. The lines show the least
squares fit of Eq. (1) to the data.

inhibition [28] is defined in Eq. (1):

V = [S]Vmax

KM + [S] + ([S]2/KI)
(1)

where V is the initial velocity of the reaction
(pmolCH3transferred/(h mg protein)), [S] the substrate (iAs3+)
concentration (�M), Vmax the maximal velocity of the reaction
(pmolCH3transferred/(h mg protein)), KM the Michaelis constant
for iAs3+ (�M), and KI is the inhibition constant for iAs3+ (�M)
[29]. The kinetic parameters estimated by fitting the Eq. (1) are
listed in Table 2. Double reciprocal plots of the relation between
the concentrations of iAs3+ and the rate (Fig. 3A and B) also give
us the same results (Table 2). The KM of SAM calculated from the
double reciprocal plots of the dependence of the reaction rate
on the concentrations of SAM (Fig. 4) is 47.84 �M for the WT
hAS3MT and 51.01 �M for C226S. The KM values of iAs3+ and SAM
for the WT hAS3MT and C226S agree well with each other. The
maximal velocity is also consistent. That no significant differences
are observed between the kinetic parameters suggests the same
activity of the WT hAS3MT and C226S (Table 2). Cys157 and Cys207
are the catalytic sites of the mouse AS3MT and are speculated to
form an intramolecular disulfide bond during the catalytic cycle
the study of the mouse AS3MT, we can conclude that Cys156 and
Cys206 are the active sites of the hAS3MT. When one of these two
Cys residues is substituted by serine, the intramolecular disulfide
bond cannot be formed and the methylation will no longer carry
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Table 2
Kinetic parameters for iAs3+ methylation by WT hAS3MT and C226S.

hAS3MT C226S

Eq. (1) Drp Eq. (1) Drp

Vmax (pmol/(h mg)) 21,170 ± 1,079 19,836 ± 919 23,500 ± 1,124 21,556 ± 1,092
KM (�M) 3.20 ± 0.24 3.19 ± 0.17 3.71 ± 0.23 3.60 ± 0.19
K
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C226S indicates that Cys226 is not the binding site for Se4+ inhibi-
tion of iAs3+ methylation. There must be some other Cys residues
for the binding.
I (mM) 0.70 ± 0.09

alues represent the mean ± S.D. of three independent determinations. Eq. (1) rep
rign8.0. Drp represents the parameters of iAs3+ calculated from the data in Fig. 3.

ut. Interestingly, Cys250 is another potential important residue
f the hAS3MT since substitution of it by serine also makes the
nzyme inactive. However, Cys226 does not affect the function of
he hAS3MT.

.3. Effects of Cys226 on the antagonism of selenium against
As3+ methylation

Selenium and arsenic act as metabolic antagonists [30]. Sele-
ium has been shown to modulate the activity of AS3MT [31]. To
ssess whether the replacement of Cys226 affects the antagonism

f Se4+ against iAs3+ methylation, we conducted an investigation of
he kinetic properties of C226S in the presence of Se4+. A double-
eciprocal plot shows that Se4+ is an inhibitor of iAs3+ methylation
atalyzed by C226S as well (Fig. 5). The Ki (inhibition constant for

ig. 3. Double reciprocal plots of the relation between the concentration of iAs3+

nd the rate. (A) WT hAS3MT and (B) C226S reaction mixtures containing 11 �g
nzymes, 1 mM SAM, 7 mM GSH, and 25 mM PBS (pH 7.0) with iAs3+ indicated were
ncubated at 37 ◦C for 2 h with H2O2 treating.
0.66 ± 0.13

s the kinetic parameters of iAs3+ estimated from the data in Fig. 2 by Eq. (1) using

Se4+) value calculated from the replot of the slopes of the cor-
responding double reciprocal plots vs. the concentrations of Se4+

(Fig. 5 inset) is 2.50 �M for C226S and is consistent with that for
the WT hAS3MT (2.61 �M) [18]. Some researchers speculated that
Se4+ might bind to Cys residues of the AS3MT during the inhibition
reaction. The consistent Ki value of Se4+ for the WT hAS3MT and
Fig. 4. Double reciprocal plots of the relation between the concentration of SAM and
the rate. (�) WT hAS3MT; (�) C226S reaction mixtures containing 11 �g enzymes,
1 �M iAs3+, 7 mM GSH, 25 mM PBS (pH 7.0) with SAM indicated were incubated at
37 ◦C for 2 h with H2O2 treating.

Fig. 5. Double reciprocal plots for the inhibition of iAs3+ methylation by Se4+ with
C226S. The reaction mixtures containing 11 �g C226S, 1 mM SAM, 7 mM GSH, 25 mM
PBS (pH 7.0) with iAs3+ indicated were incubated at 37 ◦C for 1.5 h with H2O2 treating.
Plots for 0 �M (�), 1 �M (�), and 2 �M (�) Se4+. Replot of slopes vs. concentration
of inhibitor is shown in the inset.
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Table 3
Secondary structures of WT hAS3MT and the mutants estimated from CD
spectroscopy.

˛ (%) ˇ (%) Turn (%) Random (%)

WT 29.0 ± 2.2 23.9 ± 1.9 17.9 ± 1.7 29.2 ± 1.4
C156S 30.1 ± 2.9 14.0 ± 1.6 23.2 ± 2.1 32.6 ± 3.4
C206S 36.7 ± 3.1 17.8 ± 1.8 18.6 ± 2.3 26.9 ± 3.6
C250S 43.7 ± 2.6 2.30 ± 0.2 28.8 ± 3.1 25.2 ± 1.1
C226S 29.5 ± 2.7 22.8 ± 1.9 19.0 ± 1.3 29.7 ± 2.5

V
w
d

3
d

c
a
t

F
G

alues represent the mean ± S.D. of three independent experiments. The parameters
ere analyzed with the Jasco secondary structure manager with the reference CD
ata—Yang. jwr in 25 mM (pH 7.0), PBS at room temperature.

.4. Secondary structures of the enzymes determined by circular
ichroism
Compared with other amino acids, Cys residues are often signifi-
ant to proteins, especially to some redox-active proteins. They may
ct as the catalytic sites or a Cys pair may stabilize protein struc-
ure by forming a disulfide bond. The translation from As3+ to As5+

Fig. 6. CD spectra of the WT hAS3MT and the mutants. Spectra were taken at protein
concentration of 2 �M. WT, solid line; C156S, dashed line; C206S, dotted line; C226S,
dashed-dotted line; C250S, dashed-dotted-dotted line.

ig. 7. The curve-fitted amide I region of the WT hAS3MT (A), C226S (B), C156S (C), C206S (D), and C250S (E). The component peaks are the result of curve fitting using a
aussian shape. The continuous lines represent the experimental FTIR spectra after Savitzky–Golay smoothing; the dashed lines represent the fitted components.
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s probably owing to the redox-active Cys residues in the hAS3MT.
he deactivation of Cys mutants may result from conformational
hanges because of the rupture of disulfide bond. CD is more sensi-
ive to protein secondary structure [32–34]. We used CD spectrum
o monitor the secondary structure and analyzed the contents of
our secondary structures with the Jasco secondary structure man-
ger software using the reference CD data—Yang. jwr in 25 mM
BS (pH 7.0) at room temperature (Table 3). The spectra of the WT
AS3MT and the mutants are shown in Fig. 6. The spectra of the WT
AS3MT and C226S are indicative of � + � structures [35]. The WT
AS3MT was analyzed to have the secondary structures of 29.0%
-helix, 23.9% �-pleated sheet, 17.9% �-turn, and 29.2% random
oil. The content of �-helix increased in C156S while the �-pleated
heet decreased remarkably by 41.4%; in C206S, both �-helix and
-pleated sheet changed obviously by 26.5% increased and 25.52%
ecreased respectively; surprisingly, there was only 2.3% �-pleated
heet preserving in C250S while �-helix had increased to 43.7%;
owever, the contents of the secondary structures in C226S had lit-
le change in all the forms. According to the structural model of the

ouse AS3MT [15], we speculate that the Cys156 and Cys206 are
n the �-pleated sheet domain and locate in a well-defined cavity
tructure in the hAS3MT. The substitution of these two Cys residues
Cys156 and Cys206) by serine may change the circumstance of
his �-pleated sheet domain and makes the content of �-pleated
heet decrease very obviously. From our data, we can see that the
econdary structures of C250S change much more than the other
utants. Based on our above report (a lower temperature is needed

o express C250S and it is also inactive in iAs3+ methylation) and the
D data, we can surmise that Cys250 might form an intramolecular
isulfide bond which acts importantly in the structure maintenance
f the hAS3MT. The rupture of this intramolecular disulfide bond,
esulted from the substitution of Cys250 by serine, leads to the
ramatic changes of the secondary structures of the hAS3MT and
akes the C250S mutant inactive. However, Cys226 may just keep

lone from other Cys residues.

.5. Secondary structures of the enzymes determined by ATR-FTIR

FTIR spectroscopy has been shown to be a powerful technique
n some cases to determine the structure of proteins. The so-called
mide I bands in the IR spectrum is primarily the C O stretch-
ng vibrations of the amide groups, and located approximately
etween 1700 and 1600 cm−1. It is believed that such amide I bands
re sensitive to the secondary structures of proteins, enzymes,
nd polypeptides [36–38]. The original and curve-fitting spectra
f the WT hAS3MT and the mutants are exhibited in Fig. 7. For
he quantitative analysis of each secondary structure, Fourier self-
econvolution and second derivative were applied to amide I bands
o estimate the number and position of component bands [39,40].
ix component bands were determined in amide I and curve-fitting

rocess was iterated to achieve the best fitted curves. The com-
onent bands were attributed according to the well-established
ssignment criterion [41]. The bands ranging 1610–1640 cm−1 were
enerally assigned to �-pleated sheet, 1640–1650 cm−1 to ran-

able 4
econdary structures of WT hAS3MT and the mutants estimated from FTIR
pectroscopy.

˛ (%) ˇ (%) Turn (%) Random (%)

MT 26.6 ± 3.6 20.7 ± 4.6 24.2 ± 3.2 28.5 ± 4.9
156S 33.0 ± 4.0 10.3 ± 2.7 24.5 ± 3.6 32.2 ± 1.6
206S 33.9 ± 5.3 17.2 ± 2.5 23.8 ± 4.2 25.1 ± 2.9
250S 45.8 ± 5.7 6.0 ± 3.8 27.5 ± 3.2 20.7 ± 4.4
226S 28.2 ± 3.2 20.4 ± 2.7 24.0 ± 2.3 27.4 ± 4.1

alues represent the mean ± S.D. of three independent experiments.
Fig. 8. Absorbance vs. time for the enzymes treated with DTNB. Plots for WT (�),
C226S (�), C156S (�), C206S (�), and C250S (�).

dom coil, 1650–1658 cm−1 to �-helix, and 1660–1700 cm−1 to
�-turn structure. According to the assignments, the percentages
of each secondary structure of the enzymes calculated from the
integrated areas of the component bands in amide I are listed in
Table 4. The WT hAS3MT in PBS buffer solution contained �-helix
26.6% (1657 cm−1), �-sheet 21.4% (1600–1640 cm−1), �-turn 23.5%
(1660–1700 cm−1), and random 28.5% (1643 cm−1). The C226S
mutant revealed a very similar spectrum with the WT hAS3MT.
In the Cys156 and Cys206 mutants, the content of �-pleated sheet
decreased, while that of �-helix increased in trend. The number
and the position of the components of these two mutants in amide
I region were similar to those of the WT hAS3MT. Thus, assignments
for bands observed in the derivatives were carried out in the same
way. However, the result of the C250S mutant was significantly dif-
ferent as compared to the WT hAS3MT. There was only one band
observed around 1629 cm−1 with 7% �-pleated sheet left. While the
content of �-helix increased to 45.8% calculated from two bands at
1653 cm−1 and 1659 cm−1. Here, though the second band was at
1659 cm−1, we assigned it to the �-helix since the content of �-
helix is 43.7% from our CD data and in some cases, the peak around
1659 cm−1 was empirically assigned to the �-helix [42]. It should
be noted that the contents of the four secondary structures of the
WT hAS3MT and the mutants estimated from FTIR spectroscopy are
in good agreement with those estimated from CD spectroscopy.

3.6. Concentration of free thiol groups in the WT hAS3MT and the
mutants

Titration of solutions of the WT hAS3MT or the mutants showed

that the rate of reaction of the free thiol groups with DTNB, as
measured by the release of 2-nitro-5-thiobenzoic acid followed
at 412 nm, was different in the same solutions containing equiv-
alent 4 × 10−4 �mol enzymes (Fig. 8). The thiol contents of the

Table 5
Thiol group concentration of the WT hAS3MT and the mutants.

Enzyme Thiol group/Mol of Enzyme

WT 4.42 ± 0.32a

C226S 3.33 ± 0.27a

C156S 3.47 ± 0.30b

C206S 3.39 ± 0.32b

C250S 5.22 ± 0.41b

Values represent the mean ± S.E. of six independent experiments.
a Determined by the reaction incubated at 25 ◦C for 30 min.
b Determined by the reaction incubated at 25 ◦C for 15 min.
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nzymes are listed in Table 5. The rate of reaction of the free thiol
roups with DTNB was similar in the WT AS3MT and C226S but
arkedly increased in the other mutants. This result indicates that

he secondary structure of the C156S, C206S, and C250S mutants
s different from that of the WT hAS3MT and agrees well with our
revious findings obtained from the CD and FTIR spectroscopy. The
ontent of thiols was more in C250S while less in the other mutants
han that in the equivalent WT hAS3MT. Since free thiol is only con-
ained in free Cys residues in proteins, we speculate that Cys250
orms an intramolecular disulfide bond with another Cys in the WT
AS3MT and the substitution of it with serine makes the other Cys
esidue free. Cys156, Cys206, and Cys226 do not form intramolec-
lar disulfide bond with other Cys residues. These results are also
onsistent with our CD and FTIR data.

. Conclusions

In summary, this study of the Cys residues in the hAS3MT
as indicated that Cys156 and Cys206 act as the enzyme activ-

ty sites; Cys250 might be essential for the maintenance of the
nzyme stability by forming an intramolecular disulfide bond with
nother potential Cys residues; Cys226 does not join in a disul-
de bond and is not the binding site for Se4+ in the inhibition of

As3+ methylation. All the mutants except C226S are calculated to
ave dramatic changes in the secondary structures as compared
ith the WT hAS3MT. This report here also demonstrates the rela-

ionship between structure and activity of the hAS3MT. Since no
igh-resolution crystal structure of the hAS3MT has been described,
hese data provide an alternative approach to understand how Cys
esidues contribute to the structure and function of this important
rsenic methylation enzyme.
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