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The functions of residues 57-RY-58, G60, L77, 80-GSGR-83, I101, T104, 134-GY-135, N155, V157 and 160-
LV-161 in human arsenic (III) methyltransferase (hAS3MT) 5 Å around S-adenosylmethionine (SAM) have
not been studied. Herein, sixteen mutants were designed by substituting these residues with Ala. Mu-
tants G60A, G80A, I101A, N155A and L160A were completely inactive. Only MMA was detected when
mutants R57A, Y58A, G82A and T104A were used as the enzymes, which suggested that their catalytic
activities were seriously impaired compared with that of wild type (WT). The catalytic capacities of other
mutants were also lower than that of WT-hAS3MT. The KM(SAM) values of mutants were 1.9e8.7 times
that of WT, suggesting their affinities to SAM were weakened. As evidenced by the experimental data
herein, earlier literature and the model of hAS3MT-SAM, 57-RYYG-60, G78, G80, G82 and 155-NCV-157
interacted with the methionine of SAM, and 101-IDMT-104 and 135-YIE-137 were associated with the
nucleotide adenosine of SAM. Since C156 and L160 were the common residues between 5 Å around SAM
and 5 Å around As, and C156S and L160A were inactive, we proposed that C156 and L160 functioned in
the methyl transfer process. G78, G80 and G82 belonging to the consensus GxGxG were located in a loop
connecting the first b-strand and a-helix in the Rossmann fold core. Y59, N155, C156 and L160 oriented
Sþ-CH3 during its approach to the arsenic lone pair, and further activated methyl transfer. G78, D102,
M103, T104, I136 and N155 formed hydrogen bonds with SAM.

© 2014 Elsevier B.V. and Soci�et�e française de biochimie et biologie Mol�eculaire (SFBBM). All rights
reserved.
1. Introduction

Arsenic has dual roles, one being potent toxin and carcinogens
threatening human health, and the other being drugs against
cancers such as acute promyelocytic leukemia [1e5]. Both of them
are closely related with the metabolism of arsenic. Studying the
mechanism of arsenic metabolism is crucial to relieve the toxicity of
arsenic and to better exert its drug function. Arsenic (III)
methylated arsenicals; DMA,
ltransferase; SAM, S-adeno-
oside; ATR-FTIR, attenuated
ry; WT, wild-type; HPLC-ICP-
tively coupled plasma-mass
lyacrylamide gel electropho-
denosylmethyltransferase.
ax: þ86 25 83317761.
angzl@nju.edu.cn (Z. Wang).

de biochimie et biologie Mol�ecula
methyltransferase (AS3MT) is a main enzyme catalyzing the arsenic
methylation which is a primary pathway of its metabolism,
although N-6 adenine-specific DNA methyltransferase 1 also cata-
lyzes some of MMAIII methylation [6e8]. AS3MT with reductant
and methyl donor S-adenosylmethionine (SAM) catalyzes arsenic
methylation [7,9,10], the mechanism of which has been studied for
many years [11,12]. SAM binding to AS3MT is prerequisite for the
methylation of substrate inorganic arsenic (iAs). It has been pro-
posed that duringmethylation, SAM first binds AS3MTand then iAs
binds it as the second substrate [13,14].

Active sites and As-binding sites of AS3MT have been studied.
Residues C157 and C207 in recombinant mouse AS3MT, C156 in rat
AS3MT, C61, C156 and C206 in human AS3MT (hAS3MT) and C72,
C174 and C224 in Cyanidioschyzon merolae arsenite S-adeno-
sylmethyltransferase (CmArsM) have been proved as their As-
binding sites and active sites [15e19]. hAS3MT belongs to the
Rossmann fold SAM-dependent methyltransferase, with highly
conserved glycine-rich sequence of GxGxG as the hallmark
ire (SFBBM). All rights reserved.
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Table 1
Primers used for site-directed mutagenesis.

Primer Sequence

R57A þ 50-CGAAGAAGTAGCCCTAGCGTATTATG-30

e 50�GCCATAATACGCTAGGGCTACTTCTTCG-30

Y58A þ 50-CGAAGAAGTAGCCCTAAGAGCGTATGG-30

e 50-AGACCACAGCCATACGCTCTTAGGG-30

G60A þ 50-AGCCCTAAGATATTATGCGTGTGG-30

e 50-CAGACCACACGCATAATATCTTAGGGC-30

L77A þ 50-GCTGGATTTTGGATGCGGGTAG-30

e 50�TCCACTACCCGCATCCAAAATCCAG-30

G80A þ 50-CTGGGTAGTGCGAGTGGTAGAGATTG-30

e 50-GCAATCTCTACCACTCGCACTACCC-30

S81A þ 50-CTGGGTAGTGGAGCGGGTAGAGATT-30

e 50�GCAATCTCTACCCGCTCCACTACC-30

G82A þ 50-GTGCGAGAGATTGCTATGTACTTAGCC-30

e 50-GGCTAAGTACATAGCAATCTCTCGCAC-30
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[7,20,21]. The predicted SAM-binding motifs of hAS3MT obtained
via sequence alignment of various SAM-dependent methyl-
transferases are motif I 74-ILDLGSGSG-82, motif II 101-IDMT-104,
motif III 147-ESHDIVVSN-155 and motif IV174-VLKHGGELYF-183
[6,7,20]. Parts of the functions of residues have been investigated
[17,20,22]. The model of wild type (WT) hAS3MT with SAM shows
that the residues belonging to 5 Å around SAM are 57-RYYG-60, 76-
DLGSGSGRD-84, 101-IDMT-104, Q107, 134-GYIE-137, 155-NCV-157,
160-LV-161 and C206 [20,22]. Among them, the functions of resi-
dues Y59, D76, G78, S79, D84, D102, M103, Q107, I136, E137, C156
and C206 have been studied [17,20,22]. Mutants Y59A, D76N, G78A,
D84N, D102N, C156S and C206S are completely inactive and the
catalytic activities of mutants M103A, Q107A, I136A and E137A are
lower than that of WT. The functions of the rest remain unknown
hitherto.

To analyze the functions of overall residues located 5 Å
around SAM and to determine the residues closely associated
with SAM-binding, the functions of the remaining residues were
evaluated. Sixteen mutants R57A, Y58A, G60A, L77A, G80A,
S81A, G82A, R83A, I101A, T104A, G134A, Y135A, N155A, V157A,
L160A and V161A were obtained by site-directed mutagenesis.
Then, their catalytic activities and secondary conformation were
gauged, and models of mutants with SAM were also built and
analyzed. Mutants G60A, G80A, I101A, N155A and L160A were
completely deprived of catalytic activities. Only MMA was pro-
duced when mutants R57A, Y58A, G82A and T104A were used as
the enzymes, suggesting their catalytic activities were seriously
weakened. The catalytic capacities of L77A, S81A, R83A, G134A,
Y135A, V157A and V161A were also decreased. As indicated by
the experimental data in this study, earlier literature and
hAS3MT-SAM model, residues 57-RYYG-60, 76-DLGSGSGRD-84,
101-IDMT-104, 134-GYIE-137, 155-NCV-157, 160-LV-161 and
C206 in hAS3MT synergistically formed the SAM-binding
domain, especially the hydrophobic residues G60, L77, G78,
G80, G82, I101, M103, G134, I136, V157, L160 and V161, the ar-
omatic residues Y58 and Y59, and the polar with charge residues
R57, D76, R83, D84, D102, E137, N155, C156 and C206. 57-RYYG-
60, 78-GSGSG-82 and 155-NC-157 interacted with methionine of
SAM. Meanwhile, 101-IDMT-103 and 135-YIE-137 closely con-
tacted with nucleotide adenosine of SAM. C156 and L160, as
common residues between 5 Å around SAM and 5 Å around As,
functioned in the methyl transfer process. G78, G80 and G82
belonging to the consensus GxGxG were located in a loop con-
necting the first b-strand and a-helix in the Rossmann fold core.
Y59, N155, C156 and L160 interacting with Sþ-CH3 of SAM
assisted to orient Sþ-CH3 during its approach to the arsenic lone
pair and further activated methyl transfer. G78, D102, M103,
T104, I136 and N155 formed hydrogen bonds with SAM.
R83A þ 50-GAAGTGGTGCGGATTGCTATGTA-30

e 50-GGCTAAGTACATAGCAATCCGCACC-30

I101A þ 50-AAAAGGACACGTGACTGGAGCGGAC-30

e 50-TGGCCTTTGGTCATGTCCGCTCC-30

T104A þ 50-GACTGGAATAGACATGGCGAAAGGC-30

e 50-TCCACCTGGCCTTTCGCCATGTCTA-30

G134A þ 50-GCATCTAATGTGACTTTTATTCATGCGTAC-30
2. Materials and methods

Caution: Arsenic has been known as a carcinogen and should be
handled carefully [23].
e 50-TCTCCCAACTTCTCAATGTACGCATG-30

Y135A þ 50-GACTTTTATTCATGGCGCGATTGAG-30

e 50-ACTTCTCAATCGCGCCATGAATAAA-30

N155A þ 50-GCCATGATATTGTTGTATCAGCGTGTG-30

� 50-GGCACAAGGTTAATAACACACGCTGATAC-30

V157A þ 50-TATTGTTGTATCAAACTGTGCGATTAACC-30

e 50-GGCACAAGGTTAATCGCACAGTTTGATAC-30

L160A þ 50-ACTGTGTTATTAACGCGGTGCCTGA-30

e 50-GTTTATCAGGCACCGCGTTAATAACAC-30

V161A þ 50-CAAACTGTGTTATTAACCTTGCGCCTG-30

e 50-GCACTTGTTGTTTATCAGGCGCAAG-30

Whole þ 50-CGGGATATCATGGCTGCACTTCGTGAC-30

e 50-CGGGTCGACTTAGTGATGGTGATG-30
2.1. Materials

SAM, GSH, isopropyl b-D-thiogalactopyranoside (IPTG) and
bovine serum albumin (BSA) were purchased from Sigma. Arseni-
cals were bought from J&KChemical Ltd. Phosphate-buffered saline
(PBS, pH 7.0) buffer was prepared bymixing appropriate volumes of
Na2HPO4 and NaH2PO4 into a 25 mM stock solution. NaAsO2 (As3þ),
Na2HAsO4$7H2O (As5þ), disodium methylarsonate (MMA5þ) and
dimethylarsinic acid (DMA5þ) were obtained from J&K Chemical
Ltd.
2.2. Protein expression and purification

Sixteen mutants (R57A, Y58A, G60A, L77A, G80A, S81A, G82A,
R83A, I101A, T104A, G134A, Y135A, N155A, V157A, L160A and
V161A) and WT-hAS3MT were prepared as described previously
[24]. The primers for site-directed mutagenesis are summarized in
Table 1. Protein expression and purification were performed ac-
cording to the protocols detailed in previous literature [17,24]. The
method of Bradford based on a BSA standard curve was used to
determine protein concentrations [25].
2.3. Determining the catalytic activity of the hAS3MT mutants

Solutions (100 ml) containing 11 mg enzyme, 7 mM GSH, 1 mM
iAs3þ and 1 mM SAM in PBS (25 mM, pH 7.0) were incubated at
37 �C for 2 h, and then the reaction was terminated by adding H2O2
to a final concentration of 3%. Finally, the arsenic species were
separated on an anion-exchange column by HPLC (PRP X-100
250 mm � 4.6 mm i.d., 5 mm, Hamilton) and analyzed by ICP-MS
(Elan 9000, PerkinElmer) [26,27]. The arsenic species were eluted
with 12 mM (NH4)2HPO4 as the mobile phase, the pH of which was
adjusted to 6.0 with H3PO4. To determine the iAs kinetic parame-
ters, various iAs concentrations (0.5e500 mM) were used without
changing other conditions. In the SAM kinetic experiments,
0.05e1 mM SAM were used. Working curve prepared using 5, 10,
25, 50 and 100 mg/L standard arsenic species was used to calculate
the amounts of arsenic species obtained from the reaction. The
methylation rates were calculated as mole equivalents of methyl
groups that were transferred from SAM to iAs3þ (i.e., 1 pmol CH3
per 1 pmol MMA or 2 pmol CH3 per 1 pmol DMA) [28]. Noncom-
petitive substrate inhibition Eq. (1): V ¼ [S] * Vmax/(KM þ [S] þ [S]2/
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KI) and double reciprocal Eq. (2): 1/V ¼ KM/(Vmax * [S]) þ 1/Vmax
[17,29] were used to calculate the kinetic parameters, where V is the
initial velocity of the reaction (pmol CH3 transferred/h/mg protein),
[S] is the substrate (iAs3þ) concentration (mM), Vmax is the maximal
velocity of the reaction (pmol CH3 transferred/h/mg protein), KM is
the Michaelis constant for iAs3þ or SAM (mM), and KI is the inhi-
bition constant for iAs3þ (mM) [30].
2.4. Monitoring the conformational changes of hAS3MT mutants
compared with WT

CD spectra of theWTand hAS3MTmutants (2 mM in 25mMPBS,
pH 7.0) were recorded between 190 and 265 nm using a JASCO-J810
spectropolarimeter (Jasco Co., Japan) as previously described
[17,20,22]. The scanning rate was set at 50 nm/min. Each spectrum
represents the average of three accumulations and baseline
correction was automatically carried out with the PBS (25 mM, pH
7.0) spectrum throughout the entire collection. The secondary
structure parameters of mutants were calculated using Jwsse32
Fig. 1. Catalytic capacity of hAS3MT mutants. Reaction mixtures (100 ml) containing
11 mg enzymes, 1 mM iAs3þ, 1 mM SAM and 7 mM GSH in PBS (25 mM, pH 7.0) were
incubated at 37 �C for 2 h with H2O2 treatment before being analyzed by HPLC-ICP-MS.
The percents of arsenic species (iAs/TAs, MMA/TAs and DMA/TAs) and two indices
(FMR and SMR) of mutants R57A, Y58A, L77A, G80A, S81A, R83A, T104A, G134A,
Y135A, V157A and V161A are shown in A and B. Values are averages ± S.D. of three
independent experiments performed by three independently purified proteins.
software with reference CD-Yang. jwr [31]. ATR-FTIR spectra were
applied to determine the secondary structures of mutants. More
details about the ATR-FTIR spectra were addressed in previous
literature [17,32,33].
2.5. Modeling the hAS3MT mutants with cofactor SAM

hAS3MT and CmArsM were arsenic methyltransferases in
different species with similar sequences, so models of hAS3MT-
SAM were built by modeller9v8 with the most updated protein
template CmArsM (PDB code 4FR0) [34]. The model quality of
hAS3MT mutants was estimated via QMEAN Server (http://
swissmodel.expasy.org/qmean/cgi/index.cgi) [35]. Pymol was
used to analyze the models of hAS3MT [36].
Fig. 2. A. Substrate concentration dependence of rate. The lines show the least squares
fit of Eq. (1) to the data. B. Double reciprocal plots of the arsenic methylation rate
against the concentration of iAs3þ. Reaction mixtures (100 ml) containing 11 mg en-
zymes, 1 mM SAM and 7 mM GSH in PBS (25 mM, pH 7.0) were incubated with
different concentrations of iAs3þ at 37 �C for 2 h with H2O2 treatment before analysis.
Values are averages ± S.D. of three independent experiments performed by three
independently purified proteins.

http://swissmodel.expasy.org/qmean/cgi/index.cgi
http://swissmodel.expasy.org/qmean/cgi/index.cgi


Table 2
Kinetic parameters of arsenic methylation for eleven mutants R57A, Y58A, L77A, S81A, G82A, R83A, T104A, G134A, Y135A, V157A and V161A.

aVmax (pmol CH3/mg/h) aKM(mM) KI (mM) bVmax (pmol CH3/mg/h) bKM (mM) cKM (mM) Relative cKM

R57A 1686 ± 61 2.6 ± 0.2 0.29 ± 0.03 1586 ± 104 2.3 ± 0.4 349.1 ± 14.3 7.3
Y58A 8534 ± 748 7.6 ± 1.0 0.10 ± 0.02 6940 ± 783 5.7 ± 0.9 220.4 ± 15.2 4.6
L77A 12,153 ± 1244 9.6 ± 1.4 0.13 ± 0.03 12,996 ± 1167 7.0 ± 0.9 222.4 ± 13.6 4.6
S81A 11,979 ± 949 2.7 ± 0.5 0.21 ± 0.04 10,390 ± 933 2.1 ± 0.6 91.8 ± 7.5 1.9
G82A 1156 ± 162 8.7 ± 1.8 0.18 ± 0.05 1160 ± 96 7.9 ± 1.4 414.1 ± 20.3 8.7
R83A 4563 ± 196 1.8 ± 0.2 0.27 ± 0.03 4211 ± 178 1.5 ± 0.4 161.8 ± 8.4 3.4
T104A 1694 ± 204 7.0 ± 1.4 0.25 ± 0.07 1410 ± 159 4.9 ± 1.6 286.4 ± 9.8 6.0
G134A 10,819 ± 348 1.2 ± 0.1 0.48 ± 0.06 10,285 ± 665 1.1 ± 0.3 259.0 ± 11.3 5.4
Y135A 7936 ± 858 7.0 ± 1.2 0.09 ± 0.02 6144 ± 758 4.9 ± 1.8 156.2 ± 10.5 3.3
V157A 9938 ± 572 2.2 ± 0.3 0.31 ± 0.05 9113 ± 645 1.9 ± 0.5 142.0 ± 8.4 3.0
V161A 5084 ± 361 3.2 ± 0.5 0.17 ± 0.03 4361 ± 546 2.4 ± 0.6 329.6 ± 16.5 6.9
WT 21,170 ± 1079 3.2 ± 0.24 0.7 ± 0.09 19,836 ± 919 3.19 ± 0.7 47.8 1.0

Values represent average ± S.D. of three independent experiments performed by three independently purified proteins.
a Represents the kinetic parameters of iAs3þ estimated from the data in Fig. 2a by Eq. (1) using origin 8.0.
b Represents the kinetic parameters of iAs3þ calculated from the data in Fig. 2b.
c Represents the KM for SAM.
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3. Results

3.1. Catalytic activities of the hAS3MT mutants

Primarymethylation rate (PMR) and secondarymethylation rate
(SMR) are defined as (MMA þ DMA)/TAs and DMA/(MMA þ DMA)
respectively, inwhich TAs is the abbreviation of total arsenic [37]. In
this study, however, TAs was the sum of iAs, MMA and DMA
because trimethylated arsenic was not detected. Proportions of the
arsenic species are defined as iAs/TAs, MMA/TAs and DMA/TAs [37].
The catalytic capacities of mutants were characterized by the pro-
portions of the arsenic species, PMR and SMR (Fig. 1A and B). Fig. 1A
shows that mutants G60A, G80A, I101A, N155A and L160A are
completely deprived of their methylation capacities. Fig. 1A and B
shows that mutants R57A, Y58A, G82A and T104A catalyze 3%e12%
of iAs toMMA. ComparedwithWT-hAS3MT, the catalytic capacities
of mutants L77A, R83A, Y135A and V161A are weakened (Fig. 1A
and B). The catalytic capacities of mutants S81A, G134A and V157A
are slightly lower than that of WT, while their SMR are higher than
that of WT because more DMA is produced than MMA (Fig. 1A and
B). Hence, residues G60, G80, I101, N155 and L160 as well as R57,
Fig. 3. Double reciprocal plots of the arsenic methylation rate versus the concentration
of SAM. Reaction mixtures (100 ml) containing 11 mg enzymes, 1 mM iAs3þ and 7 mM
GSH in PBS (25 mM, pH 7.0) were incubated with different concentrations of SAM for
2 h with H2O2 treatment before analysis. Values are averages ± S.D. of three inde-
pendent experiments performed by three independently purified proteins.
Y58, G82 and T104 significantly affected the catalytic activity of
hAS3MT.

To determine catalytic kinetic parameters, substrate iAs at wide-
range concentrations were used. Methylation velocity presented an
apparent first-order fashion at lower iAs concentrations, and then
the reaction rate asymptotically approached the theoretical
maximum (Vmax) with increasing iAs concentration (0.5e40 mM)
and finally decreased at higher iAs concentrations (100e500 mM).
Plots of the inorganic arsenic concentrations versus the methyl-
ation rates fitted by Eq. (1) and the double reciprocal plots fitted by
Eq. (2) for the mutants having methylation capacity are shown in
Fig. 2A and B. The kinetic parameters calculated by Eq. (1) and Eq.
(2) are summarized in Table 2. The Vmax values of all mutants,
especially those of R57A, G82A, R83A, T104A and V161A, are lower
than that of WT, indicating their catalytic activities are weakened.
The KM(As) values of mutants Y58A, L77A, G82A, T104A and Y135A
are higher than that of WT, suggesting that their affinities to iAs are
reduced.
3.2. Capacities of the mutants binding to SAM

The Michaelis constant for SAM, which is referred to as KM(SAM),
is used as a relative measure of SAM binding affinity to hAS3MT
Fig. 4. CD spectra of hAS3MT and mutants. Spectra were taken at the protein con-
centration of 2 mM at room temperature. Plot is the representative of three indepen-
dent measurements performed by three independently purified proteins.
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[38]. The KM(SAM) values in Table 2 are calculated from the double
reciprocal curves of methylation rates against SAM concentrations
(Fig. 3). Since the KM(SAM) values of the mutants are 1.9e8.7 times
that ofWT, capacities of themutants binding to SAM areweakened,
which directly decrease their catalytic activities. Therefore, resi-
dues R57, Y58, L77, S81, G82, R83, T104, G134, Y135, V157 and V161
kept in close contact with SAM.
3.3. Conformations of the mutants characterized by CD and ATR-
FTIR

CD spectroscopy sensitively determines the secondary structure
of protein [39,40], which was employed to analyze the folding
properties of the sixteen mutants (Fig. 4) to examine the effect of
mutations on the folding and activity of enzyme. CD spectral in-
tensities of mutants G60A, L77A, R83A, I101A, T104A, N155A, L160A
and V161A are lower than that of WT, while the intensities of peaks
at 208 nm and 220 nm of mutants R57A, Y58A, S81A, G134A and
V157A exceed that of WT. Compared with WT, the peaks at 208 nm
and 220 nm of N155A hypsochromically shift, suggesting that the
conformation of N155A changes obviously. Thus, the conformations
of the mutants are different from that of WT. The contents of sec-
ondary structures of the sixteen mutants were calculated by the
Jwsse32 software with reference CD-Yang. jwr (Table 3a). The
Table 3
a. Secondary structures of WT-hAS3MT and mutants estimated from CD spectra. b.
Secondary structures of WT-hAS3MT and mutants estimated from ATR-FTIR
spectroscopy.

a-helix% b-pleated% b-turn% Random%

a)
R57A 28.8 ± 2.3 28.0 ± 0.9* 15.2 ± 0.6 28.1 ± 1.2
Y58A 25.6 ± 1.1 31.3 ± 1.1** 14.3 ± 0.9* 28.8 ± 0.2
G60A 29.4 ± 1.6 24.3 ± 1.3 17.9 ± 0.8 28.4 ± 0.5
L77A 27.7 ± 0.3 28.6 ± 2.0* 14.5 ± 0.9* 29.2 ± 0.8
G80A 29.3 ± 1.2 26.1 ± 0.8 16.2 ± 1.0 28.4 ± 0.3
S81A 29.8 ± 2.4 22.8 ± 1.2 18.8 ± 0.6 28.6 ± 1.7
G82A 26.0 ± 1.6 33.0 ± 2.5** 13.3 ± 0.6* 27.8 ± 1.8
R83A 25.1 ± 1.2 34.2 ± 2.8** 13.4 ± 0.4* 27.3 ± 1.6
I101A 29.7 ± 1.4 25.0 ± 0.9 15.4 ± 0.6 29.8 ± 1.5
T104A 26.5 ± 1.7 31.5 ± 1.4** 14.4 ± 1.3* 27.6 ± 1.8
G134A 30.2 ± 2.2 25.3 ± 1.3 16.0 ± 1.0 28.5 ± 1.9
Y135A 29.6 ± 1.9 23.3 ± 1.0 18.6 ± 0.6 28.4 ± 1.6
N155A 32.6 ± 2.5 19.3 ± 0.8* 18.9 ± 0.8 29.2 ± 2.2
V157A 25.9 ± 1.4 31.1 ± 2.1* 15.4 ± 0.7 27.6 ± 1.5
L160A 29.8 ± 1.7 26.5 ± 1.5 16.2 ± 0.8 27.5 ± 1.7
V161A 29.2 ± 1.2 28.1 ± 1.4* 14.9 ± 0.6* 27.8 ± 1.3
WT 29.0 ± 2.2 23.9 ± 1.9 17.9 ± 1.7 29.2 ± 1.4
b)
R57A 27.4 ± 2.3 29.0 ± 0.5* 12.3 ± 0.6** 31.2 ± 1.6
Y58A 28.4 ± 1.1 28.6 ± 1.1* 15.5 ± 1.0* 27.5 ± 0.8
G60A 28.3 ± 2.2 27.3 ± 2.0 18.2 ± 1.2* 26.2 ± 1.3
L77A 25.7 ± 1.0 28.5 ± 2.0 14.1 ± 0.5** 31.7 ± 0.6
G80A 28.3 ± 1.2 27.0 ± 0.8 18.2 ± 1.0* 26.5 ± 0.3
S81A 29.8 ± 3.2 23.9 ± 1.4 17.6 ± 1.4* 28.7 ± 2.5
G82A 27.8 ± 3.3 32.0 ± 3.5* 13.7 ± 0.8** 26.5 ± 2.3
R83A 26.9 ± 2.4 31.1 ± 2.8* 15.6 ± 1.0* 26.4 ± 1.4
I101A 29.7 ± 2.8 19.1 ± 1.4 21.4 ± 1.0 29.8 ± 3.3
T104A 26.3 ± 1.7 31.9 ± 1.4* 15.9 ± 1.3* 25.9 ± 1.8
G134A 30.8 ± 2.7 23.6 ± 1.3 17.9 ± 0.9* 27.7 ± 2.3
Y135A 30.6 ± 2.3 28.8 ± 1.6* 15.0 ± 0.9** 25.6 ± 1.7
N155A 31.0 ± 1.9 18.2 ± 0.8 21.1 ± 1.3 29.6 ± 2.6
V157A 26.5 ± 1.7 31.1 ± 2.6* 16.6 ± 1.0* 25.8 ± 1.6
L160A 32.1 ± 2.4 24.5 ± 1.2 16.5 ± 0.8* 26.9 ± 1.7
V161A 28.4 ± 2.5 30.8 ± 3.5* 15.2 ± 1.0** 25.5 ± 1.4
WT 26.6 ± 3.6 20.7 ± 4.6 24.2 ± 3.2 28.5 ± 4.9

Values represent average ± S.D. of three independent experiments carried out by
three independently purified proteins. The parameters were analyzed with the Jasco
secondary structure manager with the reference CD data-Yang. jwr in PBS (25 mM,
pH 7.0) at room temperature. Compared to WT, *p < 0.05, **p < 0.01.
secondary structures of G60A, S81A, I101A, G134A and Y135A are
similar to that of WT. Compared with WT, the contents of a-helix
and b-turn in mutant N155A increase, while the content of b-
pleated sheet decreases and that of random coil remains un-
changed. For mutants R57A, G80A, L160A, and V161A, the contents
of b-pleated sheet increase, whereas those of b-turn and random
coil decrease, with the contents of a-helix barely changed. The
contents of b-pleated sheet in mutants Y58A, L77A, G82A, R83A,
T104A, and V157A increase with decreasing contents of a-helix, b-
turn and random coil. Accordingly, the contents of secondary
structures of mutants, except for those of G60A, S81A, I101A, G134A
and Y135A, differed from those of WT.

To further confirm the secondary structures of the mutants, we
carried out ATR-FTIR assays and analyzed their amide I band
spectra according to the well-established assignment criterion
(1610e1640 cm�1: b-pleated sheet, 1640e1650 cme1: random coil,
1650e1658 cme1: a-helix, and 1660e1700 cme1: b-turn) [41,42].
The original and curve-fitting FTIR spectra of mutants R57A, Y58A,
G60A, G80A, S81A, G82A, R83A, I101A, T104A, Q107A, G134A,
Y135A, N155A, V157A, L160A and V161A are shown in Fig. 5. There
are six component bands in the amide I bands of the mutants. The
contents of each secondary structure were calculated from the in-
tegrated areas of the component bands (Table 3b). The secondary
structures of the mutants derived from ATR-FTIR, except for b-turn
of R57A, a-helix and b-pleated of Y58A, b-pleated and b-turn of
I101A, b-pleated of Y135A, and b-turn of WT, are basically consis-
tent with those obtained from CD spectra. The differences between
secondary structures derived from ATR-FTIR and those obtained
from CD spectra for the same mutant may result from the two
distinctly different methods [40,41].

3.4. SAM-binding sites of hAS3MT mutants R57A, Y58A, G60A,
L77A, G80A, S81A, G82A, R83A, I101A, T104A, G134A, Y135A, N155A,
V157A, L160A and V161A

Models of hAS3MT mutants were established with modeller9v8
by using the crystal structure of CmArsM with cofactor SAM (PDB
code 4FR0) as the template. The model quality was estimated in the
light of a QMEAN scoring function acceptably ranging between 0.60
and 0.65 [35]. The secondary structure arrangement of the hAS3MT
model is almost identical to that of CmArsM [34]. The sites in the
SAM-binding pocket (5.0 Å around SAM) of WT-hAS3MT and mu-
tants (R57A, Y58A, G60A, L77A, G80A, S81A, G82A, R83A, I101A,
T104A, G134A, Y135A, N155A, V157A, L160A and V161A) are dis-
played in Fig. 6 and Table 4. Compared with the model of WT-
hAS3MT with SAM, Cys206 is not in the SAM-binding pocket of
mutants G60A, G80A, S81A, G82A, T104A, G134A, V157A and
V161A. Residue R83 is disconnected from mutants R57A, L77A,
R83A, I101A, Y135A and N155A. The microenvironments of SAM for
most mutants (except for L160A) vary from that of WT.

4. Discussion

SAM, which is a conjugate of nucleotide adenosine and amino
acid methionine, provides diverse chemical groups for the
biosynthesis and modification of important biomolecules [43]. One
of the critical chemical groups provided by SAM, i.e. CH3, is closely
associated with the metabolism and modification of diverse mol-
ecules, such as lipids, proteins, DNA and other small molecules
(inorganic arsenic, chloride, bromide) [44e46]. hAS3MT catalyzing
arsenic methylation belongs to the Rossmann-fold SAM-dependent
methyltransferase, with the highly conserved glycine-rich
sequence of 74-ILDLGSGSG-82 as the hallmark. The SAM-binding
sites in SAM-dependent methyltransferases have been deduced
by sequences alignment [21]. Five highly conserved regions with



Fig. 5. Curve-fitted amide I region of WT-hAS3MT and mutants. The component peaks are the result of curve-fitting using a Gaussian shape. The solid lines represent the
experimental FTIR spectra after SavitzkyeGolay smoothing, and the dashed lines represent the fitted components. Plot is the representative of three independent measurements
carried out by three independently purified proteins.
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Fig. 6. Interaction modes between SAM, WT-hAS3MT and mutants (R57A, Y58A, G60A, L77A, G80A, S81A, G82A, R83A, I101A, T104A, G134A, Y135A, N155A, V157A, L160A and
V161A). Only the residues 5.0 Å around SAM are displayed.
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Table 4
Residues 5.0 Å around SAM based on the models of WT and mutants R57A, Y58A,
G60A, L77A, G80A, S81A, G82A, R83A, I101A, T104A, G134A, Y135A, N155A, V157A,
L160A and V161A.

Residues 5.0 Å around SAM

WT 57-RYYG-60, 76-DLGSGSGRD-84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161, C206

R57A 57-AYYG-60, 76-DLGSGSG-82, D84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161, C206

Y58A 5R, 57-RAYG-60, 76-DLGSGSGRD-84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161, C206

G60A 57-RYYA-60, 77-DLGSGSGRD-84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161

L77A 57-RYYG-60, 76-DAGSGSG-82, D84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161, C206

G80A 57-RYYG-60, 76-DLGSASG-82, D84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161

S81A 57-RYYG-60, 76-DLGSGSGRD-84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161

G82A 57-RYYG-60, 76-DLGSGSA-82, D84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161

R83A 57-RYYG-60, 76-DLGSGSG-82, D84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161, C206

I101A 57-RYYG-60, 76-DLGSGSG-82, D84, 101-ADMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161, C206

T104A 57-RYYG-60, 76-DLGSGSGRD-84, 101-IDMA-104, Q107,
134-GYIE-137, 155-NCV-157, 160-LV-161

G134A 57-RYYG-60, 76-DLGSGSG-82, D84, 101-IDMT-104, Q107,
134-AYIE-137, 155-NCV-157, 160-LV-161

Y135A 57-RYYG-60, 76-DLGSGSG-82, D84, 101-IDMT-104, Q107,
134-GAIE-137, 155-NCV-157, 160-LV-161, C206

N155A 57-RYYG-60, 76-DLGSGSG-82, D84, 101-IDMT-104, Q107,
134-GYIE-137, 155-ACV-157, 160-LV-161, C206

V157A 57-RYYG-60, 76-DLGSGSG-82, D84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCA-157, 160-LV-161

L160A 57-RYYG-60, 76-DLGSGSGRD-84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, 160-AV-161, C206

V161A 57-RYYG-60, 76-DLGSGSG-82, D-84, 101-IDMT-104, Q107,
134-GYIE-137, 155-NCV-157, L160

Fig. 7. Model of WT-hAS3MT with SAM and WT-hAS3MT with As. Only residues in
hAS3MT ranged 5 Å around SAM and As are presented, and the hydrogen bond
network formed around SAM is also marked.
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one or more nearly-invariant residues have been identified as the
SAM-binding regions of the Rossmann-fold methyltransferase [21].
Four motifs of hAS3MT 76-DLGSGSG-82, 101-ID-102, 147-
ESHDIVVSN-155 and 174-VLKHGGELYF-183 have been deduced as
the SAM-binding regions [7,20]. The model of hAS3MT-SAM with
CmArsM as template presents the residues 5.0 Å around SAM, i.e.
57-RYYG-60, 76-DLGSGSGRD-84, 101-IDMT-104, Q107, 134-GYIE-
137, 155-NCV-157, 160-LV-161 and C206 [20,22]. The functions of
these residues have been studied in this study and previous liter-
ature. Mutants Y59A, G60A, D76P, D76N, G78A, G80A, D84P, D84N,
I101A, D102P, D102N, N155A, C156S, L160A and C206S are
completely inactive. The catalytic activities of mutants R57A, Y58A,
G82A, R83A, M103A, Q107A, Y135A, I136A, E137A and V161A are
also obviously depressed. Residues C156 and C206 have been
verified as active and As-binding sites [17]. Residues Y59, D76, G78,
D84 and D102 also affect the catalytic activity of hAS3MT by
affecting SAM-binding as well as residues M103, I136 and E137. As
evidenced by the higher KM(SAM) values of mutants R57A, Y58A,
G82A, R83A, Y135A and V161A than that of WT, their affinities to
SAM are reduced, which further decrease their catalytic activities.
Moreover, the catalytic activity of mutant S79A exceeds that of WT.
Although S79 and S81 belong to the motif 76-DLGSGSG-82, they
have no effects on the SAM-binding and catalytic activity of
hAS3MT.

As indicated by the experiment data herein, earlier studies and
the model of hAS3MT-SAM, 57-RYYG-60, 76-DLGxGxGRD-84, 101-
IDMT-104, 134-GYIE-137, 155-NCV-157, 160-LV-161 and C206 are
the SAM-binding sites, where x represents that the residues do not
affect SAM-binding. C156 and L160 are the common residues
located 5 Å around SAM and 5 Å around As atom (Fig. 7A and B) and
are situated between Sþ-CH3 of SAM and As atom associated with
inactive mutants C156S and L160A, indicating that they affect both
SAM-binding and methyl transfer process. N155 next to the active
site C156 also impacts the catalytic activity of hAS3MT. Hydro-
phobic residues G60, L77, G78, G80, G82, I101, M103, G134, I136,
V157, L160 and V161 frame a hydrophobic environment for SAM,
and acidic residues D76, D84 and D102 form hydrogen bonds with
SAM directly or via water molecule. Residue Y59 has been deduced
to bind SAM through cation-p and van der Waals interactions [22].
Residues R57, Y58 and G60 next to Y59 also affect SAM-binding.
Adjacent Y58 and Y59 with the same side chain probably play
similar roles in SAM-binding and distinguishing SAM from its
analog SAH. Residues G78, G80 and G82 belonging to the consensus
GxGxG are located in a loop connecting the first b-strand and a-
helix in the Rossmann fold core. They are in contact with the car-
boxypropyl moiety of SAM. Located in themiddle of b-strand 1, D76
is a highly conserved acidic residue. Conserved residue D102, which
is located in the C terminus of b-strand 2, forms two hydrogen
bonds with the ribose hydroxyl group of SAM. M103 and I136 with
large aliphatic side chains form a sandwich structure with the
nucleoside of SAM in the center. Aromatic side chain Y135 and the
larger hydrophobic residue I136 stabilize the adenine moiety of
SAM. 57-RYYG-60 located near methionine and residue 155-NC-
156 adjacent to sulfonium Sþ-CH3 interact withmethionine and Sþ-
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CH3 of SAM. The residues of hAS3MT, which exert effects on the
breakage of CeSþ bond in SAM, are prerequisite for catalyzing the
methyl group transfer from SAM to As atom. Y59, N155, C156 and
L160 that interact with Sþ-CH3 of SAM orient Sþ-CH3 during its
approach to the arsenic lone pair and further activate the methyl
transfer process. Furthermore, Fig. 7 displays that residues G78,
D102, M103, T104, I136 and N155 form hydrogen bonds with SAM.

5. Conclusion

In summary, we designed sixteen mutants R57A, Y58A, G60A,
L77A, G80A, S81A, G82A, R83A, I101A, T104A, G134A, Y135A,
N155A, V157A, L160A and V161A, determined their catalytic ac-
tivities, characterized their conformations and built their models.
Mutants G60A, G80A, I101A, N155A and L160A were completely
inactive, and the catalytic activities of other mutants were also
impaired compared with that of WT. Their KM(SAM) values showed
that the affinities to SAM were decreased. The specific functions of
these residues located 5 Å around SAM were finally analyzed based
on the experimental results herein, previous studies as well as the
models of mutants with SAM.
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