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Functional evaluation of Asp76, 84, 102 and 150 in human arsenic(III)
methyltransferase (hAS3MT) interacting with S-adenosylmethionine
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We prepared eight mutants (D76P, D76N, D84P, D84N, D102P, D102N, D150P and D150N) to investi-
gate the functions of residues Asp76, 84, 102 and 150 in human arsenic(III) methyltransferase
(hAS3MT) interacting with the S-adenosylmethionine (SAM)-binding. The affinity of all the mutants
for SAM were weakened. All the mutants except for D150N completely lost their methylation activ-
ities. Residues Asp76, 84, 102 and 150 greatly influenced hAS3MT catalytic activity via affecting SAM-
binding or methyl transfer. Asp76 and 84 were located in the SAM-binding pocket, and Asp102 sig-
nificantly affected SAM-binding via forming hydrogen bonds with SAM.
� 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction assists to elucidate the mechanism of the arsenic methylation.
S-adenosylmethionine (SAM) is recognized as the major methyl
donor of methylation reactions catalyzed by methyltransferase [1–
3]. The methylation of lipids, proteins, DNA and other small mole-
cules (inorganic arsenic, chloride, bromide) significantly affect
many important biological processes including biosynthesis, pro-
tein repair, signal transduction, metabolism and detoxification
[4–7]. The methylation of inorganic arsenic (iAs) has been well
known as the main arsenic metabolic process, the mechanism of
which has been studied for many years [8,9]. Arsenic(III) methyl-
transferase (AS3MT) catalyzes the biotransformation of iAs, which
needs a reductant and SAM as the enzyme cofactors [10–12].
Investigating SAM-binding sites and As-binding sites in AS3MT
helps to understand the methyl transfer process, which further
The active sites and As-binding sites in AS3MT have been studied
previously. Residues Cys157 and Cys207 in recombinant mouse
AS3MT and Cys156 in rat AS3MT have been demonstrated to be
the As-binding sites and active sites, respectively [13,14]. Cys156
and Cys206 in human AS3MT (hAS3MT) are also the As-binding
sites [15]. However, the binding sites of cofactor SAM in hAS3MT
are still undefined.

Several sequence motifs in hAS3MT proteins have been predicted
to interact with SAM via multiple-sequence alignments resembling
many SAM-dependent methyltransferases [1,16,17]. The motif I of
hAS3MT is the 74-ILDLGSGSG-82 sequence conformed to the gen-
eral consensus motif I (hh (D/E) hGXGXG), where h is a hydrophobic
amino acid, X is any amino acid, and residues D and G (glycine resi-
dues) are strongly conserved. The motif II is 101-IDMT-104, which
contains a conserved acidic residue Asp102. The sequences of motif
III are 147-ESHDIVVSN-155 with an invariant Asp150 at position 4.
However, the actual functions of the residues in the motifs men-
tioned above have not been clarified by experiments.

To better understand the mechanisms of arsenic methylation
and the methyl transfer from SAM to As, SAM-binding sites in
hAS3MT need to be investigated in detail. Thereby motivated, we
herein first studied the functions of acidic residues Asp76, 84,
102 and 150 in the motifs or near the motif of hAS3MT because
the acidic residues with carboxyl groups in other SAM-dependent
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Table 1
Primers used for site-directed mutagenesis.

Primer Sequence

D76P + 50 CACTACCCAGCGGCAAAATCC 30

� 50AACTGCTGGATTTTGCCGCTGGG30

D76N + 50 CACTACCCAGATTCAAAATCC 30

� 50AACTGCTGGATTTTGAATCTGGG30

D84P + 50 GGCTAAGTACATAGCACGGTCTACC 30

� 50 GGTAGACCGTGCTATGTACTTAGCC 30

D84N + 50 GGCTAAGTACATAGCAATTTCTACC 30

� 50 GGTAGAAATTGCTATGTACTTAGCC 30

D102P + 50 TTGGTCATCGGTATTCCAGTCACGT 30

� 50 GACACGTGACTGGAATACCGATGACC 30

D102N + 50 TTGGTCATATTTATTCCAGTCACGT 30

� 50 GACACGTGACTGGAATAAATATGACC 30

D150P + 50 CACAGTTTGATACAACAATCGGATGG 30

� 50 GAATGAGAGCCATCCGATTG 30

D150N + 50 CACAGTTTGATACAACAATATTATGG 30

� 50 GAATGAGAGCCATAATATTG 30

Whole + 50CGGGATATCATGGCTGCACTTCGTGAC30

� 50CGGGTCGACTTAGTGATGGTGATG30

Fig. 1. Catalytic capacity of the hAS3MT mutant. Reaction mixtures (100 ll)
containing 11 lg enzymes, 5 lM iAs3+, 1 mM SAM, 7 mM GSH in PBS (25 mM, pH
7.0) were cultured at 37 �C for 2 h. The proportion of methylated arsenic (MMA and
DMA) for WT-hAS3MT and only one active mutant D150N were showed. Values are
the means ± S.D. of three independent experiments.

Fig. 2. (A) Substrate concentration dependence of rate for the mutant D150N. The
line show the least squares fit of Eq. (1) to the data. (B) Double reciprocal plot of the
arsenic methylation rate against the concentration of iAs3+ for the mutant D150N.
Reaction mixtures (100 ll) containing 11 lg D150N, 1 mM SAM, 7 mM GSH and
0.5–500 lM iAs3+ in PBS (25 mM, pH 7.0) were incubated at 37 �C for 2 h. Values are
the means ± S.D. of three independent experiments.
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methyltransferases have been confirmed to play important roles in
SAM binding via forming hydrogen bonds with SAM directly or
through water molecules [18–21]. Based on the previous study,
Asp60 in DNA (cystosine-5) methyltransferases was replaced by
residue Pro and Asn [22]. Thus eight mutants D76P, D76N, D84P,
D84N, D102P, D102N, D150P and D150N in hAS3MT were obtained
by site-directed mutagenesis. Their catalytic activities and confor-
mations were determined and the models of the hAS3MT-SAM
were built by modeller9v8 utilizing the most updated protein tem-
plate Cyanidioschyzon merolae arsenite S-adenosylmethyltrans-
ferase (CmArsM) (PDB code 4FR0), because both of the hAS3MT
and CmArsM were the arsenic methyltransferases existed in differ-
ent species and their sequences were most similar to each other.
We concluded that Asp102 significantly affected the SAM-binding
via forming hydrogen bonds with the ribose hydroxyl groups of
SAM as well as Asp76 and 84 in the SAM-binding pocket. Besides,
using Pro or Asn to substitute the Asp150 also influenced the SAM-
binding and enzyme activity via changing the conformation of the
enzyme and the microenvironment of the SAM-binding pocket.
2. Materials and methods

Caution: Arsenical compounds are known as human carcinogens
and should be handled accordingly [23].

2.1. Materials

The expression host, Escherichia coli BL21 (DE3) pLysS, was
bought from Novagen. The restriction enzymes, dNTPs and Primer-
STAR HS DNA polymerase, were obtained from Takara. SAM, gluta-
thione (GSH), isopropyl b-D-thiogalactopyranoside (IPTG) and
bovine serum albumin (BSA) were purchased from Sigma. Arseni-
cals were bought from J&K Chemical Ltd.

2.2. Preparation of hAS3MT mutants

The plasmid pET-32a-hAS3MT was subjected to the site-direc-
ted mutagenesis of hAS3MT [15,24]. The primers used for site-di-
rected mutagenesis are summarized in Table 1. After sequencing



Table 2
Kinetic parameters for iAs methylation catalyzed by the mutant D150N.

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

D150N 11222 ± 569 4.4 ± 0.4 0.2 ± 0.03 10055 ± 969 3.74 ± 0.3 245.1 ± 17.6 5.1
WT 21170 ± 1,079 3.2 ± 0.24 0.7 ± 0.09 19836 ± 919 3.19 ± 0.7 47.84 1.0

Values represent the mean ± S.D. of three independent experiments.
a Represents the kinetic parameters of iAs3+ estimated from the data in Fig. 2A by Eq. (1).
b Represents the kinetic parameters of iAs3+ calculated from the data in Fig. 2B.
c Represent the KM for SAM.

Fig. 3. Double reciprocal plot of the arsenic methylation rate against the concen-
tration of SAM for the mutant D150N. Reaction mixtures (100 ll) containing 11 lg
D150N, 5 lM iAs3+, 7 mM GSH and 0.05–2 mM SAM in PBS (25 mM, pH 7.0) were
incubated for 2 h at 37 �C. Values are the means ± S.D. of three independent
experiments.

Fig. 4. CD spectra of hAS3MT and the mutants. The spectra were recorded at the
protein concentration of 2 lM at room temperature. The plot is the representative
of three independent measurements.

Table 3A
Secondary structures of WT-hAS3MT and the mutants estimated from CD spectra.

a-Helix (%) b-Pleated (%) b-Turn (%) Random (%)

D76P 29.1 ± 1.1 24.0 ± 1.1 16.9 ± 0.9 30.0 ± 0.2
D76N 25.9 ± 0.8 31.6 ± 1.4 14.5 ± 0.3 28.0 ± 1.2
D84P 23.7 ± 1.6 42.6 ± 1.3 6.1 ± 0.8 27.8 ± 0.5
D84N 25.1 ± 1.3 31.0 ± 1.6 15.0 ± 0.6 28.9 ± 1.4
D102P 25.6 ± 0.3 34.0 ± 2.0 12.0 ± 0.9 28.4 ± 0.8
D102N 28.4 ± 1.2 24.8 ± 0.8 15.9 ± 1.0 31.2 ± 0.3
D150P 34.7 ± 1.0 13.5 ± 2.9 20.9 ± 1.2 31.0 ± 0.7
D150N 27.1 ± 1.2 25.5 ± 1.5 17.3 ± 0.8 30.1 ± 1.9
WT 29.0 ± 2.2 23.9 ± 1.9 17.9 ± 1.7 29.2 ± 1.4

The values represent the mean ± S.D. of three independent experiments. 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.
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[25], the vectors carrying mutant hAS3MT genes were transformed
into E. coli BL21 (DE3) pLysS for expression. Protein expression and
purification were performed following the protocols described pre-
viously [24]. All proteins were dialyzed against PBS (25 mM, pH
7.0) at 4 �C to remove imidazole and excess salts. Protein concen-
trations were determined by the method of Bradford based on a
BSA standard curve [26].

2.3. Enzyme activity assays

The methylation capacity of the mutants was determined in a
system (100 ll) containing 11 lg enzyme, 7 mM GSH, 5 lM iAs3+

and 1 mM SAM in PBS (25 mM, pH 7.0) [15,24] incubated at
37 �C for 2 h and terminated by adding H2O2 to a final concentra-
tion of 3%. To measure the iAs3+ substrate kinetics, 11 lg enzyme,
7 mM GSH, 1 mM SAM and 0.5–500 lM iAs3+ were used. In SAM ki-
netic experiments, 0.05–2 mM SAM were used and the concentra-
tion of other components in the reaction system was without
change. The samples were separated by HPLC using an anion-ex-
change column (PRP X-100 250 � 4.6 mm i.d., 5 lm, Hamilton)
and then quantified by ICP-MS (Elan 9000, Perkin–Elmer) with
the flow rate of 1.0 ml/min at room temperature [24,27]. The
arsenical compounds were eluted with the mobile phase of
15 mM (NH4)2HPO4 (pH 6.0). The amounts of arsenic species were
calculated with the working curves prepared using 5, 10, 20, 40
and 80 lg/l of standard arsenic species. The methylation rates were
calculated as mole equivalents of methyl groups that were trans-
ferred from SAM to iAs3+ (i.e., 1 nmol CH3 per 1 nmol monomethy-
lated arsenicals (MMA) or 2 nmol CH3 per 1 nmol dimethylated
arsenicals (DMA)) [28]. The rate of methylation reaction follows
the non-competitive substrate inhibition Eq. (1):

V ¼ ½S� � Vmax=ðKM þ ½S� þ ½S�2=K IÞ ð1Þ

and double reciprocal Eq. (2):

1=V ¼ KM=ðVmax � ½S�Þ þ 1=Vmax ð2Þ

[15], where V is the initial velocity of the reaction (pmol CH3 trans-
ferred/h/mg protein); [S], the substrate (iAs3+) concentration (lM);
Vmax, the maximal velocity of the reaction (pmol CH3 transferred/h/
mg protein); KM, the Michaelis constant for iAs3+ (lM) and KI, the
inhibition constant for iAs3+ (lM).



Fig. 5. Curve-fitted amide I region of the mutants. The component peaks are the result of curve-fitting using a Gaussian shape. The solid lines represent the experimental FTIR
spectra after Savitzky–Golay smoothing; the dashed lines represent the fitted components. The plot is the representative of three independent measurements.
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2.4. CD and ATR-FTIR spectra

Circular dichroism (CD) studies on the WT and hAS3MT mu-
tants were carried out with a JASCO-J810 spectropolarimeter (Jasco
Co., Japan) in a 1 mm cell and 10 mm light length at the scanning
rate of 50 nm/min. Each spectrum represents the average of three
accumulations recorded between 190- and 265-nm of every dilute
enzyme solutions (2 lM in 25 mM PBS, pH 7.0) at room tempera-
ture with baseline correction. The secondary structure parameters
of the mutants were calculated using Jwsse32 software with refer-
ence CD-Yang. jwr [29]. Attenuated total reflection Fourier trans-
form infrared spectrometry (ATR-FTIR) spectra were also used to
analyze the secondary structures of the mutants. More details
about the ATR-FTIR spectra were described in earlier studies
[15,16,30].

2.5. Fluorescence spectra

The fluorescence quenching mechanisms of the hAS3MT mu-
tants with increasing SAM concentration were studied [31] by
titrating successive additions of a 100 mM SAM stock solution into
2 lM hAS3MT. The fluorescence spectra were measured with a



Table 3B
Secondary structures of WT-hAS3MT and the mutants estimated from ATR-FTIR
spectra.

a-Helix (%) b-Pleated (%) b-Turn (%) Random (%)

D76P 27.3 ± 0.5 25.8 ± 0.3 16.8 ± 0.3 29.9 ± 0.8
D76N 25.2 ± 1.8 31.0 ± 2.3 13.9 ± 0.6 29.9 ± 0.8
D84P 25.8 ± 1.0 40.6 ± 0.4 6.0 ± 0.3 27.5 ± 0.3
D84N 25.8 ± 1.2 27.9 ± 0.8 18.3 ± 0.9 28.0 ± 1.4
D102P 26.5 ± 1.7 30.9 ± 2.5 12.1 ± 1.7 30.5 ± 1.1
D102N 28.1 ± 0.8 24.9 ± 1.3 15.8 ± 0.3 31.2 ± 0.5
D150P 32.3 ± 1.8 15.2 ± 1.7 21.6 ± 0.9 30.9 ± 0.6
D150N 27.8 ± 1.6 27.5 ± 2.1 16.9 ± 1.3 27.8 ± 1.4
WT 26.6 ± 3.6 20.7 ± 4.6 24.2 ± 3.2 28.5 ± 4.9

The values represent the mean ± S.D. of three independent experiments.

Fig. 6. Plot of F0/(F0 � F) versus [SAM]�1 of WT and the mutants hAS3MT according
to Eq. (3), from which the dissociation constants kd can be obtained.

Table 4
Dissociation constant kd and relative kd of WT and mutants hAS3MT determined at
27 �C.

kd (lM) Relative kd R2

WT 72.5 ± 4.3 1.0 0.99107
D76P 306.2 ± 15.4 4.2 0.99074
D76N 310.5 ± 10.8 4.3 0.99169
D84P 300.8 ± 9.7 4.1 0.9908
D84N 583.7 ± 18.3 8.1 0.99317
D102P 479.1 ± 17.2 6.6 0.99329
D102N 253.9 ± 9.3 3.5 0.99153
D150P 406.8 ± 11.6 5.6 0.99488
D150N 305.5 ± 19.8 4.2 0.99689
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48000 DSCF time-resolved fluorescence spectrometer (SLM Co.,
USA) and recorded between 300 and 420 nm at 27 �C (excitation
at 282 nm). The spectral data obtained were fitted to the equation:

F0=ðF0 � FÞ ¼ kd=ðf � ½Q �Þ þ 1=f ð3Þ

where F0 and F represents the fluorescence intensities of the en-
zyme in the absence and presence of cofactor SAM, respectively,
[Q] is the concentration of SAM, f is the fractional number of the
fluorophores accessible to the quencher SAM and the dissociated
constant kd was calculated graphically from the plot of F0/(F0 � F)
versus [Q]�1 [22,31].
2.6. Modeling of WT-hAS3MT and its mutants using modeller9v8

Using the SAM-CmArsM (PDB code 4FR0) structure as the tem-
plate [21], models of WT-hAS3MT and hAS3MT mutants with SAM
were built with modeller9v8 for the protein sequence of CmArsM
is most similar to that of hAS3MT. The models quality of hAS3MT
was estimated via QMEAN Server [32]. Chimera 1.5 was used to
analyze the models of hAS3MT.

3. Results

3.1. Catalytic activities of the mutants

All the mutants except for D150N lost their catalytic activity
completely. The proportion of MMA and DMA for only one active
mutant D150N reduced compared to that of WT showed in Fig. 1,
which suggested that the catalytic capacity of D150N also turned
weaker than that of WT. Thus we concluded that the residues
Asp76, 84, 102 and 150 affected the activity of hAS3MT
significantly.

Substrate inhibition of rate by iAs3+ was observed for D150N in
wide iAs3+ concentration range (0.5–500 lM) (Fig. 2). The kinetic
constants of the active mutant D150N were estimated by fitting
Eq. (1) and calculated by double reciprocal plots from Eq. (2)
shown in Table 2. The two methods give the consistent results.
The KI values for iAs3+ of the mutant D150N was decreased com-
pared to that of WT-hAS3MT (KM, 3.2 lM; KI, 0.7 mM; Vmax,
19,836 pmol/h/mg [15]). The Vmax values of D150N decreased to
53% of that of WT-hAS3MT. The KM(As) values of D150N was slightly
higher than that of WT. The results indicated that the affinity of the
mutant D150N to iAs decreased mildly compared to that of WT.

The KM(SAM) value of the mutant D150N reflecting the ability of
SAM to interact with hAS3MT, which was calculated from the dou-
ble reciprocal plot (Fig. 3), was summarized in Table 2. The KM(SAM)

value of the mutant D150N increased to 245.1 lM, which was 5.1
folds of WT value (WT: 47.84 lM [15,33]). The data revealed that
the residue Asp150 is involved in the cofactor SAM binding, which
was the most dominative reason for the catalytic activity of D150N
decreased.

3.2. Conformations of the mutants and WT-hAS3MT

The CD spectra of the eight mutants and WT-hAS3MT (Fig. 4)
showed that the intensities of the peaks (208 and 220 nm) of mu-
tants D76P, D84P and D102P were lower than those of the wild
type enzyme, but those of mutants D76N, D84N, D102P, D102N
and D150N were higher. Compared to WT-hAS3MT, the peaks
(208 nm) of D102P, D102N and D84P, D150P shifted bathochromi-
cally by 2 and 4 nm, respectively. The results aforementioned sug-
gested that the conformations of the eight mutants differed from
that of WT. The secondary structures were computed by Jwsse32
software with reference CD-Yang. jwr (Table 3A). The secondary
structures of mutants D76P, D102N and D150N were similar to
those of WT-hAS3MT while those of mutants D76N, D84N, D84P,
D102P and D150P differed significantly from those of WT. Com-
pared with WT, the contents of a-helix, b-pleated sheet and ran-
dom coil in mutants D76N, D84P, D84N and D102P decreased
while that of b-turn increased. Besides, the contents of a-helix,
b-pleated sheet and random coil in mutant D150P increased while
that of b-turn decreased remarkably.

To further confirm the secondary structures of the mutants, we
performed ATR-FTIR assays and analyzed their amide I bands spec-
trum. The original and curve-fitting FTIR spectra of the mutants
were showed in Fig. 5. There are six component bands in the amide
I bands of the mutants. According to the well-established assign-



Fig. 7. Interaction mode between SAM, WT-hAS3MT and mutants, only the residues 5.0 Å around SAM are displayed.
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Fig. 7 (continued)

Table 5
The residues 5.0 Å around SAM based on the models of WT and the mutants.

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
D76P 57-RYYG-60,77-LGSGSG-82,101-IDMT-104,Q107,134-GYIE-137,155-NCV-157,160-LV-161
D76N 57-RYYG-60,76-NLGSGSG-82,D84,101-IDMT-104,Q107,134-GYIE-137,155-NCV-157,160-LV-161, C206
D84P 57-RYYG-60,76-DLGSGSGRP-84,101-IDMT-104,Q107,134-GYIE-137,155-NCV-157,160-LV-161
D84N 57-RYYG-60,76-DLGSGSG-82,N84,101-IDMT-104,Q107,134-GYIE-137,155-NCV-157,160-LV-161,C206
D102P 57-RYYG-60,76-DLGSGSGRD-84,101-IPMT-104, Q107,134-GYIE-137,155-NCV-157,160-LV-161
D102N 57-RYYG-60,76-DLGSGSG-82,D84,101-INMT-104,Q107,134-GYIE-137,155-NCV-157,160-LV-161, C206
D150P 57-RYYG-60,76-DLGSGSGRD-84,101-IDMT-104,Q107,134-GYIE-137,155-NCV-157,160-LV-161
D150N 57-RYYG-60,76-DLGSGSGRD-84,101-IDMT-104,Q107,134-GYIE-137,155-NCV-157,160-LV-161,C206
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ment criterion [34], the secondary structure of the mutants was
calculated from the integrated areas of the component bands
(Table 3B). The secondary structures of the eight mutants utilizing
ATR-FTIR were in accordance with those utilizing CD spectra.

3.3. Determinations of SAM dissociation constant for the mutants by
fluorescence spectra

Fluorescence quenching is a powerful technique to investigate
the binding information between protein and small molecules. To
evaluate the interactions between hAS3MT mutants, WT-hAS3MT
and SAM, we measured the fluorescence spectra (300–420 nm) of
the enzyme. SAM did not emit in the measured range. The dissoci-
ation constants kd estimated for hAS3MT and SAM were calculated
from Eq. (3) [22] shown in Fig. 6 and Table 4. The kd values of these
mutants increased by 3.5- to 8.1-fold, suggesting the affinities of
these mutants for SAM were 3.5- to 8.1-fold lower than that of
the wild-type (WT) protein. The relative kd value of D150N was
consistent with its relative KM(SAM) value.

3.4. The model of WT-hAS3MT and mutants hAS3MT with SAM

The models of hAS3MT (WT and the mutants) were built using
modeller9v8. The crystal structure of CmArsM with the cofactor
SAM was used as the template. Alignment of the sequences reveals
42% identity between hAS3MT and CmArsM. The models quality
was estimated on the basis of a QMEAN scoring function accept-
ably ranging between 0.60 and 0.65 [33]. The secondary structure
arrangement of the hAS3MT model was almost identical to that of
the CmArsM structure. The sites in the SAM-binding pocket (5.0 Å
around SAM) of WT-hAS3MT and the mutants (D76P, D76N, D84P,
D84N, D102P, D102N, D150P and D150N) were displayed in Fig. 7
and Table 5. The SAM model-derived WT-hAS3MT showed that the
As-binding sites Cys156 and Cys206 were located in the SAM-bind-
ing pocket. However, the As-binding site Cys206 was not located in
the SAM-binding pockets of mutants D84P, D102P and D150P. The
other residues in the SAM-binding pocket were the same as those
in WT. In the mutant D76P, the residues 5 Å around SAM missed
the residues P76, L77, R83, D84 and Cys206. The mutants D76N,
D84N and D102N only lost the residue R83 in the SAM-binding
pocket. The residues in the SAM-binding pocket of D150N were
identical with those in WT. The residue 102 and SAM in mutant
D102P did not form hydrogen bonds, whereas the residue 102
and –OH of SAM in D102N were prone to forming hydrogen bonds.
The distances between the O of carboxyl group in Asp102 and H of
ribose hydroxyl in SAM were 2.037 and 2.081 Å, respectively.
Therefore, the carboxyl group of Asp102 and ribose hydroxyl
groups of SAM formed hydrogen bonds (Fig. 8), which further
proved that the ribose hydroxyl group of SAM significantly affect
the SAM binding to hAS3MT [35]. The affinity between D102P
and SAM turned weakest owing to the disappeared hydrogen
bonding. Meanwhile, the residues 5 Å around SAM in mutants
D76P, D76N, D84P, D84N, D102P, D102N and D150P were also al-
tered, which suggested that the microenvironment of SAM-binding
changed and demonstrates that the binding of SAM to the mutants
was weakened.

4. Discussion

There are two pathways to investigate the interaction between
cofactor SAM and the SAM-dependent methyltransferase. One is to
explore the contributions of each functional group of SAM binding
to DNA methyltransferases via testing the analogs of the methyl-
transferase inhibitor S-adenosylhomocysteine (SAH) for the ability
to inhibit methylation by HhaI and HaeIII DNA methyltransferase
[35]. Another is to find out the functional residues in methyltrans-
ferase relating to the SAM-binding via designing the mutants of
the methyltransferase [22,36,37]. The acidic residues in other



Fig. 8. Interaction mode of WT-hAS3MT with SAM, only the residues 5.0 Å around
SAM is displayed. The hydrogen bonds formed between Asp102 of WT-hAS3MT and
SAM are all represented by green lines. The length of the hydrogen bonds is also
labeled. (B) is part of a larger version of the (A).
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methyltransferases have been proved to play important roles in
SAM binding via forming hydrogen bonds with SAM directly or
through water molecules [18–21]. The residues Asp76, 84,102
and 150 in hAS3MT are conserved and belong to the predicted
SAM-binding motifs or near the motif, but the actual function of
them have not been studied. Therefore, the functions of the acidic
residues D76, D84, D102 and D150 in hAS3MT were studied and
the eight mutants D76P, D76N, D84P, D84N, D102P, D102N,
D150P and D150N were designed. All the mutants except for
D150N abolished the arsenic methylation activities. Nevertheless,
the reasons accounting for the hindered methyl group transfer
from SAM to arsenic atom in the mutants are still undefined. It
has been previously reported that [38–42] the methyl transfer
from SAM to an acceptor atom in the SAM-dependent methyltrans-
ferase is a SN2 mechanism requiring some indispensable condi-
tions. Firstly, the methyl donor (SAM) and the methyl acceptor
(the substrate) must bind to the enzyme. Secondly, the distance
between the S+-CH3 and acceptor atom need to be appropriate.
Thirdly, the S+ and C atoms of the S+-CH3 in SAM and the methyl
acceptor atom should maintain a nearly linear conformation,
where the lone pair orbital of the methyl acceptor atom is oriented
toward the methyl group C of SAM, preparing the subsequent SN2
methyl transfer reaction.

The hAS3MT belongs to the Rossmann fold SAM-dependent
methyltransferase with the highly conserved glycine-rich se-
quence of 74-ILDLGSGSG-82 as the hallmark. The substrate of
hAS3MT is arsenic with a lone pair orbital and the methyl donor
of arsenic methylation is SAM. The methyl transfer from SAM to ar-
senic in hAS3MT should also conform to the conditions of methyl
transfer mentioned above. The CD, ATR-FTIR and the models of
the mutants with SAM showed that the enzyme conformation
and the microenvironment around SAM were different from those
of the WT. As-binding sites Cys156 and Cys206 were located in the
SAM-binding pocket of WT-hAS3MT. In contrast, the models of
mutants D76P, D84P, D102P and D150P exhibit that no As-binding
site Cys206 was discerned in the range 5 Å around SAM. The ar-
senic and the methyl group C of SAM in mutants D76P, D84P,
D102P and D150P were more distantly spaced than those in WT,
which did not favor the methyl group transfer from SAM to arsenic.
The dissociation constant kd values verify that SAM bound to the
mutants more weakly than WT, which also probably influenced
the methyl transfer process. The mutants D76N, D84N and
D102N missed the R83 in SAM-binding pocket, which probably
was the reason for the three mutants lost their catalytic activity.
Therefore, all the mutants D76P, D76N, D84P, D84N, D102P,
D102N and D150P except for D150N were deprived of arsenic
methylation activities completely. So we concluded that the resi-
dues Asp102 in motif II formed hydrogen bonds with the ribose hy-
droxyl groups of SAM and the length of the hydrogen bond were
2.037 and 2.081, respectively, Asp76 and 84 in motif I or near motif
I, which were located in the SAM-binding pocket, greatly impacted
the SAM-binding. The residue Asp150 also influenced the catalytic
activity of the hAS3MT via affecting the SAM bind to hAS3MT. All
the residues Asp76, 84, 102 and 150, especially the residue
Asp102, impacted the SAM-binding pocket and the catalytic activ-
ity of hAS3MT.
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