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Summary. Handling and detoxification of metals by enzymes is a major

issue that is not in the focus of current biomedical research concepts. The

finding of the presence of arsenic (þ3 Oxidation State) methyltransferase

(AS3MT) in neuroblastoma cells NE-115 as a high abundance protein

made us investigate primary structure of AS3MT reflecting an example of

metal-handling in eucaryotes. Proteins extracted from NE-115 cells were

run on 2-DE followed by two different mass spectrometrical methods.

High sequence coverage was obtained by multiple protease digestion and a

sequence conflict was solved at arginine 335.

These findings are important when future studies on this enzyme are

designed at the protein level and in particular, when antibodies against this

protein will be generated.
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Introduction

Methylation of inorganic arsenic (iAs) to methylarsonic

acid (MMA) and dimethylarsinic acid (DMA) has been

considered to be the major pathway of inorganic arsenic

biotransformation and detoxification (Crecelius, 1977).

Methylated products of inorganic arsenite biotransforma-

tion were initially described by Challenger while charac-

terizing arsenic metabolism in fungi (Challenger, 1951).

Among several arsenite methyltransferases that have been

identified, arsenic (þ3 oxidation state) methyltransferase

(AS3MT) is the best characterized at the genetic and

functional level. Recent evidence shows that a protein

AS3MT catalyzes the multi-step process that converts

iAs to its methylated metabolites (Lin et al., 2002; Waters

et al., 2004); i.e. this enzyme catalyses S-adenosylmethio-

nine (AdoMet)-dependent methylation and the reduction of

AsV to AsIII. Like other arsenate reductases (Mukhopadhyay

and Rosen, 2002), it uses thioredoxin or glutaredoxin to

reduce ASV to AsIII. The gene for mouse arsenite methyl-

transferase is localised on mouse chromosome19D1. In

the mouse AS3MT is expressed in different tissues, such

as kidney, liver, lung and testis (Healy et al., 1998).

It consist of 376 amino acids and predicted molecular

weight is 41792.66 Da. Nucleotide sequences were report-

ed by Phillips et al. (1999) and Gerhard et al. (2004) and

there are sequence differences found in the standard data-

bases (http:==www.expasy.org=uniprot=Q91WU5; release

39; July 2007). Healy et al. (1998) reported that specific

activity of this enzyme in the testis was 3.6 times greater

than that of the liver and the specific activity of the kid-

ney was 1.8 times greater than that of the liver in the

mouse. Based on reverse transcription-polymerase chain

reaction, Lin et al. (2002) detected this enzyme as mRNA

of rat tissues and in HepG2 cells. AS3MT was initially

purified from the cytosolic fraction of rat liver, using

pH-dependent fractionation, chromatofocusing and S-

adenosylhomocysteine-affinity chromatography (Lin et al.,

2002).

The fact that AS3MT was not fully characterized in pro-

tein chemical terms along with nucleotide sequence con-

flicts, the detection of this protein in N1E-115 (Mouse

neuroblastoma cells) cells, and the possibility of an im-

portant biological role for arsenic biotransformation and

detoxification made us investigate the primary protein se-

quence. And indeed, tandem mass spectrometry with liq-

uid chromatography coupled to mass spectrometry and

the use of two different proteolytic enzymes enabled us

to solve conflicts and characterize about 77% of the pro-

tein sequence.



Materials and methods

Cell culture

N1E-115 (mouse neuroblastoma cells) cells were obtained from ATCC

(CRL 2263) and maintained in DMEM (Gibco) containing 4500 mg=l

glucose, L-glutamine, without pyruvate and with 10% fetal bovine serum

(FBS), antibiotics penicillin, streptomycin at concentrations of 60 mg=ml

and 100 mg=ml, respectively and incubated in a humidified incubator with

5% CO2 at 37 �C (Oh et al., 2006).

Sample preparation and 2-DE

N1E-115 cells were washed three times in 10 ml of phosphate-buffered

saline (Gibco BRL), centrifuged for 10 min at 800� g at room tempera-

ture samples were collected using standard techniques as described (Oh

et al., 2006). Samples were centrifuged for 150,000� g for 60 min and the

supernatant transferred into Ultrafree-4 centrifugal filter units (Millipore,

Bedford, MA), for desalting and concentrating proteins. The protein con-

centration was determined using Bradford assay (Bradford, 1976). 2-DE

was performed essentially as reported (Chen et al., 2006). Samples of

800mg protein were applied on immobilized pH 3–10 nonlinear gradient

strips: The second-dimensional separation was performed on 10–16%

gradient SDS-PAGE. The gels were stained with colloidal Coomassie blue

(Novex, San Diego, CA, U.S.A.) (Oh et al., 2005).

In-gel digestion and extraction

Gel spots were excised and digested with trypsin and Asp-N with concen-

tration of 40 ng=ml and 25 ng=ml, respectively. For MALDI-TOF-TOF

analysis, peptides were extracted with 10ml of 1% TFA in 5 Mm OGP

and nano-LC-ESI-MS=MS analysis, peptides were extracted with 15ml

0.1% formic acid, 2% acetonitrile (Oh et al., 2004).

MALDI analysis

MS and MS=MS experiments were performed on an UltraflexTM

TOF=TOF (Bruker Daltonics) mass spectrometer in reflectron mode.

Peptide standard was used as external calibration. Mass spectra were

analyzed using the FlexAnalysis 2.4 software (Suckau et al., 2003).

PMF and MS=MS datasets were interpreted with MASCOT (Matrix

Science Ltd., London, U.K.) software searched against the MSDB

20051115 database (ftp:==ftp.ncbi.nih.gov=repository=MSDB=) via

BioTools 2.2 software (Bruker Daltonics). A mass tolerance of

25 ppm and one missing cleavage site for PMF and MS=MS tolerance

of 0.5 Da and one missing cleavage site were allowed and oxidation of

methionine was considered.

nano-ESI-LC-MS=MS analysis

The Peptide mixture obtained from trypsin and Asp-N digests were sepa-

rated by an UltiMate 3000 dual nano-LC system (Dionex) and analyzed

using QSTAR XL (Applied Biosystems, Foster City, CA) equipped with a

nano electrospray ionization source. For nano-LC-ESI-MS=MS, the digest

was loaded onto a PepMap 100 C18 precolumn (300mm i.d., 5 mm long

cartridge, from Dionex, Amsterdam, The Netherlands) from 0 to 30 min

and then separated by a PepMap 100 C18 analytical column (75mm i.d.,

150 mm long cartridge, from Dionex) using a linear gradient of 4% B

(solvent A, 0.1% FA; solvent B, 80% ACN=0.08% FA) to 60% B from 0

to 30 min, 90% B constant from 30 to 35 min, and 4% B from 35 to 60 min

using the Ultimate micropump at a flow rate of 300 nl=min. As the pep-

tides eluted from the LC system, they were electrosprayed into QSTAR

XL. Each cycle consisted of one full scan mass spectrum (m=z¼ 350–

1600) followed by MS=MS spectra on the three most abundant peptide

ions in the full MS scan. The derived MS datasets were converted to

MASCOT generic format flat files by a script (mascot.dll 1.6b21; Matrix

Science, Boston, MA) supplied with the AnalystQS 1.1 software (Applied

Biosystems) and searched against in-house-licensed MSDB 20051115 and

Expasy=TrEMBL databases (Chen et al., 2006).

Results

For determination of the identity of AS3MT, the spot was

excised from two-dimensional electrophoresis gels and

digested with trypsin and Asp-N. The masses of the tryp-

tic peptide fragments were measured using MALDI-TOF-

TOF and nano-ESI-LC-MS=MS analysis. Observed ions

were searched with MASCOT against Expasy=TrEMBL

and NCBI Protein Database. Peptide mapping and MS=

MS measurements on tryptic and Asp-N digested frag-

ments led to confirmation of mouse arsenic (þ3 oxidation

state) methyltransferase (AS3MT) (NCBI protein data-

base accession no: NP_065602). Thirty-seven percent of

sequence was verified with MS=MS analysis and com-

bined with peptide mapping sequence coverage was in-

creased to 77%. Table 1 summarize the peptide sequence

determined by MS, MS=MS analysis of the AS3MT di-

gests. Based on hematopoietic stem cell regulatory genes

from liver tissue, Phillips et al. (1999) published a sequence

Fig. 1. LID-LIFT-TOF=TOF spectrum of

m=z 2146.06 obtained from tryptic peptides

and subsequent mascot search confirmed

the presence of Arginine at position 335

(for an interpretation of the reference to

colour in this figure, the reader is referred

to the online version of this paper under

www.springerlink.com)
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which contains the presence of Glycine instead of Aspartic

acid at amino acid number 151 and also the sequence start

from 335 to 376 was missing. A close examination of PMF

data of tryptic peptides determined ion at m=z¼ 986.57 (ob-

served m=z¼ 987.57), indicating that the protein sequence

of AS3MT contains the sequence (342–349) VLIRDPFK.

Tryptic peptides from AS3MT protein spot were analyzed

by MALDI-TOF-TOF, and the presence of Arginine at

amino acid 335 was confirmed. The MS=MS analysis of a

tryptic peptide at m=z¼ 2146.06 and subsequent database

search with MASCOT search against nucleic acid database

perfectly matched to AS3MT 316–335 (FAPDFLFTPV

DASLPAPQGR) with high score and confirmed the presence

of Arginine at amino acid number 335 (Fig. 1).

Discussion

Understanding the pathway for conversion of iAs to meth-

ylated products, depends on development strategies to

purify and characterize the enzymes that are involved in

each step of the pathway. Walton et al. (2003) reported

that sodium selenite was the most potent inhibitor of the

methylation of arsenite by recombinant rat AS3MT and

showing direct interactions between selenite and AS3MT.

Two conceptual models are currently available to describe

the action of AS3MT. The first model states that alterna-

tive oxidative methylation and reduction of AsV to AsIII,

yield a series of intermediates and products (Cullen et al.,

1984). The second conceptual model takes a different

approach to the reactions involved in the methylation of

arsenicals (Hayakawa et al., 2005). Here, thiol-containing

complexes of arsenicals containing AsIII are substrates for

sequential reactions that transfer methyl groups to the

arsenical. In this model, methylation occurs by a nonoxi-

dative mechanism. Therefore identification and charac-

terisation of AS3MT protein is of importance to better

understand reaction mechanisms. The major outcome of

the study is to demonstrate the use of proteolytic digestion

Table 1. Identification of AS3MT peptides by a combination of MALDI-TOF-TOF and nano-ESI-LC-MS=MS mass spectrometry analysis

Start–end Observed Mr (expt) Mr (cal) Delta Miss Sequence Enzymec

6–23 2121.03 2120.02 2120.02 0.01 1 DADEIHKDVQNYYGNVLK T

24–36 719.346 1436.67 1436.65 0.02 0 TSADLQTNACVTR Deamidated (NQ)a,b T

27–45 2189.08 2188.07 2188.14 0.07 0 DLQTNACVTRAKPVPSYIR A

54–70 657.94 1970.80 1970.95 0.15 1 DVSSRYYGCGLTVPERLa,b A

59–69 657.81 1313.61 1313.60 0.01 0 YYGCGLTVPERa,b T

75–84 487.77 973.53 973.51 0.01 0 ILDLGSGSGRa,b T

85–96 705.86 1409.70 1409.68 0.02 0 DCYVLSQLVGEKa,b T

85–102 1974.96 1973.95 1973.99 0.04 1 DCYVLSQLVGEKGHVTGI A

107–122 1940.95 1939.94 1939.98 0.04 1 VQVEVAKTYLEHHMEK T

121–137 1960.99 1959.98 1960.03 0.05 0 EKFGFQAPNVTFLHGRI A

121–141 2402.20 2401.20 2401.29 0.10 1 EKFGFQAPNVTFLHGRIEKLA A

123–136 1590.82 1589.81 1589.81 0.00 0 FGFQAPNVTFLHGRa T

166–174 581.824 1161.63 1161.61 0.01 0 QQVLQEVYRa,b T

171–185 1796.88 1795.87 1795.93 0.05 1 EVYRVLKHGGELYFS A

178–198 2368.14 2367.13 2367.13 0.00 0 HGGELYFSDVYASLEVPEDIK T

178–201 2720.25 2719.25 2719.31 0.07 1 HGGELYFSDVYASLEVPEDIKK T

196–215 2360.13 2359.13 2359.21 0.09 1 DIKSHKVLWGECLGGALYWK T

202–215 1651.84 1650.83 1650.82 0.01 0 VLWGECLGGALYWK T

216–234 2083.10 2082.10 2082.17 0.07 0 DLAIIAQKIGFCPPRLVTA A

224–230 423.72 845.42 845.42 0.00 0 IGFCPPRa,b T

243–252 574.28 1146.54 1146.53 0.01 0 ELEGVLGDCRa,b T

250–266 2086.05 2085.04 2085.12 0.08 0 DCRFVSATFRLFKLPKT A

250–269 2383.18 2382.18 2382.25 0.08 1 DCRFVSATFRLFKLPKTEPA A

270–285 1901.93 1900.92 1900.97 0.05 1 ERCRVVYNGGIKGHEK A

286–296 672.85 1343.69 1343.67 0.01 0 ELIFDANFTFK T

297–312 815.92 1629.82 1629.80 0.01 0 EGEAVAVDEETAAVLKa,b T

286–296 1344.70 1343.69 1343.68 0.02 0 ELIFDANFTFKa,b T

304–318 549.90 1646.69 1646.82 0.13 2 DEETAAVLKNSRFAPa A

316–335 2146.07 2145.06 2145.09 0.03 0 FAPDFLFTPVDASLPAPQGRa T

342–349 987.57 986.57 986.59 0.02 1 VLIRDPFK T

a Denotes sequence identified with MS=MS analyis
b Denotes sequence identified with nano-ESI-LC-MS=MS
cT trypsin; A Asp-N digests
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using trypsin and Asp N for the determination of primary

structure of AS3MT and solving an existing sequence

conflict in standard databases. Detection of AS3MT in

2D-Gels from mouse N1E-115 cells along with a possible

important biological role for arsenic biotransformation

and detoxification made us investigate the primary se-

quence. Combination of multi-enzyme digestion and mass

spectrometry allowed for high sequence coverage of

AS3MT (Table 1). Based on this result we confirmed the

sequence AS3MT (NCBI protein database accession no:

NP_065602) protein sequence. Moreover the published

AS3MT protein sequence shown by Phillips et al. (1999)

(NCBI protein database accession no: AF166383) differs

from the NP_065602 protein sequence that may represent

isoforms=splice variants. We were not able to identify the

presence of Glycine or Aspartic acid at amino acid number

151, this is due to proteolytic enzymes were not covered

in this region or technical limitation of mass spectrometry

and also we could not able to identify any post translation

modification. Taken together a potentially important protein

involved in arsenic metabolisms has been analysed at the

chemical level by two different mass spectrometric ap-

proaches and the corrected sequence information is relevant

for further studies at the protein level. Moreover, it is in-

triguing to show that in the neuroblastoma cell line used

arsenic (þ3 oxidation state) methyltransferase is a high

abundance protein although its role remains elusive.
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