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In order to separate the potential arsenite
metabolites methylarsonous acid and dimethyl-
arsinous acid from arsenite, arsenate, methyl-
arsonic acid and dimethylarsinic acid, the pH-
dependent retention behaviour of all six arsenic
compounds was studied on a Hamilton PRP-
X100 anion-exchange column with 30 m phos-
phate buffers (pH 5, 6, 7, 8 and 9) containing
20% (v/v) methanol as mobile phase and
employing an inductively coupled plasma atomic
emission spectrometer (ICP-AES) as the ar-
senic-specific detector. Baseline separation of
dimethylarsinic acid, methylarsonous acid,
methylarsonic acid, arsenate and dimethylar-
sinous acid was achieved with a 30 mmol dn?
phosphate buffer (pH 5)—methanol mixture
(80:20, v/v) in 25 min. Arsenite is not baseline-
separated from dimethylarsinic acid under these
conditions. Copyright © 1999 John Wiley &
Sons, Ltd.
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INTRODUCTION

After the ingestion of inorganic arsenic [As(Ill) and
As(V)] by humans, methylarsonic acid and di-
methylarsinic acid together with unchanged inor-
ganic arsenic have been detected in human drifie.
Recently, however, chronic exposure of rats to
drinking water containing arsenite, methylarsonic
acid or dimethylarsinic acid for seven months and
subsequent analysis of urine by HPLC coupled on-
line to an inductively coupled plasma mass spectro-
meter (ICP-MS) revealed two unidentified, prob-
ably novel, arsenic metabolitésThe molecular
identification of these peaks brings about the need
to develop HPLC methods that are capable of
separating potential new metabolites from those
that are already known.

Although methylarsenicals are commonly found
in the environment, these are usually reported to be
As(V) derivatives, largely because the most
commonly used analytical methodologies, such as
hydride generation under acid conditions, are
poorly capable of making the distinction between
As(Ill) and As(V). The proposed pathway for the
enzymatic methylation of arsenite in mammals
involves its oxidative methylation to methylarso-
nate® with S-adenosylmethionine being the likely
methyl donor*”® After subsequent reduction of
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[As(lI)]—which may be accomplished chemically
by the endogenous thiol glutathione (GS#f}—
methylarsonous acid is then oxidatively methylated
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to dimethylarsinaté. Dimethylarsinatecould sub-
sequentlybe reducedchemically to dimethylar-
sinous acid by intracellular GSH?** Since this
methylation of arsenite involves the stepwise
productionof arsenicalsin both oxidation states,
methylarsenic(lll)speciesareexpectedo befound
in some abiotic environment$:*? In fact, the
hydride-generatioanalysisof sedimenporewater
showedthe presenceof methylarsenic(lll)species
as judged by the evolution of the hydrides
CHsAsH, and (CHgl%ASH when the analysiswas
performedat pH 6.7 The As(V) speciesdo not
form hydridesundertheseconditions afactthathas
long been usedto separateAs(lll) from As(V)
speciesDiethylammoniumdiethyldithiocarbamte
extractioninto carbontetrachloridehasbeenused
to separateAs(lll) speciesfrom As(V).** Subse-
guenthydride-generatiomnalysisof the separated
fractions revealed the presence of methylar-
senic(lll) speciesin the waters of Lake Biwa,
Japanandin somecoastawaters>—*’

Becausemethylarsonousacid and dimethylar-
sinousacid are key intermediatesn the proposed
pathwayfor the methylationof arsenitein mam-
mals,bothcompoundsouldalsobeexcretedn the
urineof mammalsafterchronicexposureo arsenite
in drinking water.Sofar, howevermethylarsonous
acid and dimethylarsinousacid have never been
detecteckitherin vivoorin vitro.*®In addition,both
compoundsare not well characterizeahemically,
their pK, values have not been determined,and
consequenththeir aqueoussolution chemistryis
poorly understood?® Altough the organoarsenic
specieRAs(OH), andR,As(OH) areessentiallyjun-
known,theesterRAs(ER), andR,AS(ER) (E=As
or S) areknown. Thesespeciesare usuallyisolated
asthe polymers(RASE), andthe dimers(R,As),. In
particular, the mas spectrum of one form of
(CH3AsO), indicates that it is a predominantly
cyclic trimer or tetramer;acyclic trimer is foundfor
the solid-statestructureof (CH;AsS) (C. Wang,W.
R. CullenandsS. J. Rettig, unpublishedesults).

Methylarsonouscid canbe formedafter hydro-
lysis of methyldi-iodoarsine(CHsAsl,) in water
accordingto Eqn 1 (R. A. Zakharyan,F. Ayala-
Fierro, W. R. Cullen, D. M. Carter and H. V.
Aposhian, Toxicol. Appl. Pharmacol.,submitted
for publication).

I OH
CH3—AS< +2 H20—>CH3—AS/

4 2HI
| \OH

[
Similarly, dimethylarsinousacid can be formed
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after the chemicalreactionof dimethyliodoarsine
[(CH5),AsI] with wateraccordingto Eqn. 2.

N CHa_
JAs— +H0—  SAs—OH+HI [2
CHs CHs

To investigatethe agueousolutionchemistryof
methylarsonousacid and dimethylarsinousacid,
the retention behaviour of agueoussolutions of
methyldi-iodoarsineand dimethyliodoarsine(es-
sentially containing methylarsonousacid and
dimethylarsinous acid) was investigated on a
Hamilton PRP-X100anion-exchangeolumnwith
phosphatebuffer solutions (pH 5-9) containing
20% methanoland using an inductively coupled
atomic emissionspectromete(ICP-AES) as the
arsenic-specificdetector. A comparison of the
retention behaviour of methylarsonousacid and
dimethylarsinousacid with that of arseniccom-
poundswith well-understoodsolution chemistries
will provide information about the ‘molecular
status’ of thesecompoundsin aqueoussolution,
which is important for an understandingof the
molecularmechanismsnvolved in the enzymatic
methylationof arsenite.

EXPERIMENTAL

Chemicals

NaAsG;, (>99%)waspurchasedrom GFSChemi-
cals (Columbus, OH, USA), Na,HPO, (>99%)
from Mallinckrodt Chemicals(Paris, KY, USA),
NaH,PO,-H,O wasobtainedrom Curtin Matheson
Scientific Inc. (Houston, TX, USA), and
Na,HAsO,-7H,O and sodium dimethylarsinate
-2.5H,0 were purchasedfrom Sigma (St Louis,
MO, USA). Disodium methylarsonate mono-
hydrate was provided by Dr H. B. F. Dixon
(Departmentof Biochemistry,University of Cam-
bridge, UK). Methanol (HPLC grade) was pur-
chased from Baxter Healthcare Corporation
(Muskegon,MI, USA). Methyldi-iodoarsineand
dimethyliodoarsinevere synthesizedaccordingto
publishedprocedure$®2! The purity was checked
by *H NMR andmassspectrometryArsenobetaine
bromidewas synthesizedy the methoddescribed
by McShane®® Purification by recrystallization
from ethanolyieldedwhite crystalswith a melting
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point of 225°C (lit. 22 227°C). Waterfor preparing
stock solutions and mobile phaseswas doubly
distilled beforeuse.

Solutions

Stock solutions of the individual arsenic com-
poundscontaining50mgAs dm~2 were prepared
by dissolving 86 mg NaAsQ,, 136mg sodium
dimethylarsinate2.5H,0, 134mgdisodiummethyl-
arsonateH,0, 208mg Na,HAsO,-7H,O, 172mg
arsenobetainebromide, 154mg (CHs),Asl and
229m% CHsAsI, in distilled water and, filling to
1.0dm>. To completesolubilization/hydrolysisof

(CHs)-Asl (yellow oil), the weighedamountwas
stirred with distilled water for 30min. After

dissolutionthe pH had decreasedo 3.3 and was
brought back to 7.0 by dropwise addition of

0.2moldm 3 NaOH. Similarly, the pH of the
solution obtained after dissolution of methyldi-
iodoarsinean distilled waterwasadjustedo 7.0by
dropwiseadditionof 0.2mol dm 3 aqueousNaOH

A solution containing50mgAs dm 2 of arsenite,
arsenatemmethylarsonicacid, dimethylarsinicacid,

methylarsonousacid and dimethylarsinousacid
waspreparedy dissolvingtheappropriateamounts
of each arseniccompound(or the precursor)in

1.0dm? distilled water and stirring for 30min.

Then the pH was brought to 7.5 by dropwise
additionof 0.2mol dm 3 NaOH.

Solutions of 30mmoldm™3 NaH,PO, and
30mmoldm—3 Na,HPO, were mixed in appro-
priateratiosto obtainmobile phasesvith pH values
from 5.0 to 9.0 (PHM 220, Radiometer,Copen-
hagen, Denmark). The 30mmoldm™ phosphate
buffer of the desiredpH (5, 6, 7, 8 and 9) was
subsequentlynixed with methanol(8:2, v/v).

Instrumentation

The HPLC systemconsistedof a Beckmanl110B
Solvent Delivery Module, an Altex Vent 210
injector with a 100ul loop and a PRP-X100
anion-exchangecolumn (Hamilton, Reno, NV,
USA; 25mmx 4.1mm i.d., spherical 10um
particles of a styrene—divinylbenzen copolymer
with trimethylammonium exchangesites; stable
between pH 1 and 13; exchange capacity
0.19meqg ). A guard cartridge filled with the
same stationary phase (PRP-X100; Hamilton)
protectedthe analyticalcolumn.

Copyright© 1999JohnWiley & Sons,Ltd.

ICP-AES

Arsenic-specificdetection was achieved with a
ThermoJarrelAsh (Franklin, MA, USA) IRIS HR
radial-view ICP-AES.A ThermoSPEC/CID(ver-
sion 2.10.04) provided the necessarytime-scan
functions and the multitasking controller allowed
the processingof one atomic emissionline every
0. 025 Thenebullzatlorgas -flomwasmaintainedat
2 dm*min~?, theplasmaforwardpowerat 1150W,
andtheCIDtemperatureit —85°C.

HPLC-ICP-AES

The HPLC column exit was coupled to the

Meinhard TR-30-K2 concentricglasstube nebu-
lizer (J. E. MeinhardAssoc.Inc., SantaAna, CA,

USA) with a polyethylenetube (length 4 cm, i.d.

0.2mm). Accumulating charge on the detector
from both the 228.812nm (order 147) and
234.984nm (order 143) As lines was observed
simultaneouslythroughoutchromatographiauns.
Subarraysof 15 x 3 pixels were interrogatedto

represeneachanalyticalline, with thecenter3 x 3

pixel sectionasthe peakandtheextremel x 3's as
the background.

Chromatography

The column was equilibratedby passingat least
100cm?® of eachmobile phasethroughthe column
before the arsenic compounds were |njected
Aliquots (100ul) of eachof the 50mgAsdm 3
aqueoussolutions of arsenite, arsenate,methyl-
arsonate,dimethylarsinate,methylarsonousacid,
dimethylarsinousicidandarsenobetaineontaining
5 ug arsenicwereinjectedseparatelyat 24 °C with
all the moblle phases at a flow rate of
1.5cm® min~t. Eachretentiontime wasdetermined
three times (relatlve standard deviation<1%).
Becausein aqueoussolution and above pH 4.5
arsenobetainis presenisazwitterionandremains
ZW|tter|on|c throughoutthe investigatedpH range
(pH 5-9)2 the deadvolume of the column was
determinedby injection (100ul) of an aqueous
solut|on of arsenobetaing50mgAsdm 3) to be
2.17cm?® (over the entire pH range)corresponding
to a dead time of 87s at a flow rate of
1.5cm®min~*. For the determinationof the dead
volume, mixturesof aqueous80 mmoldm~3 phos-
phatebuffersof pH 5, 6, 7, 8, and9 with methanol
(80:20,v/v) wereusedasmobilephasesndarsenic
was monitored on-line by ICP-AES. Since the
retentiontime of arsenobetainevas 87s over the
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Figure 1 Dependenceof the k' values of arsenite(As"),
arsenatgAs”), methylarsonicacid (MMA ), methylarsonous
acid (MMA™), dimethylarsinicacid (DMAY) and dimethylar-
sinousacid (DMA'"") on the pH of the mobile phasesn the pH
range5-9. Mobile phase30 mmol dm ™2 phosphatéuffer (pH
5, 6, 7, 8 or 9)/methanol(8:2, v/v); Column: Hamilton PRP-
X100, 250mmx 4.1mm id.; flow rate: 1.5cm®min %
Detector:ICP—AESat 228.812nm; Injection volume: 100 ul;

5 ug of eacharseniccompoundnjectedseparately.

entire pH rangeinvestigatedand smallerthan the
retentiontime of arsenite(101s betweerpH 5 and
8), theretentiontime of arsenobetaineasusedto
calculate the k' values (retention factor) of the
arseniccompounds.

RESULTS AND DISCUSSION

Arsenic compounds(arsenite,arsenatemethylar-
sonic acid, dimethylarsinic acid, methylarsonous
acid, dimethylarsinousacid and arsenobetaine)
were chromatographedn a Hamilton PRP-X100
anion-exchange column with  mixtures of
30mmoldm 3 phosphatebuffer solutions (pH
range5 to 9) and methanol(8:2, v/v). The pH-
dependentretention behaviourof all six arsenic
compoundsis shown in Fig. 1. Preliminary
experimentsshowed that dimethylarsinousacid
does not elute from the column with aqueous
30mmoldm 3 phosphatebuffer in a reasonable
time. Hence, methanolwas addedto the mobile
phasein 5% incrementsto elute dimethylarsinous

Copyright© 1999JohnWiley & Sons,Ltd.

acid from the column. A concentrationof 20%

methanolin the 30mmoldm 2 phosphatebuffer

provedto be sufficient to elute dimethylarsinous
acid from the column in a reasonabldime. The

methanol content of the mobile phasewas not

increasedany further sinceit tendedto extinguish
the plasmabeforethe end of the run.

Arsenite

Thek' of arsenitds 0.17andindependenof thepH

in the range5-8 (Fig. 1). This behaviourcan be
rationalizedin termsof the pK; of arseniteof 9.2
which implies the presenceof neutral As(OH); in

the pH range5-82* At pH 9 the k' of arseniteis

0.46, thus indicating slight retention by the
stationary phase.This can be explained by the
presenceof a substantialfraction (approximately
50%) of the singly chargedanion As(OH),O,

which is retainedon the anion-exchangeolumn
undertheseconditions.

Dimethylarsinic acid

The k' for dimethylarsinicacid is 0.28 at pH 5, it
increasesto 0.53 at pH 6 and subsequently
decreasegraduallyto 0.37 at pH 9 (Fig. 1). This
retention behaviour in the pH range 5-8 is
essentiallythe same as that previously reported
for dimethylarsinic acid on the same anion-
exchangecolumn with a 30mmoldm 3 aqueous
phosphatéuffer (withoutmethanol?* Thek' value
doesnotchangauponincreaseof thepH from 8to 9
becausehe apparentcharge(for definition seeJ.
Gaileéj) onthedimethylarsinicacidanionremains
at—1.

Methylarsonic acid

At pH 5 the K for methylarsonicacid is 2.09; it
decreasedo 1.13 at pH 6, is 0.61 at pH 7 and
remainsat 0.61 upon an increasein the mobile
phasepH to 8. At pH 9k is 1.07(Fig. 1). In thepH
rangebetweernpH 5 and8, the retentionbehaviour
is essentiallyidentical to that reportedpreviously
for this compoundon the same anion-exchange
columnwith a 30mmoldm 3 aqueousphosphate
buffer (without methanol?* Theobservedncrease
in K uponraisingthe pH of themobilephasdrom 8
to 9 canbe explainedby the pK, of methylarsonic
acid, which is 9.1. At pH 8 the apparentchargeon
the methylarsonicacid moleculeis —1, whereasat
pH 9it is approximately—1.5. Thustheincreasen
negativechargeonthemethylarsoni@cidmolecule

Appl. OrganometalChem.13, 837-843(1999)
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resultsin increasednteractionwith theammonium
groupson the stationaryphasewith a concomitant
increasdn k' (Fig. 1).

Arsenate

Thek for arsenatelecreasegraduallyfrom 4.18at
pH 5to 2.17atpH 9. This pH-dependentetention
behaviouris similar to the retentionbehaviourof
arsenatereported previously for arsenatewith a
30mmoldm~3 aqueougphosphatéuffer (without
methanol)in the pH rangebetweenS and8 onthe
same anion- exchangecolumn No increased
retentionis seenuponan increasein the pH from
8 to 9 becausdhe apzparen'chargeon the arsenate
anionremainsat —

Methylarsonous acid

Thek' of methylarsonousacidis 0.67andinvariant
with pH in the range between5 and 9 (Fig. 1).
Becauseall the other arseniccompoundsnvesti-
gated (arsenite,arsenate methylarsonicacid, di-
methylarsinic acid) have pK, values in the
investigatedpH rangecorrespondingo substantial
retention shifts with increasing pH, the pH-
independentetentionbehaviourof methylarsonous
acid could be causedby the presenceof either
neutral CHsAs(OH), or by completely deproto-
natedCH3As(O,)? . Becausetherdoublycharged
arseniccompoundssuchasarsenatébetweerpH 8
and9), havek’ valuesbetweer2.17and2.27while
methylarsonousacid has a k' value of 0.67, the
doubly chargedanion CHzAs(O.)?~, however,is
unlikely to be presenverthe pH rangebetweerB
and 9. Hence,methylarsonousicid is likely to be
presentas a neutral molecule in the pH range
investigated.This is in accordwith the fact that
methylarsonousacid is the methyl derivative of
arsenitewhich hasa pK; of 9.2. Consequentlythe
pK; of meth IarsonouaC|d(wh|ch hasnotyetbeen
determlned%/ is likely to bearound9 andhencethe
moIecuI&ehouIdemstmalnly|n theun-ionizedstate
at physiologicalpH.?®

In the pH range5-8, methylarsonousacid hask’
valuesthat are approximately0.47 k' units larger
thanthoseobtainedor arseniteThis comparatively
stronger retention of methylarsonousacid is
probablycausedoy the hydrophobicinteractionof
the methyl group of methylarsonousicid with the
organic backbone(styrene/divinylbenzes) of the
stationary phase,thus causing strongerretention
than arsenite.ThepH-dependentretention beha-
viour of methylarsonousacid and methylarsonic

Copyright© 1999JohnWiley & Sons,Ltd.

acid (Fig. 1) clearly demonstratethat the right
mobile phasepH is absolutelyessentiato separate
thesemethylarsonicls and henceto avoid specia-
tion errors.

The chromatogranof the 50mgAs dm 3 stock
solution of methylarsonousacid showeda single
peakovera periodof threeweeksafter preparation
of the stock solution. Thereaftera small peak
correspondingo the retentiontime of methylar-
sonic acid was detectedin the chromatogram,
suggestinghat oxidationhadoccurred.

Dimethylarsinous acid

The k' of dimethylarsinousacid is independenbf
the pH in the range5 to 9 andis 15.8 which is
indicative of a comparativelyhydrophobiccom-
pound (Fig 1). This retentionbehavioursuggests
the presenceof either neutral (CHs),As-OH or a
singly negatively charged(CH3),As-O species.
However, since other singly charged arsenic

compoundssuch as methylarsonicacid (between
pH 5 and 8) or arsenatgbetweenpH 5 and 6)**
generally have K-values between0.61 and 4.18
(Fig. 1), the unusuallystrongretentionof dimethy-
larsinous acid is probably caused by the two
methyl-groupsof the dimethylarsinousacid mole-
cule which hydrophobicallyinteractstrongly with
the organic backbone(styrene/divinylbenzes) of
the stationaryphase.However, since the pK; of
dimethylarsinousacid hasneverbeenmeasured
the presencef (CH3),As-O overtheinvestigated
pH rangecannotbe excluded.

The entirely different retention behaviour of
dimethylarsinousacid and dimethylarsinic acid
(Fig. 1) warrantsfurther explanation.Dimethylar-
sinousacid hasbeenreportedo form dimersof the
type (CHz),As-O-As(CH); in aqueoussolution?®
It is thereforepossiblethat thesedimersare also
presentunderour chromatographiconditionsand
thus explain the more than 30-fold increasedk’
values of dimethylarsinousacid as comparedto
dimethylarsinic acid. These dimers have four
methyl groups per molecule and thus should be
much more strongly retainedon the hydrophobic
PRP-X100stationary phasethen dimethylarsinic
acid.

Becausef the“apparent’hydrophobiccharacter
andits strongretentionon hydrophobicstationary
phasege.g.PRP-X100stationaryphase)dimethyl-
arsinous acid may thus have so far escaped
detection in environmental samplesby HPLC-
ICP-MS.

The chromatogranof the 50mgAs dm 2 stock

Appl. OrganometalChem.13, 837-843(1999)
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Figure 2 Separatiorof arsenite(As'""), dimethylarsinicacid

(DMAY), methylarsonouscid (MMA "), methylarsonicacid

(MMAY), arsenatgAs") and dimethylarsinousacid (DMA'"")

with 30mmoldm™3 phosphatebuffer (pH 5)/methanol(8:2,

v/v). Column: Hamilton PRP-X100,250mm x 4.1mm i.d.;

flow rate: 1.5cm>min~; Detector: ICP-AES; Injection

volume:100ul; 5 ug As of eachcompoundthe chromatogram
is constructedas 1600 1s time slices of the background-
subtracted228.812nm signal (order 147), with five-point
moving-averagesmoothingbeforethe derivativewastaken.

solution of dimethylarsinousacid showeda single
peakover a periodof oneweek.

Optimal conditions for the
separation of arsenite, arsenate,
methylarsonous acid,
methylarsonic acid,
dimethylarsinous acid and
dimethylarsinic acid

An optimal chromatographiseparatiorof the six
arseniccompoundgequiresbaselineseparatiorat
short retention times. Among the mobile phases
investigated the mixture of 30mmoldm~2 phos-
phatebuffers(pH 6, 7, 8 and9) with methanok8:2,
v/v) are least suited to separateall the arsenic
compoundgrom eachotherbecauseéhek’ valuesof
arsenite,methylarsonicacid, dimethylarsinicacid
andmethylarsonouacidarevery similarin this pH
range (Fig. 1). If these mobile phaseswere
employed, overlapping chromatographic peaks
could not be avoided, and baseline separation
would belmpossmle .The mobile phasecontaining
30mmoldm 3 phosphatéuffer of pH 5 with 20%
methanol(80:20, v/v) gave the bestresultsfor a
separatiorof thearseniccompoundgFig. 2). Under
theseconditionsdimethylarsinicacid, methylarso-
nous acid, methylarsonic acid, arsenate and

Copyright© 1999JohnWiley & Sons,Ltd.

dimethylarsinousacid can be baseline-separated
from each other within 25min at a flow rate of
1.5cm®min~t. The retentiontimes for the arsenic
compoundsare: arsenite, 101s; dimethylarsinic
acid, 111s; methylarsonousacid, 145s; methyl-
arsonicacid, 269s; arsenate451s; and dimethyl-
arsinousacid, 1462s. The arsenite peak, which
elutescloseto the solventfront, partially overlaps
with the peakof dimethylarsinicacid underthese
conditions(Fig. 2).

CONCLUSION

An investigation of the retention behaviour of
arsenite, arsenate methylarsonousacid, methyl-
arsonicacid, dimethylarsinousacid and dimethyl-
arsinic acid on the PRP-X100 anion-exchange
columnin the pH range5-9 showedthat optimal
separatiorof thesearsenlccomeounds(ICP—AES
detectlonflow rate1.5cm®min~?) is possiblewith
30mmoldm 2 phosphatéuffer (pH 5)/methanoal,
8:2 (v/v). The retentionbehaviourof methylarso-
nousacid over the pH range5-9 suggestshat this
compoundexists as a neutral molecularentity at
physiologicalpH. The unusuallystrongretentionof
dimethylarsinousacid (k' 15.7) comparedwith the
otherarseniccompound®nthislipophilic styrene—
divinylbenzenecopolymercolumnsuggesta very
hydrophobic character of this compound. The
hydrophobicity of dimethylarsinousacid and the
chemistryof methylarsonouscid, however,may
be changedsignificantlyin vivo wherea chemical
reaction of the OH group(s) Wlth endogenous
glutathione(GSH)is likely to occur?’

Chromatograms in this work represented
50mgAsdm ° per compoundwith emissiondata
being takenin 1s increments.Lower concentra-
tions can clearly be detected,and a variety of
optimizations and trade-offs can improve the
detectionsensitivity of the HPLC—ICP—-AESsys-
tem significantly. However, the expected total
arsenic concentrationsin the urine of arsenic-
exposed humans are in the range 0.06—
1.35mgAsdm 328 andthusmay requiredetectors
with lower detectiorlimits, suchasICP-MS?° The
resultspresentedn this paperserveasa basisfor
the developmenif a chromatographicseparation
of thesearseniccompoundsn complex matrices,
suchasurine.
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