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In order to confirm the solution structure of
[(GS),AsSe] (GS = glutathione), we have in-
vestigated the retention behaviour of a
[(GS),AsSe] /oxidized glutathione (GSSG) mix-
ture on a Sephadex G-25 (SF) column with Tris
buffers (0.1 moldm™3 pH 8.0) containing
various surfactants at concentrations above the
critical micellar concentration (CMC): hexade-
cyltrimethlammonium bromide (HDTAB; 30, 40
and 50 mmoldm3); dodecyltrimethylammo-
nium bromide (DDTAB; 50 mmoldm—3); and
sodium lauryl sulfate (SLS; 50 mmol dm3).
An inductively coupled plasma atomic emission
spectrometer (ICP AES) provided simultaneous
on-line detection of arsenic, selenium and
sulfur in the column effluent. The chromato-
graphic retention behaviour was used to inves-
tigate the association of both compounds with
the positively charged micelles (HDTAB and
DDTAB mobile phases). The relative strength of
association with the micelles provided insight
into the effective negative charge on
[(GS),AsSe] and GSSG. The chromatograms
obtained with 50 mmol dm~3 HDTAB indicated
that two glutathione molecules are associated
with the elution of an arsenic—selenium com-
pound. Combined, these chromatographic data
strongly support the spectroscopically derived
solution structure of [(GS),AsSe]. Copyright
© 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Arsenic and selenium are widely dispersed in a
large variety of geological formations in the crust
of the Earth, where—owing to their high affinity
for sulfur—both elements are predominantly
associated with sulfidic ords> Weathering
processes dissolve the primary arsenic and
selenium minerals to arsenite, arsenate, selenite
and selenate, the most common oxidation states
of these metalloids in fresh wat&f. Through the
consumption of drinking water and food, man
unwittingly ingests a variety of inorganic and
organic arsenic and selenium compounds, among
which both arsenite and selenite are teratogenic
and toxic.

Experiments concerned with the simultaneous
exposure of rats to arsenite and selenite, however,
revealed a striking mutual detoxification of these
metalloid compound8.The most recent investiga-
tions aimed at the elucidation of the molecular basis
underlying this antagonistic interaction in rabbits
revealed, that after the intravenous (i.v.) injection
of sodium arsenite and sodium selenite, a novel
arsenic- and selenium-containing compound was
excreted in bilé. This compound, which contained
equimolar amounts of arsenic and selenium,
exhibited an X-ray absorption spectrum that was
essentially identical to that of a synthetic species in
solution, the structure of which was identified
‘spectroscopically [by X-ray absorption spectro-
scopy (XAS), Raman spectrometry afi$e NMR]
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Figure 1 The[(GSLAsSe] ion (1) andGSSG(2).

as[(GS)AsSe] .’ This compoundcan be synthe-
sizedchemicallyby additionof anagueousolution
containingequimolaramountsof sodiumarsenite
and sodium seleniteto a solution containing >8

mol equiv.GSHadjustedo pH 7.4 In thereaction
mixture oxidized glutathione(GSSG)was identi-

fied by Ramanspectroscopy,suggestinga redox
reactionaccordingto Eqn[1].

As(OH); + HSeQ, + 8GSH

— (GS),As Se+ 3GSSG+ 6H,0 (1)
Unfortunately, however, no direct chemical evi-
denceor thenegativechargeonthearsenicatomof
[(GS)LAsSe] could be obtainedby the techniques
employed.Thus, experimentalproof of this nega-
tive chargeand proof that two glutathione(GSH)
molecules are attachedto the arsenic—selenium
compoundwould unequivocallyconfirm the EX-
AFS/Raman’Se NMR-derived molecular struc-
ture.

Chromatographicseparationmethods coupled
on-line to element-specificdetectors, such as
inductively coupled plasma mass spectrometers
(ICP MS) or inductively coupled plasmaatomic
emissionspectrometerd CP AES) arewidely used
to identify metal/metalloidcompoundsn environ-
mental and biological sample$ In addition,
investigationsof the pH-dependentetentionbeha-
viour onreversed-phasendanion-exchangelPLC
columnscanprovidevery usefulinformationabout
the protonation/deprimnationbehaviourof arsenic
compoundswvhose solution chemistryis not well
understood:*° Similarly, an appropriatelychosen
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chromatographitechniqueshouldprovideproof of

the additionalnegativechargeon [(GS),AsSe] as
comparedvith GSSG.The additionalproof of two

GSH molecules being attachedto the arsenic—
seleniummoiety of [(GS),AsSe] would requirea

chromatographiseparatiorof [[GS)LAsSe] from

the by-product, GSSG(Eqn [1]).

Although [(GS)LAsSe] (M, 767)is largerthan
GSSG (M, 612), the overall volumesof the two
moleculesare probablyrathersimilar becausehe
arsenic—seleniunstructuralelementwill not con-
tribute substantially to the overall volume of
[(GS)AsSe] . Thus,a separatioraccordingto size
seemdampossible bearingin mind the low resolu-
tion of Sephadex-basedize-exclusioncolumns.
Furthermore both [(GS),AsSe] and GSSGcon-
taintwo GSHgroupspermolecule.Thisis likely to
resultin a very similar solutionchemistry,further
hamperinga chromatographiceparationof these
two compounds.One significant difference be-
tween [(GShLAsSe] and GSSGis the additional
negativechargeon the former (Fig. 1).

Hence, one potential separationstrategy could
target the difference in net electrostaticcharge
per molecule, for example with anion-exchange
chromatographyMicellar chromatographyhow-
ever,hasalsobeenusedsuccessfullyto separatea
large variety of aniond®™® and severalreviews
have been published since its recognition as a
very useful analytical tool.**=2° Becausemicellar
chromatographycould be of potential use to
separate[(GS),AsSe] from GSSG,we investi-
gated the effect of increasingamountsof hexa-
decyltrimethylammonium bromide (HDTAB),
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dodecyltrimethylammaom bromide (DDTAB)
and sodium lauryl sulfate (SLS) in the mobile
phaseon the chromatographicetentionbehaviour
of a [(GS),AsSe] /GSSG mixture on a size-
exclusioncolumn,usinganICP AES astheon-line
simultaneousarsenic-,selenium-and sulfur-speci-
fic detector.

EXPERIMENTAL

Chemicals

Sodium selenite (Na,SeQ-5H,0; >97%) and
hexadecyltrimethylamnmmoum bromide (HDTAB;
>99%) were purchased from Fluka (Buchs,
Switzerland) and sodium arsenite (NaAsO;
>99%) from GFS Chemicals (Columbus, OH,
USA). Glutathione (>98%), dodecyltrimethyl-
ammoniumbromide (DDTAB; 99%) and sodium
lauryl sulfate (>99%) were obtainedfrom Sigma
(St Louis, MO, USA). Sodium hydroxide was
purchasedrom MCB ReagentqCincinnati, OH,
USA) and conc. hydrochloric acid was obtained
from Fischer Chemicals (Pittsburgh, PA, USA).
Tris buffer (0.1moldm™3, pH 8.0) and all other
solutions were prepared from triply distilled
water.

Synthesis of [(GS),AsSe]™

A solutioncontainingequimolaramountsof As(lIl)

and Se(lV) was preparedby dissolving NaAsO,
(239mg, 1.853mmol) and Na,SeG:5H,0 (491
mg, 1. 870mm0|)|n 0.6cm? Tris bufferanddiluting

to 1.0cm® with additional buffer. GSH (205mg,
0.670mmol) wasdissolvedin 0.6cm® Tris buffer,

the pH was adjustedto 7.5 (4.0mol dm 3 NaOH)
and the solution was diluted to 1.0cm® with

additional buffer. After incubation of the GSH
solution (0.670mmol; 9 mol equw to protectthe
easily oxidizable productfrom air’) for 20min at
37°C, an aliquot of the As (lll)/Se(lV) solution
(40 ul; 0.074mmol eachof As andSe)wasadded.
After the initial formation of a red—brown pre-
cipitate, thorough mixing resulted in a clear
solutionof pH 8.6.

Chromatography

A Beckmanl10B SolventDelivery Module HPLC
pump in conjunction with a Rheodynesix-port
injection valve (200wl loop) wasusedthroughout
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the study. A PharmaciaHR 10/30 column (i.d.
1.0cm)wasfilled with Sephadexs-25(SF),which
hasa dry-beddiameterof 10-40um andseparates
peptidesand globular proteinsin the M,, rangeof
1000-500@a. After at least 100cm® of Tris
buffer at a flow rate of 1.0cm®min~* had been
pumpedover the column, the final bed heightwas
29.5cm. The column was subsequentlyequili-
bratedwith at least60cm® of the corresponding
mobile phasebeforeanyinjectionsweremade.The
column exit was connectedo a Meinhard TR-30-
K2 concentricglassnebulizerwith the minimum
lengthof polyethylenetubing (120mm x 0 1mm 2
The flow rate was maintainedat 1.0cm®min™,
which had beenpreviously determinedto give a
maximum ICP AES emission signal with this
nebulizer/spraychamber combination when the
nebulizer was operatedat its rated pressureof
30psi (206kPa). The concentratlonsof the sur-
factantin the 0.1moldm 2 Tris buffer (pH 8.0)
were held well above the reported critical
micellar concentrations(CMC) at 25°C: SDS
8.1mmoldm 3, HDTAB  0.92mmoldm 32
DDTAB 15mmoldm 32! Solutions of 30, 40
and 50mmoldm~2 HDTAB and 50mmoldm3
solutions of DDTAB and SLS in Tris buffer
(0.1mol dm~3, pH 8.0) were preparedby dissol-
ving the appropriateamountsof the surfactantin
Tris buffer (0.1mol dm~3, pH 8.0). Theadditionof
the surfactantto the buffer did not changethe pH
noticeably (PHM 220 Lab pH-meter; Radiometer,
CopenhagenDenmark).

The exclusion volume was determined by
injection of d|st|IIed water onto the column using
50mmoldm3 SLSasthemobile phaseandsulfur-
specificdetection A dip in the on-line sulfur signal
of the chromatogranu:orresponded) theexclusion
volume and was 8.1cm®. The inclusion volume,
which was determlnecby injection of an aqueous
50mgdm 3 Mg?" solution followed by magne-
sium- spemﬁaﬂetecnorby ICPAESatthe285.213-
nmline, was17.9cm>. Theinclusionvolumeminus
the echusmnvqume definesthe chromatographlc
window of 9.8cm®. Using 50mmoldm 2 in
0.1mol dm 2 Tris buffer asthe mobile phase the
column was calibrated with aqueous solutions
adjustedto pH 8.0 of NaAsQO,, GSSG,Na,SeQ
and GSH containingthe sameamountof arsenic,
seleniumor sulfur as the 200l of the injected
[(GS)LAsSe] /IGSSGmixture. The retentiontimes
were 23.3min (arsenite), 12.6min (GSSG),
15.9min (selenite)and 15.0 min (GSH), respec-
tively. The strong retention of arseniteon the
Sephadexz-25(SF)stationaryphasewnasin accord
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with previousfindingswhich revealedan unspeci-
fied chemicalinteraction betweenarseniteand a
Sephade)G-10 stationaryphase®® Shiftsin reten-
tion times of the arsenic,seleniumor sulfur peaks
with increasingconcentrationof HDTAB in the
mobile phaseare given in minutes as well as
relativeto the correspondingpeakin the chromato-
gram obtainedwith the 30mmoldm~ HDTAB

mobile phase (given as a percentageof the
chromatographievindow).

Experimental proof that [(GS)LAsSe] eluted
from the column intact was obtained by XAS
analysisof two fractionscollectedfrom the column
effluent.After injectionof the[(GS),AsSe] /IGSSG
mixture [injection volume 200ul; flow rate
1.0cm®*min~Y; mobile phase 50mmoldm2
HDTAB in 0.1moldm™3 Tris buffer (pH 8.0)],
fractions were collected (fraction I, 8.5-9.7min;
fractionll, 9.7-10.7min). After the additionof an
aliquot (0.6cm®) of each fraction to 0.4cm®
glycerol and thoroughmixing, the obtainedsolu-
tions were transferredto Lucite sample holders,
frozenin liquid nitrogenandsubsequentlgnalysed
by arsenic and selenium K-edge XAS at the
StanfordSynchrotrorRadiationLaboratory Fitting
results were obtained by comparisonwith pre-
\éiou§lyreportedarsenioandseleniuM(—edgeXAS

ata!

ICP AES

Arsenic,seleniumandsulfur-specificdetectiorwas
achievedwith a ThermoJarrelAsh (Franklin, MA,
USA) IRIS HR radialview ICP AES at228.812nm
(order 147), 196.090nm (order 172) and
182.034nm (185), respectively.Data were taken
from severalemissionlines for eachelement,but
the above-mentionedines were chosenfor con-
venient display without off-line scaling. Thermo-
SPEC/CIDsoftware(version2.10.04)providedthe
necessaryime-scarfunctions,andthemultitasking
controller allowed the processingof one atomic
emission line every 0.02s. Custom software
allowed for variable dt derivativesof the integral
signal as well as various forms of filtering. The
nebulization gas was maintained at a flow of
2.0dm*min~! and at a pressureof 30psi, the
plasmaforward powerwaskeptat 1150W, andthe
CID temperaturewas cooled to —85°C. The
recoveryof arsenic,seleniumand sulfur after the
injectionof the [(GS)AsSe] /GSSGmixture using
50mmoldm 3 HDTAB (in 0.1moldm 3 Tris-
buffer at pH 8.0) was 89+2, 86+4 and
98 + 2%, respectively The columneffluenteluting
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between6 and 25min was collected,madeup to
25cm?® in a volumetric flask with 50 mmoldm 3
HDTAB in 0.1moldm™3 Tris (pH 8.0) and
quantifiedby ICP AES usingcalibrationcurvesof
20 and 40 ppm of arsenic,seleniumand sulfur in
50mmoldm 3 HDTAB in 0.1moldm™2 Tris (pH
8.0).

RESULTS AND DISCUSSION

The first deliberate application of the unique
propertiesof micellesin chromatographisepara-
tions using size-exclusion chromatoqraphyon
SephadexG-100 was reportedin 1977:° Subse-
quently, manyadvantagesf the useof micellesin
chromatographiseparationssuchastheir unique
andmodifiableselectivity,havebeenrecognized:
A morestraightforwardcapproactthanSephadex-
100 for micellar separationsnvolves the use of
small-porestationaryphasessuchas Sephade)G-
2521 On a SephadexG-25 column, compounds
with anM, greatethan5000areexcludedfrom the
gel. Since the molecular weight of micellar
HDTAB exceed<22kDa*® the aggregatedurfac-
tantis thusexcludedrom the Sephadexz-25gel 2*
If a SephadexG-25 columnis equilibratedwith a
mobile phasecontainingHDTAB at a concentra-
tion well abovethe CMC of 0.92mmoldm™3*" the
movementof any compoundwith an M, smaller
than 5000 will dependon its partition coefficient
betweenthe bulk aqueousgphaseand the micellar
pseudo-phas&: A small compoundthat associates
with the micelleswill consequentlytend to elute
more rapidly (with the micelle) with increasing
concentrationsof the surfactant® Hence, the
behaviourof asmallcompoundn a size-exclusion
columnis determinednostly by its interactionwith
the micelle*

Because [(GSLAsSe] is chemically un-
stablebelow pH 7.0, only mobile phaseswith pH
>8.0 were investigated.At pH 8.0, GSH has
both carboxyl groups completely deprotonated
(pKCOOH,l: 2.1; pKCOOH,2: 3.5) and the amino
groupprotonatedpKy, = 9.6)**Hence,atpH 8.0
[(GSLAsSe] (if the EXAFS/Ramar(’Se NMR-
derivedstructureis correct)shouldhaveanoverall
net chargeof —3, whereasGSSGhasa netcharge
of —2.

Severalattemptsto separatd(GS)AsSe] from
GSSG on an anion-exchangecolumn (DEAE
Sephadex A-25, 1.0cmx 29.2cm) with PBS
buffers (pH 7.4 and pH 10.0 at a flow rate of

Appl. Organometal Chem.14, 355-363(2000)
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Figure 2 Separatiorof [(GShAsSe] (peakl) andoxidized
glutathione (peak 1) with (@) 30mmoldm=3, (b)
40mmoldm~= and (c) 50mmoldm~3 HDTAB in Tris buffer
(0.1moldm™3, pH 8.0). Peaklll is an unidentified arsenic-
containing breakdownproductof I. Column, SephadexG-25
(SF) (1.0cm x 29.5cm); flow rate, 1.0cm® min~%; detector,
ICP AES (arsenic228.812nm, selenium196.090nm, sulphur
182.034nm); loop, 200ul; the solution injected contained
[(GS)YAsSe] (71mmoldm ), GSSG(213mmoldm =) and
GSH (71 mmoldm3).

1.0cm® min~%) andTris buffers(0.1mol dm 3, pH
8.0 and pH 10.0 at a flow rate of 1.0cm®min™?)
were unsuccessfulbecause [(GS),AsSe] was
irreversiblyboundto the column(or decomposed),
resultingin abrowncolorationon the columnhead.
With a Sephadexz-10column(1.0cm x 29.0cm)
and PBS buffers of pH 7.4 and 10.0 the arsenic-,
selenium-and sulfur-specificchromatogramsb-
tained after the injection of the [(GSLAsSe]/

Copyright© 2000JohnWiley & Sons,Ltd.

GSSGmixture showeda single peakwith the same
retentiontime for arsenicseleniumandsulfur (data
not shown). Hence, [(GS),AsSe] had passed
through the column intact, but had not been
separatedfrom GSSG. The size difference of
145Dawasclearlytoo smallto resultin significant
separation of these two compounds on this
particularstationaryphase.

Influence of the HDTAB
concentration on the retention
behaviour of [(GS),AsSe]l on
Sephadex G-25 (SF)

Because[(GS),AsSe] could be passedthrough
Sephadex-basesize-exclusiorcolumnsintact and
becauseof the different net negative charges
on [(GS)AsSel (—3) and GSSG (-2), the
influence of a surfactantwith a single positive
charge (HDTAB) on the separationof the two

compoundswas investigated HDTAB was added
in 10mmoldm 3 incrementsto the Tris buffer
(0.1moldm™3, pH 8.0) and the arsenic-, sel-
enium- and sulfur-specific chromatogramswere
measuredafter the injection of the [(GS),AsSe]/

GSSG mixture (Fig. 2a—c). We noted that an

orangebandformedimmediatelyaftertheinjection

of the [(GSKLAsSSe]/GSSG mixture onto the

column. This orange band subsequentlymoved
through the entire column. The orangecolour is

hypothesizedo be causedby elementalselenium,
indicatingsomedecompositiorof [(GS),AsSe] on

the columnhead.

Becausean increaseof the HDTAB concentra-
tion in the mobile phasefrom 30 to 50 mmoldm 3
is likely to affecttheefficiencyof the nebulizerand
thus the masstransfer of arsenic/selenium/sulfur
into theinductively coupledplasmathetotal areas
obtained for each chromatogram(and for each
element)were measuredAlthough the sametotal
amount of arsenic/selenium/sulf was injected
with the 30, the 40 andthe 50 mmoldm ° HDTAB
mobile phases,the signal areasobtained corre-
spondedo the proportions1:1.03:1.18 suggesting
an increase in mass transfer with increasing
surfactantconcentrationn the mobile phase(Fig.
2a—C).

All  arsenic-specific chromatogramsobtained
with 30, 40 and 50mmoldm 3 HDTAB in the
mobile phaseshoweda largearsenigeak(Fig. 2a—
c, peakl) eluting first, followed by a smallerone
(Fig. 2a—c, peak Ill). With the 30mmoldm 3
HDTAB mobile phase the two arsenicpeakshad
retentiontimesof 10.9min and 14.5min (Fig. 2a).

Appl. Organometal Chem.14, 355-363(2000)
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An increaseof the HDTAB concentrationin the
mobile phaseto 40mmoldm™3 brought about a
5.1% decreasein the retentiontime of the first
arsenigpeakto 10.4min (Fig. 2b). Furtherincrease
of theHDTAB concentratiorin themobilephaseo
50 mmoldm 2 decreasedhe retentiontime of the
first arsenicpeak by 9.2% to 10.0min (Fig. 2c).
Concomitantlywith adecreasén theretentiontime
of arsenicpeakl! with increasingconcentration®f
HDTAB in the mobile phase the peaknoticeably
narrowedwhile maintainingthe sameapproximate
area ratio when considering the above-noted
increasein masstransferwith increasingHDTAB
concentrationsn the mobile phase.

All selenium-specifichromatogramslisplayed
a single seleniumpeak (Fig. 2a—c,peakl) which
had a shoulderlocatedon the short retentionend
that diminished in magnitude with increasing
HDTAB concentrationsn the mobile phase(Fig.
2a—c). The retention time of selenium peak |
decreasedrom 10.8min with the 30mmoldm™3
mobile phaseto 10.0min with the 50mmoldm—2
mobile phase(9.2%; Fig. 2a—c)and narrowedin a
similar fashion to arsenicpeak|. The fact that
seleniumpeakl alwaysco-elutedwith arsenigpeak
| (Fig. 2a—c)suggestshatboth peakscorrespondo
the elution of [(GSLASsSe] .

The sulfur-specificchromatogranobtainedwith
the 30mmoldm 3 HDTAB mobile phase con-
taineda large sulfur peakwith a retentiontime of
14.0min (Fig. 2a, peak Il) overlapping signifi-
cantly with a smaller sulfur peak which had a
retentiontime of 11.0min (Fig. 2a, peakl). An
increase in _the HDTAB concentration to
40mmoldm~2 in the mobile phasedecreasedhe
retentiontime of sulfur peakl to 10.4min (6.1%),
whereas the retention time of sulfur peak I
(measuredat the maximum signal height) de-
creasedn a lesspronouncedmannerto 13.5min
(5.1%; Fig. 2b). The chromatogranobtainedwith
50mmoldm—3 HDTAB in the mobile phase
showedtwo sulfur peakswith retentiontimes of
10.1min (9.2%)and13.2min (8.2%),respectively
(Fig. 2c). Becausethe retention time of the
smallersulfur peakwasalwaysidenticalwith that
of the arsenicpeakl andseleniumpeakl! (Fig. 2a—
c¢), we identified this peak as [(GShAsSe] . To
identify peak | unequivocally as [(GS),AsSe],
peak! was collectedand analysedby arsenicand
selenium K-edge XAS. Fitting results indicated
that 70% (fraction 1) and 79% (fraction Il) of
the seleniumwas presentas [(GS),AsSe] . The
remainingseleniumcould be identified aselemen-
tal a-selenium. This is consistentwith the fact

Copyright© 2000JohnWiley & Sons,Ltd.

that the As/Semolar ratio for a collectedfraction
of peakl (whole peak,comparedwith a standard
solution containingAs/Se 1:1 in a solution of the
same compositionas the mobile phase)is 1:1.3
rather than 1:1, since the selenium breakdown
product (elemental «-selenium) co-eluted with
[(GS)AsSe] . The seleniumbreakdownproduct
(elemental «-selenium) also associateswith the
micellesandis probablyresponsibl€or the lead-
ing shoulder on selenium peak | (Fig. 2a—c).
Incidentally, the observedorangecolour is prob-
ably dueto elemental:-selenium.ArsenicK-edge
X-ray absorption spectrometry of fraction |l
showedthat 97% of the arsenicwas presentas
[(GSLAsSe] and that 3% were present as
arsenite. Hence, X-ray absorption spectroscopy
demonstrates that partial decomposition of
[(GSLAsSe] occurred during the chromato-
graphicseparationThe arsenicbreakdowrproduct
elutedaspeaklll.

Sulphur peak Il was identified as GSSG by
comparisonwith the retentiontime obtainedfor a
GSSGstandardBecausdhe peak-aredntegration
of the two significantly overlappingsulfur peaks
was likely to resultin artifacts, the signal height
ratio of both sulfur peaks(both displayeda nearly
symmetrical peak shape)was determinedat the
signal maximum. The signal heightratio between
thesmallerandthebiggersulfur peakswasl:3or a
multiple of that, e.g.2:6 (the sameratio wasfound
for the 30 and 40mmoldm 3 HDTAB mobile
phase)This signalheightratiois in accordwith the
expected sulfur ratio for [(GSLAsSe] and
GSSG of 2:6 accordingto Eqn [1]°. Because
[(GSLAsSe] was synthesizedwith an excessof
1 molequiv. of GSH to preventthe oxidation of
[(GS)LAsSe] by exposureto air (seethe Experi-
mentalsection),it seemghatonesulfur equivalent
is missing.However thesignificanttailing of sulfur
peakll thatis evidentuponcloserinvestigationof
Fig. 2c very probablycorrespondso the unreacted
GSH molecule (GSH is smaller than GSSGand
thusis elutedwith a longerretentiontime; seethe
Experimentakection).Sincethe small overlapping
GSHpeakin this tailing regiondoesnot contribute
to the overall signalheightof the GSSGpeak,the
2:6 sulfur ratio obtained agreeswell with the
expectedsulfur ratio of 2:6 between(GS)AsSe]
and GSSG. Furthermore, these data strongly
support the EXAFS/Raman/’Se NMR-derived
result of two GSH moleculesbeing boundto the
arsenic—seleniurapecies.

Similarly to the decreasen elution volume of
nucleosides(on the same stationary phase)with

Appl. Organometal Chem.14, 355-363(2000)
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Figure 3 Separationof (a) [(GS)AsSe] and (b) oxidized
glutathione with 50mmoldm™3 DDTAB (a) and (b)
50mmoldm~3 SLS, in Tris buffer (0.1moldm=3, pH 8.0).
Peak Il is an unidentified arsenic-containingbreakdown
productof . Column,Sephadexz-25(SF)(1.0cm x 29.5cm);
flow rate, 1.0cm®min~%; detector; ICP AES (arsenic
228.812nm, selenium196.090nm, sulphur182.034nm); loop,
200pul; the solution injected contained [(GS)AsSe]
(7lmmoldm™3), GSSG (213mmoldm™3) and GSH
(71mmoldm™3).

increasingconcentrationsf sodiumdodecanoati
the mobile phase’’ the retention time of both
[(GSLAsSe] and GSSG decreasedwith an
increasein the concentrationof HDTAB (and
hencethe numberof micelles per volume) in the
mobile phase(Fig. 2a—c).This retentionbehaviour
suggestghat both compoundsassociatewith the
positively charged HDTAB micelles. Conse-
quently, the observedseparatiorof [(GSLAsSe]
and GSSGcannotbe due to a saturationof the
micelle surfacewith the [(GS)AsSe] molecules
followed by the elution of theunboundGSSG.The
fact that [(GS),AsSe] alwayseluted earlier than
GSSG further suggestsstronger association of
[(GS),AsSe] with the HDTAB micelles. This
strongerassociatiorcanbe explainedby additional
negativechargeon the [(GShLAsSe] moleculeas
comparedvith GSSG.
Combined,thesechromatographialata demon-
strate that two GSH molecules are associated
with the arsenic—seleniunsolution speciesand

Copyright© 2000JohnWiley & Sons,Ltd.

that [(GS),AsSe] hasadditional negativecharge
compared with  GSSG at pH 8.0. Thus, our
chromatogra[;)hicresultsstrongly supportthe EX-
AFS/Ramar(’Se NMR-derived structure of the
synthetic arsenic—selenium solution species,
[(GSLAsSSe] .

Influence of 50 mmol dm 3 DDTAB
and SLS on the retention behaviour
?sfF[)(GS)zAsSe]‘ on Sephadex G-25

The arsenic-,selenium-and sulfur-specificchro-
matogramsobtainedfor the [(GS),AsSe] /GSSG
mixture with a mobile phase consisting of 50
mmoldm~2 DDTAB in Tris buffer (0.1 mol dm3,
pH 8.0)is shownin Fig. 3(a).As with the HDTAB
mobile phasesanorangebandwasobservednthe
column head after the injection of the
[(GS)LAsSe] /GSSG mixture. The arsenic-, sel-
enium-andsulfur-specificchromatogramsbtained
were very similar to those obtained for the
30mmoldm—3 HDTAB mobile phase(Fig. 3a vs
Fig. 2a). Arsenic peak| had a retentiontime of
11.0min, which was identical with the retention
time of seleniumpeak | (Fig. 3a). The sulfur-
specific chromatogramconsistedof a small peak
with a retentiontime of approximately11.0min
that had a much bigger peak (II) on its long
retentionendwith aretentiontime of 13.6min (Fig.
3a). Since the retentiontime of the small sulfur
peakwasidenticalwith thatof arseniandselenium
peak |, this sulfur peak must correspond to
[(GS)LAsSe] . Sulphurpeakll consequentlgorre-
sponddo GSSG.Thefactthat[(GS),AsSe] eluted
beforeGSSG(aswith HDTAB in themobilephase)
demonstratesigainthat the former interactsmore
strongly than GSSGwith the positively charged
DDTAB micelles.

If indeed GSSG and [(GS),AsSe] associate
with the positively chargedmicellesin the mobile
phase, a mobile phase containing the same
concentratiorof a surfactantvith anegativecharge
on the micelle surfaceshould result in arsenic-,
selenium-and sulfur-specificchromatogramsvith
increasedretention times for all three elements
(sincenointeractionwith micellesshouldoccur).In
addition,no separatiorof [(GS),AsSe] andGSSG
shouldbe observed.

Whena 50 mmoldm 2 solution of SLSin Tris
buffer (0.1moldm3, pH 8.0) was used as the
mobile phaseto chromatographhe [(GS),AsSe] /
GSSG mixture, no orange band formed on the
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column after the injection of the [(GSLAsSe]/
GSSGmixture. The arsenic-and selenium-specific
chromatogram showed single peaks with an
identical retention time of 16.6min (Fig. 3b).
Becausethe mobile phasecontainedsulfur, the
sulfur baselinewas alwayselevatedand showeda
single, ratherbroadsulfur peakat a retentiontime
of 16.2min. This implies that [(GS),AsSe] was
not separatedrom GSSG.The dip in the sulfur-
specific chromatogramcorrespondsto the void
volume of the column, since the [(GSLAsSe]/
GSSGmixture was preparedn Tris buffer which
did not containsulfur. The significantly increased
retention time of [(GS)LAsSe] with the SLS
mobile phase(16.2min), as comparedwith the
DDTAB mobile phase (11.0min) at the same
concentration(correspondingto a difference of
57%; Fig. 3a,b), henceprovidesindirect evidence
for theassociatiorf [(GSLAsSe] andGSSGwith
the DDTAB andthe HDTAB micelles.

Because the additional negative charge on
[(GS)LAsSe] (comparedvith GSSG)is accessible
for interactionswith positively chargedmicelles
(Fig. 2a—cand 3a), the negativechargeis likely to
be locatedon the surfaceof the molecule.In view
of thefactthat[(GS),AsSe] wasrecentlydetected
in bile of rabbitsthat hadbeenpreviouslyinjected
i.v. with sodiumarseniteand sodiumselenite(the
sulfur donor has not yet been unequivocally
identified as GSH), the location of additional
negativechargeonthe surfaceof the[(GS),AsSe]
ion may be relevantto the export of this novel
compoundrom liver to bile. It is well knownthata
large variety of glutathione S-conjugates(GS-X)
are excretedfrom liver to bile via ATP-dependent
GS-X export pumps at the canalicular site of
hepatocyte plasma membraned®  Thus,
[(GS)AsSe] may also be excretedthroughthese
pumps, and the accessibleadditional negative
chargeon the surfacemay be specificallyinvolved
in molecularecognitionasa substratdy the GS-X
exportpumps.

CONCLUSION

Investigations of the chromatographicretention
behaviourof a [(GS),AsSe] /GSSGmixture on a
SephadexG-25 (SF) column with a Tris buffer
(0.1moldm™3, pH 8.0) containingvarioussurfac-
tants (HDTAB at 30, 40 and 50mmoldm 3
DDTAB at50mmoldm3; SLSat50 mmoldm3),
with ICP AES asthe on-line simultaneousnulti-
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element-specific detector, showed that both

[(GSLAsSe] and GSSG interact with micelles
with a positive surfacecharge(HDTAB, DDTAB)

but not with micelles having a negative surface
charge (SLS). [(GS),AsSe] could be separated
from GSSGwith 50mmoldm 3 HDTAB in Tris

buffer. Basedon the comparativemigration beha-
viour of [(GSLAsSe] and GSSG, our results
indicatethe presencef additionalnegativecharge
on [(GS)AsSe] . In addition, the sulfur-specific
chromatogramobtained with the 50mmoldm™3

HDTAB mobile phase suggestedthat two glu-

tathione molecules are indeed associatedwith

[(GSLAsSe] . Thesechromatographidatahence
confirm the EXAFS/Ramar/’Se NMR-derived
structureof [(GS)AsSe] .
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