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Selenium is an essential component of glu-
tathione peroxidase and other enzyme systems
and is therefore essential for animal metabolism.
It is, however, toxic at concentrations little above
those required for health. Some plants accumu-
late selenium from seleniferous soils and con-
stitute a toxic hazard to grazing stock. The more
complex organic selenium compounds that occur
naturally in plants, animals and microorganisms
have been characterized following their isolation
or partial isolation, and have often been identi-
fied by their similarity to analogous sulphur
compounds. The occurrence and identification
of selenium compounds in biological samples
and methods for their analysis are reviewed.
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INTRODUCTION

Selenium was discovered in 1817 by Berzelius and
Gahn, who observed the element as a deposit
following the oxidation of sulphur dioxide from
copper pyrites.1 It ranks seventieth in abundance
among the elements and constitutes approximately
10ÿ5% of the Earth’s crust.2 It is widely distributed
in the environment and is mainly found in metal
sulphide deposits, mostly of the metals copper,
zinc, silver, mercury and lead. Although some
selenium minerals, for example Tiemannite and
Naumannite, contain up to 24% Se, the element is

usually present at very low concentrations com-
pared to sulphur.

In the Periodic Table selenium (atomic number
34, atomic weight 78.96) is located between
sulphur and tellurium in Group 16. Six major stable
isotopes have been reported and the most abundant
in Nature are80Se (49.6%) and78Se (23.8%).3

Selenium production is usually as a by-product
of the processing of other elements, in particular
copper, zinc, nickel and silver. In the electrical and
electronics industries high purity is essential for its
usefulness. It is also used in the chemical, rubber,
ceramic and glass industries. The industrial require-
ment for selenium results in pollution problems
because a large part of the total consumption is lost
to the environment. Emissions also occur from the
burning of fossil fuels, with up to 90% of the
selenium present being volatilized.

Selenium has a number of oxidation levels and
valency states and an extensive organic chemistry
in which it forms compounds analogous to those of
its congener, sulphur. Both C–Se and Se–Se bonds
are, however, less strong than those of their sulphur
counterparts. Selenium thus exists in the environ-
ment in a number of different chemical species both
inorganic and organic, many of which have
sulphur-containing analogues see (Table 1).

Selenium has been shown to be essential for
animal metabolism and to be toxic at levels little
above those required for health. Stock animal
diseases caused by both deficiency and excess of
selenium are known.4 The essentiality of selenium
results from its presence as a necessary component
of glutathione peroxidase and other enzyme
systems.5,6 Selenium has also attracted attention
because of its apparent ability, usually when
administered as inorganic salts, to ameliorate the
toxic effects of heavy metals such as mercury and
cadmium.7,8

The average crustal abundance of selenium is
0.09mg gÿ1;9,10 in coals concentrations range from
0.47 to 8.1mg gÿ1, and in fuel oil from 2.4 to
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7.5mg gÿ1.11 Seleniumconcentrationsin soils can
varywidely andvaluesashighas1200mg gÿ1 have
beenreportedin seleniferousIrish soils.12 Levelsof
0.02–2.5mg gÿ1 would appearto be moreusual.13

Robberechtand van Grieken14 have extensively
reviewed the occurrenceof selenium in natural
waters and report, from a variety of references,
levels in river water of 0.016–20nglÿ1 (higher
levelshavebeenrecordedbut appearabnormal),in
lakewaterof< 0.1–1.85nglÿ1, andin openocean
seawaterof about0.025–0.2nglÿ1, althoughhigher
levels have been recordedin coastalor harbour
waters. Selenium concentrationsin plants vary
enormously.Generally the levels of seleniumin
grassesandvegetablesareonly a few micrograms
per gram,12 and growing in non-seleniferoussoils
throughouttheworld theseleniumcontentof plants
canbe aslow as0.01–0.02mg gÿ1.12 On the other
hand, plants growing in seleniferoussoils can

sometimesaccumulatesurprisingly high concen-
trationsof selenium.Levelsof 4–5mg gÿ1 in forage
and crop plants are toxic to stock animals, but
apparently the highest level recorded is
18200mg gÿ1 seleniumin the seedsof the South
Americannut-bearingtree Lecythisollaria.12 The
concentrationof selenium in the edible muscle
tissueof farm animals(cattle, pigs, lambs,chick-
ens)appearsto bearound0.2mg gÿ1, with levelsin
the liver being rather higher at about
0.5mg gÿ1.15,16 Marine animalshaveratherhigher
levels of selenium than do terrestrial animals;
concentrationsof up to 1mg gÿ1 in fish muscle
appearnormal.17,18Levelsin marinemammalsmay
bemuchhigherthanthis, with a strongcorrelation
betweenthe accumulatedconcentrationsof sele-
nium and those of mercury.19 Concentrationsin
human organsare usually in the range of 0.1–
1.0mg gÿ1.20

Table 1 Seleniumspeciesencounteredin biological samples

Selenite SeO3
ÿ

Selenate SeO4
ÿ

Selenocysteine H3N
�—CH(COOÿ)—CH2—SeH

Selenocystine H3N
�—CH(COOÿ)—CH2—Se—Se—CH2—CH(COOÿ)—NH3

�

Selenomethionine H3N
�—CH(COOÿ)—CH2—CH2—Se—Me

Dimethyl selenide Me2Se
Trimethylselenoniumion Me3Se�

Se-Methylselenocysteine H3N
�—CH(COOÿ)—CH2—Se—Me

g-Glutamyl-Se-methylselenocysteine H3N
�—CH2—CH2—CO—NH—CH(COOÿ)—CH2— Se—Me

Selenocystathionine H3N
�—CH(COOÿ)—CH2—CH2—Se—CH2—CH(COOÿ)—NH3

�

Selenohomocysteine H3N
�—CH(COOÿ)—CH2—CH2—SeH

Selenocystamine H2N—CH2—CH2—Se—Se—CH2—CH2—NH2
5-[(Methylamino)methyl]-2-selenouridine

Se-Adenosylhomocysteine
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2 SELENIUM SPECIES IN BIOTA

Generally the more complex organic selenium
compoundsthat occurnaturally in bacteria,plants
and animalshave been identified following their
isolation or partial isolation and have often been
characterized,at least in the first instance,by the
similarity in their propertiesto thoseof analogous
sulphur compounds.Sulphur analogues(virtually
all naturally occurring selenium compoundsare
counterparts of well-known and characterized
sulphurcompounds)have servedas makeshiftor
provisionalstandardsthathavealloweda prelimin-
ary, usually correct, identification and have pro-
vided guidancefor the synthesisof the required
selenium-containingstandards.It is unlikely that
analytical methods involving the isolation of
compoundsof interestwill find routineapplication.
Neverthelesswhereunknowncompoundsarecon-
cerned it is usually necessaryto establish the
unequivocalidentity, which canonly be facilitated
by their completeisolation. This is the classical
approachadoptedin natural productschemistry.
Standardmaterialsare therebymadeavailableor
can becomeso by synthesis.Routinemethodsof
analysisthenbecomepossible.

Althoughunknownorganicseleniumcompounds
havebeenreportedin seawater,21 it is to selenium
compoundsin biota ratherthan other components
of theenvironmentthat this particularlyapplies.

Tracemethodsfor the determinationof specific
selenium species in biological materials, and
combination of chromagraphicseparation with
specificor selectivedetectionmethods,havebeen
appliedto compoundsthatareconsideredimportant
from physiological, nutritional or toxicological
aspects.Such compounds include selenoamino
acidsandsimplemethylatedseleniumcompounds.
Analytical methodsfor thesecompoundsthat can
be usedon a routine basisare important for the
elucidation of biochemical roles and metabolic
pathways.The developmentof analytical metho-
dologyis difficult becauseof theinherentlability of
the compoundsand problems of achieving the
necessarysensitivityof detection.

2.1 Plants

Duringthe1930sit becameapparentthatplantsthat
were long suspectedof causingcertain livestock
disordersin westernregionsof theUSA contained
selenium.12 Extensivesurveysrevealedthe rela-
tionshipsbetweenselenium-containing plants,se-
lenium-absorbingcapacity, geographicallocation

and geologicalassociations.Certain specieswere
found to be reliable indicators of soil types
(seleniferoussoils) from which seleniumcould be
accumulated.These plants were designatedas
primary indicators of seleniferoussoils. Some
plantsaccumulateseleniumfrom seleniferoussoils,
often to toxic levels, but are also found in non-
seleniferousregions. Intermittent work through
severaldecadeshasbeendirectedtowardsidentify-
ing the chemicalspeciesof seleniumaccumulated
in suchplants.Theearly recognitionthatselenium
compoundsexistedin theseplantsasanaloguesfor
well-knownandcharacterizedsulphurcompounds,
particularly amino acids and simple peptides,
greatly aided their identification. In severalcases
identification followed the demonstrationthat a
selenium-containingmaterial had the samechro-
matographic coordinates as a known sulphur
compound.

In 1941,HornandJones22 isolatedfrom thetine-
leafed milk-vetch Astragaluspectinatus(a sele-
nium-accumulatinglegumefrom thecentralplains
and grasslandsarea of USA), by a series of
extractionsand precipitations,a crystalline sub-
stancecontainingsulphurandselenium,which was
determinedby analysisto beacomplexof two parts
of selenocystathionine and one part of cystathio-
nine.Tentativeidentificationwasbasedlargely on
elementalanalysisandthegeneralamino-acid-like
propertiesof the compounds.In 1960 Treleaseet
al.23 isolated Se-methylselenocysteine from A.
bisulcatus in almost pure form by ion-exchange
andcellulosechromatography.TheIR spectrumof
the isolatedmaterialsuggestedcontaminationwith
S-methylcysteinebut was very close to that of
syntheticSe-methylselenocysteine.The Rf values
on paper chromatograms(two systems) were
identical for syntheticS-methylcysteine,for syn-
thetic Se-methylselenocysteine, and for the sele-
nium compoundisolatedfrom A. bisulcatus. Other
studies demonstratedthe conversion of radio-
labelled selenite into Se-methylselenocysteine24

and into a range of selenium-containingamino
acidsandrelatedcompounds,someof which were
not identified.25 Virupaksha and Shrift26 also
demonstratedthe biosynthesisof selenocystathio-
nine from a radio-labelledselenateby the prince’s
plume,Stanleyapinnata(Brassicaeae).In all three
studiesidentification,whenachieved,wasobtained,
after preliminary fractionationof extractsby ion-
exchangechromatography,by paperchromatogra-
phy and paper electrophoresisagainst standards
(someof which werethe sulphuranaloguesof the
compoundsbeingidentified).Radioactiveselenium
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greatly simplified the location of the selenium-
containing compounds on the chromatograms.
Peterson and Butler reported their paper and
electrophoreticsystemsfor the identification of
selenium-containingamino acids as a separate
publication.27 Ion-exchangechromatography,with
or without subsequentpaperchromatography,was
used to investigatethe free selenium-containing
aminoacidsin onionafter theplantwasallowedto
absorb radio-labelled selenite.28 Ion-exchange
chromatography(Dowex 50), paperchromatogra-
phyandpaperelectrophoresiswereusedto identify
Se-methylselenocysteine, selenocystathionine and
Se-methylselenomethioninein theexcisedleavesof
plantspeciesafter theyhadbeenexposedto radio-
labelledseleniteandselenate,andto radio-labelled
selenomethionineandmethylselenomethionine.29–31

Thedistributionof thecompoundsamongtheplant
speciesexaminedreflectedtheir classificationas
accumulatorsor non-accumulatorsof selenium.

A classicalnaturalproductschemicalapproach
was taken by Kerdel-Vegaset al.,32 who used
dialysis and ion-exchange chromatography to
isolatethe pharmacologicallyactive compoundin
the seedsof the SouthAmericannut treeLecythis
ollaria, andshowedit to beselenocystathionineby
1H NMR andIR spectroscopy,elementalanalysis,
paper chromatographyand identification of the
productsof Raneynickel hydrogenolysis.Peterson
and Butler33 used high-voltage electrophoresis,
paper chromatographyand identification of the
productof hydrogenolysis(by paperchromatogra-
phy) to identify selenocystathioneand indicatean
unknown selenium compound in the selenium-
accumulatingplant Neptunia amplexicaulisafter
seedlingshad been allowed to absorb labelled
selenite.TheyalsoallowedtheduckweedSpirodela
oligorrhiza to absorblabelledselenite,selenateor
colloidal selenium and used electrophoresisand
paperchromatographyto identify chiefly seleno-
methioninewhich was releasedfrom proteinsby
enzymichydrolysis.34 Thin-layer and paperchro-
matographieswereusedto identify selenocysteine
and selenomethioninein extracts and enzyme
digestsof pasturegrassthat had beenexposedto
radio-labelled selenite.35 Demonstration of the
presenceof dimethyl diselenidein volatile emis-
sions from drying Astragalus racemosus was
accomplishedby the use of gas chromatography
(GC).36 Compoundswere collected on activated
charcoalandwashedoff eitherwith wateror diethyl
ether.The water fractionswere examinedby ion-
exchangechromatographybut the two selenium
compoundstherein could not be identified. Pre-

sumablythevolatile seleniumcompoundsaccount-
ing for the unpleasantodour of Astragalusarise
from decompositionof selenium-containingamino
acidsandpeptides.

A commercialamino-acidanalyser,employing
buffered ion-exchangeproceduresof the type
developedby Spackmanet al.,37 has been used
for theanalysisof mixturescontainingselenoamino
acids.38,39 The technique successfullyseparated
selenocysteine,selenomethionine,selenocystathio-
nine,Se-methylselenocysteineandselenohomocys-
teine from their sulphuranaloguesandfrom other
amino acids in a mixture, and was used to
characterizethe selenoaminoacidspresentin the
seeds of certain selenium-accumulatingplants.
Bufferedion-exchangechromatographyon Dowex
1 was also employed to isolate g-glutamyl-Se-
methylselenocysteineandSe-methylselenocysteine
from the seedsand leaves,respectively,of Astra-
galusbisulcatus.40 Thestructureof theformerwas
deduced by identification of the products of
hydrolysisand by derivatization,and of the latter
by comparisonwith synthetic material. The dis-
tribution of selenomethylselenocysteine and other
selenoaminoacids in speciesof Astragaluswas
determinedusinga commercialaminoacid analy-
ser,the techniquesof Spackmanet al.37 andpaper
electrophoresis.41

Ion-exchange chromatographyon Dowex 1
followed by paper chromatographywas used to
purify Se-methylselenocysteine from tissues of
Astragalusbisulcatusthat had beensubjectedto
sodiumselenateandradio-labelledprecursoramino
acidsaspart of an investigationinto the biosynth-
esisof the selenoaminoacid.42 L-Selenocystathio-
nine was isolatedfrom the foliage of Astragalus
pectinatus by ion-exchangechromatographyon
Dowex resins.43 The selenium compound was
locatedin plant material by useof a commercial
aminoacidanalyserandby paperchromatography.
Proof of the structureof the isolatedmaterialwas
provided by comparisonwith synthetic material
and by identifying the productsof Raneynickel
hydrogenolysis.High-voltagepaperelectrophoresis
and paper chromatographywere employed to
demonstratethe presenceof selenocystathionine
in extracts of the seleniferous plant Morinda
reticulata.44 Confirmation of the presence of
selenocystathioninewas obtained by subjecting
the productsof Raney nickel hydrogenolysisto
the same electrophoretic and chromatographic
techniques.Olsonet al.45 employedion-exchange
chromatography(again a commercialamino acid
analyserwas used)to study selenoaminoacids in
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pronasehydrolysatesof wheat(a non-accumulator
plant) protein from plantsgrown in soil to which
[75Se]selenatehadbeenadded.Almost half of the
seleniumin the hydrolysatewas accountedfor as
selenomethionine,and selenocysteinewas not
detected.The major differencebetweenaccumu-
lator andnon-accumulatorplantsappearsto bethat
in theformertheselenoaminoacidsremainlargely
in thefreestate,but in thelattertheyarerapidlyand
virtually completely incorporated into proteins
(hencethe use of the hydrolytic enzymesin the
study of Olson et al.45 and in the earlier studyof
Petersonand Butler25). The ability to prevent
selenoaminoacids from being incorporatedinto
proteinsmaybethereasonwhy selenium-accumu-
lating plants can tolerate seleniferoussoils and
accumulateconsiderablequantities of selenium
without sufferingtoxic damage.

Methodsusedfor the determinationof seleno-
methioninehave usually relied upon amino-acid
analyser columns for the separationof seleno-
methionineand75Seradioactivityfor its detection.
Anaerobic hydrolysis46,47 or enzymic digestion48

havebeenusedto obtain selenomethionineas the
freeaminoacid.Derivatizationof theseleniumhas
alsobeenemployed.49,50Selenomethionine is more
stable than selenocysteinebut not as stable as
methionineduring acid hydrolysis. HCl (6 M) at
110° C for 7 h decomposesselenomethioninebut
96% of methionine is unchanged.51 The loss of
selenomethioninecanbepreventedto someextent,
the recoverybeing improved to 60–70%,by the
additionof a reducingagentsuchasmercaptoetha-
nol or mercaptoethanesulfonic acid.52

More recentlyselenomethioninehasbeeniden-
tified in proteolytic enzyme digests of soybean
protein by GC–MS after derivatization of the
compoundfollowing its purificationby gel-permea-
tion andthin-layerchromatography.53 The authors
claimed that this study representedthe first
identification of a selenoaminoacid in a plant
materialwhenseleniumwaspresentat whatmight
becalled‘normal’ levels(i.e. levelswhich hadnot
beenartificially raisedfor thepurposeof thestudy).

An indirect method for the determinationof
selenomethioninein plants and animalshas been
reported.54 Material was reactedwith cyanogen
bromidein the presenceof stannouschloride and
anyprotein-boundselenomethioninewasconverted
to CH3SeCNandwasextractablewith chloroform.
Acid digestionof the extract to form Se(IV) and
reactionwith 4-nitro-o-phenylenediaminereagent
gave5-nitropiazselenol,which wasdeterminedby
GC with electroncapturedetection.The authors

claimedthat lossesof selenomethioneencountered
during the hydrolysiswhich precedesmore direct
methodsof analysiswereavoidedby this method.
However, theoretically all compounds with a
CH3SeR group can react with CNBr to form
RSeCN and thus Se-methylselenocysteine could
be a major interferencein certain circumstances.
The detection limit of this method is 6mg
selenomethionine/gof sample,andthe recoveryis
94.4%for wheatand84.3%for rice.Theprecision,
estimatedasthe relativestandarddeviationfor the
cropsamples,was12.6–20.0%.Thecombinationof
thisdetectionmethodwith ion-exchangeHPLChas
been examinedand a calibration curve obtained
overadynamicrangeof 30–500nM selenomethio-
nine.55

In recent years mixtures of amino acids have
beenanalysedby reversed-phaseliquid chromato-
graphy.56 Presumably this technique will also
encompassanyselenoaminoacidsor smallpeptides
thatmightbeincludedin extractsor digests.Forthe
determinationof natural seleniumamino acids a
sensitiveelement-specificdetectorsuchasICP–MS
in combinationwith separationby HPLCor amino-
acid analysermay ultimately be the method of
choice. At present the applications of such
techniqueshave beenlimited to water and other
environmentalsamplesrather than to biological
materials.

2.2 Microorganisms

The incorporation of selenoamino acids into
proteins in plant materials usually involves the
non-specificincorporationof selenomethione.Thus
it is usually adequateto identify and estimatethe
selenomethioninein hydrolysates,and determina-
tion of the secondaryor tertiary structuresof the
proteins does not necessarily reveal additional
information on selenium speciation. This non-
specific incorporation of selenomethionineinto
proteinsalso occurs in animals and microorgan-
isms.57 For example,Hartmanisand Stadtman58

isolated a selenium-containing enzyme(thiolase)
from Clostridiumkluyverithatwasmarkedlyradio-
labelledwhen the bacteriumwas grown in media
containing 1 mM selenitewith tracer amountsof
[75Se]selenite.Theseleniumin acidhydrolysatesof
theradioactiveproteinwasshownto bein theform
of selenomethioneby co-chromatographywith
authentic selenomethionine on an amino-acid
analyserand on TLC plates in acidic and basic
solvents.Also, incubationwith S-adenosylmethio-
nine synthetaseand ATP converted the 75Se-
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labelledaminoacid to a radioactivebasicproduct
indistinguishablefrom authenticSe-adenosylsele-
nomethionine by ion-exchange and thin-layer
chromatography.Comparisonof peptidemapsof
thoseenzymeslabelled with 35S or 75Se showed
that selenomethioneresidues were distributed
randomlythroughoutthepolypeptidesubunitsin a
patternresemblingtheoccurrenceof sulphur.59 The
non-specificreplacementof methionineby small
quantitiesof selenomethioninehad no observable
effect on theactivity of theenzyme.57

Ontheotherhand,thehighly specificoccurrence
of selenocysteinein several selenium-dependent
enzymesfrom diversebiologicalsources,including
microorganisms,is well established.57 Clearly, in
suchcases,a full definitionof theseleniumspecies
involved requires elucidation of not only the
positionof theselenocysteineresiduein thepeptide
chain (secondarystructure),but also its location
andorientationin thetertiaryfoldedstructureof the
protein.This is particularlysoastheselenocysteine
residues are usually directly associated with
enzymicfunction. The identificationof selenocys-
teine as the organoseleniummoiety of an enzyme
wasfirst achievedby Coneet al.,60 who foundit to
be presentin the selenoproteincomponentof the
clostridial glycine reductasecomplex.Selenocys-
teine was isolated as its Se-carboxymethyl,Se-
carboxyethyl,and Se-aminoethylderivativesfrom
trypsindigestsof thepure75Se-labelledproteinthat
had been reducedand treated with the various
alkylatingagentsprior to hydrolysis.Thealkylated
derivatives of selenocysteine,isolated from the
digests, were indistinguishable from the corre-
spondingalkylatedderivativesof authenticseleno-
cysteinewhen chromatographedon a commercial
amino-acid analyserand examinedby cellulose
TLC. Cone et al.60 stress the care necessary
(anaerobicconditionsetc.) to obtainuseful results
from this typeof studybecauseof the labile nature
of theseleniumcompounds.This carefulapproach
to experimentationhas also been advocatedby
WhangerandBeilstein,61 andpresumablyfailure to
maintainanaerobicconditionsresultedin therange
of apparentoxidationproductsthatwererevealedin
the study of Petersonand Butler25 on digestsof
selenium-containingproteinsof somehigherplants.
The studyof Olsonet al.45 on seleniferouswheat
would indicate that Petersonand Butler25 were
probably dealing largely, if not solely, with
selenocysteine.

A selenium-containingmembrane-boundfor-
mate dehydrogenasecomplex from E. coli that
had beengrown under anaerobicconditionswas

purifiedandshownto consistof threepolypeptides
of 110000, 32000 and 20000 Da.62 Only the
polypeptide of 110000 Da containedsignificant
quantitiesof selenium.The authorsdemonstrated
that the seleniumwas likely to havebeenpresent
covalentlyboundto carbon.Joneset al.63 reported
that the selenium-dependentformatedehydrogen-
aseof Methanococcusvannieliicontainedselenium
in the form of selenocysteine.The bacteriawere
cultured in the presenceof [75Se]seleniteand the
enzyme was purified under strictly anaerobic
conditions. It was reduced with borohydride,
alkylatedwith iodoacetamideandsubjectedto acid
hydrolysiswhich releasedthe radioactiveseleno-
aminoacid derivative.Comparisonwith authentic
materialby automaticamino-acidanalyser37 andby
celluloseTLC identified the seleniumcompound
present in the enzyme as selenocysteine.The
authorsensuredthat no oxidation products(sele-
nonesor selenoxides)weredetected,by reduction
of the derivatives just prior to analysis.Similar
techniques(reduction,alkylation,hydrolysis,chro-
matography by automatic amino-acid analyser)
were used to show that selenocysteinewas the
form of seleniumin a selenium-containinghydro-
genasefrom the sameorganism(M. vannielii).64

However, at least two other bacterial selenoen-
zymesareknownin which seleniumis not present
as selenocysteinebut as an unidentified readily
dissociablecomponent.Theseare nicotinic acid
hydroxylase65 and xanthinedehydrogenase.66 The
nicotinic acid hydroxylasefrom Clostridium bar-
keri provedextremelysensitiveto alkylatingagents
andwasimmediatelyinactivateduponadditionof
analkylating agentto a mixture of theenzyme,its
cofactors and substrate.When enzyme labelled
with 75Sewasinactivatedby alkylation, all of the
75Se was found in a compoundthat was easily
separatedfrom theproteinandhadtheproportions
of a dialkyl selenide.65,67 No selenocysteineor
selenomethioninewasdetectedin thenicotinicacid
hydroxylase.

Selenium also occurs in the transfer RNAs
(tRNAs) of certainbacteria.In the early 1970sit
wasreported68,69thatseleniumcanbeincorporated
into the tRNAs of E. coli. It wasassumedthat this
representednon-specificsubstitutionof selenium
for sulphur in certain modified nucleosides.70,71

However it was subsequentlyshown,both for E.
coli andfor someanaerobicbacteria,thatselenium
occurs as a specific componentof a few tRNA
species.57,72 The strong affinity betweenmercury
and selenium enabledChing and Stadtman73 to
employ organomercuryaffinity chromatography

Copyright# 2000JohnWiley & Sons,Ltd. Appl. Organometal.Chem.14, 133–145(2000)

138 J. S. EDMONDSAND M. MORITA



proceduresto concentratethe selenium-containing
tRNA speciespresentin total tRNA populationsof
M. vannielii.74 Purification of individual seleno-
tRNA specieswas achieved by reversed-phase
liquid chromatography.Enzymic digestionof the
total 75Se-labelledtRNA populationfrom E. coli
and HPLC analysis of the resulting nucleoside
mixtureshowedthepresenceof asingleradioactive
nucleoside.75

The elution position (HPLC) and electronic
absorptionspectrumof this compoundsuggested
that it might be the selenium analogue of 5-
methylaminomethyl-2-thiouridine (alreadyknown
to be presentin E. coli). Subsequentsynthesisof
authentic 5-methylaminomethyl-2-selenouridine
and comparison(chromatographicand spectral)
with the labellednucleosideshowedthat they had
indistinguishableproperties.75 This is a further
exampleof similaritiesbetweennovelseleniumand
known sulphuranaloguesleadingto the chemical
synthesisof the correctselenium-containingstan-
dard.

2.3 Animals

Thenormalpresenceof seleniumat concentrations
of about0.1–1mg gÿ1 in arangeof humantissues,20

andthedemonstrationby SchwarzandFoltz76 that
seleniumwas essentialfor the preventionof liver
necrosisin rats,led to theidentificationof selenium
as an essentialcomponentof glutathioneperox-
idase.5,6 This enzyme,found in mammalianand
avian blood, protectsliving cells from oxidative
damageby catalysingthedecompositionof various
harmful peroxides.77 Flohe et al.6 isolated glu-
tathioneperoxidasefrom bovineblood,obtainedit
in a crystalline state, and demonstratedthat it
containedfour atoms of seleniumper molecule.
This value was calculatedassuminga molecular
weightof 84000 Dafor thenativeenzyme.Several
attempts to determine the chemical speciesof
seleniumcontainedin animaltissueshaveproduced
misleadingor incompleteresults,78–80 and studies
focusing more specifically on glutathioneperox-
idasehavemetwith a similar fate.81–83Forstromet
al.84 were the first to show that selenium in
glutathioneperoxidase(in this caseisolatedfrom
rat liver) was present as selenocysteine.They
employedtechniquessimilar to thoseusedby Cone
et al.60 to demonstratethe presenceof selenocys-
teine in the clostridial glycine reductasecomplex.
Glutathioneperoxidasewaspartially purified (30–
50%) from rat livers threedaysafter the rats had
beensubcutaneouslyinjected with [75Se]selenite.

The seleniummoiety in the enzymewasidentified
asselenocysteineby derivatizingthe selenogroup
in the intact protein with either iodoacetateor
ethylenemine,hydrolysing the protein with 6 M
HCl and co-chromatographingthe 75 Se-labelled
products with authentic standards(anion- and
cation-exchangechromatography,gel-permeation
chromatography,two-dimensionalthin-layerchro-
matography,and automatedamino-acidanalysis).
Forstrom et al.84 were unsuccessful in their
attempts to obtain a mass spectrum of the
selenium-containingcompoundfrom the enzyme
(derivatizedselenocysteine)althoughtheyobtained
massspectraof N-acetyl-O-methyl derivativesof
the Se-alkylatedselenocysteinestandards.Coneet
al.60 had experiencedsimilar difficulties in their
attempts to obtain mass spectra and noted the
susceptibility of the selenoetherderivatives to
oxidation. However Kraus et al.85 were able to
obtain satisfactorymassspectraby employing a
new derivatizationtechniquebasedon reactionof
the selenocysteinein glutathioneperoxidasewith
Sanger’sreagent(1-fluoro-2,4-dinitrobenzene) to
form Se-(2,4-dinitrophenyl)selenocysteine (Se-
DNP-selenocysteine).The presenceof the DNP
moiety madethe selenoaminoacid easyto isolate
from acid hydrolysatesand facilitated detection
duringchromatography(gel-filtrationandreversed-
phaseliquid chromatography).The Se-DNP-sele-
nocysteinefrom theenzymewasidentifiedby mass
spectrometryfollowing transformationto the Se-
methyl-N-DNP-selenocysteinemethyl ester. This
study representedthe first identification of a
selenoaminoacidin aproteinby massspectrometry
and, as such, offered a more rigorous proof of
identity than provided by co-chromatographic
studies.60,84

HPLC methodsfor the estimationof selenocys-
teinerequirea selectivecolorizationreactionsince
it is alwaysa minor aminoacid in naturalproteins.
Selenocysteinereacts with 1-fluoro-2, 4-dinitro-
benzeneat pH 6 to produceSe-DNP-selenocys-
teine, a yellow derivative (lmax= 335 nm,
�335nm= 1.42� 104 M-1 cm-1). The optical charac-
teristics of Se-DNP-selenocysteineare almost the
sameasthoseof S-DNP-selenocysteine but differ-
ent from thoseof mostN-DNP-aminoacids(lmax
approximately360 nm and �max (1.7–1.8)� 104

Mÿ1 cmÿ1).86 Separation of Se-DNP-selenocy-
steinefrom DNP derivativesof cysteine,histidine,
arginine, lysine and tyrosine can be achievedby
reversed-phaseHPLC with methanol/H2O (30:70)
althoughno datafor theapplicationof this method
to real sampleshaveyet beenreported.Thereis a
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possibility that Se-DNP-cysteinewill be hidden
underthemajorDNP-aminoacid peaks.

The introduction of a fluorescent moiety is
anotherpossibility for enhancinganalyticalsensi-
tivity. Freeselenocysteinein plasmaor serumwas
reactedwith N-(iodoacetylaminoethyl)-5-naphthyl-
amino-1-sulphonicacid (IAEDANS) at pH 6.6,
minimizing potential interferencesfrom thiols, to
producederivativeswhich could bedeterminedby
anHPLCsystemfittedwith afluorescencedetector.
The detectionlimit of the methodwas 0.4mM.87

The method was suitable for selenocysteinein
plasmaor serumbut application to other tissues
may be limited by high concentrationsof glu-
tathione, which might cause chromatographic
interference,or by poor recoveriesof the seleno-
cysteine–IAEDANS derivatives.

The importanceof adequateglutathioneperox-
idase activity (usually dependentupon levels of
availableselenium)in mammaliantissuesfor the
maintenanceof healthhasresultedin the develop-
mentof rapid tests.Suchtestsarea measureof the
quantityof glutathioneperoxidasein tissuesandare
thus, in the strictestsense,estimatesof a biologi-
cally importantseleniumspecies.Testsare based
upon measurementof the rate of loss of the
fluorescenceof NADPH becauseof its reaction
(mediatedby glutathionereductase)with oxidized
glutathioneproducedby thereactionof glutathione
peroxidaseanda syntheticperoxidesubstrate.88,89

Both spottests89,90andspectrometricmethods91–93

havebeendeveloped.Suchtechniques,aswell as
being specific, are often much quicker than
determiningseleniumconcentrations.93

Molecular biological methods were used to
determine the nature of type 1 iodothyronine
deiodinase,an enzymeconcernedwith vertebrate
thyroid function, and to show that it contained
selenocysteine.94 A perceived essentiality for
selenium in thyroid hormone action led to the
recognitionof a codon in rat liver nucleic acids
known to code for selenocysteinein mammalian
and bacterialgenes.Enzymeactivity was dimin-
ished or lost if the relevant nucleic acids were
alteredto preventthemfrom specificallycodingfor
selenocysteinein theenzyme.

Severalotherselenium-containing proteinshave
been detectedin animal tissues.95–102 Although
most seemto containseleniumas selenocysteine,
selenomethioninealso seemsto be involved in
somecases.102 Methodsfor their estimationwill
presumablybedevelopedwhentheir structuresare
elucidatedandany functionsdetermined.

Experimentaltoxicity testshaverevealedinter-

actionsbetweenseleniumandotherelementswith
alteredtoxicity of both seleniumand the element
concerned.Elementswhich have been shown to
reduce the toxicity of selenium include ar-
senic,103,104 silver,105 cadmium,103 copper,105,106

mercury,106,107 tungsten,104 lead,108 platinum,108

tin108 andthallium.108 Conversely,elementswhich
have had their toxicity reducedby prior or co-
administrationof seleniumincludemercury,109,110

silver,111 cadmium,112 lead,113 platinum,114,115

tin116 and thallium.117 Although suchinteractions
must be based on direct or indirect metabolic
transformationof elementsconcerned,the chem-
istry is, at best,only partly understood.Attempts
have been made to identify mercury–selenium
speciesin dolphin livers. Martoja and Viale118

consideredmercury-andselenium-containing gran-
ules therein to consist of mercury(II) selenide,
whereas Matsumoto, less specifically, demon-
strated the presenceof a chemical species of
molecular weght less than 1000 and with a
selenium/mercurymolar ratio of 1:1.119 Dimethyl-
mercuricselenidewas identified in the blood of a
mousethat hadbeenadministeredmethylmercury
and selenite.120 The compound was labile and
subjectto further transformation.

Besidesthe numerousstudieson the form of
selenium in animal tissues, there has been a
considerableconcentrationof intereston the form
andquantitiesof seleniumin mammalianurine.121

Seleniumspeciesandconcentrationsin urineareof
interestbecausethey may provide information on
theseleniumstatusof thebodyandmayoffer clues
asto essentialchemicalforms.Byard122andPalmer
et al.123 independentlyisolated trimethylseleno-
nium ion from the urine of rats injected with
[75Se]selenite.The latter123 isolatedthemetabolite
by cation-exchangechromatography(AG 50-X8
resin),in the first placeby eluting with increasing
concentrationsof HCl and secondlyby buffered
ion-exchangechromatographyon the sameresin
employingapH gradient.Trimethylselenoniumion
wasfinally purifiedby precipitationasthereineck-
ate salt and was identified by NMR and IR
spectroscopy,and co-crystallizationand co-chro-
matographydata. Synthetic trimethylselenonium
ion served as an authentic standard. Similar
methods were used by Byard122 (ion-exchange
chromatographyandreineckateprecipitation).

Several subsequentstudies have involved the
administration of radio-labelled selenium com-
poundsto experimentalanimals, the metabolites
being identifiedby ion-exchangechromatography,
paperchromatographyandautoradiography.124–127
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Studieson humanshave beenmadein the same
way.128,129 In all casestrimethylselenoniumion
wasdetectable,but it nowseemsgenerallyaccepted
that this ionic speciesis a major metaboliteonly
when intake of selenium is high.121,130 Electro-
thermalatomic absorptionspectroscopy(AAS)131

and molecular neutron activation analysis132–135

havebeenusedto analysemetabolitesof selenium,
includingtrimethylselenoniumion, in humanurine
following separationby ion-exchangechromato-
graphy.Seleniteandselenatein humanurine have
alsobeenanalysedby ICP–AESfollowing separa-
tion by a resin complexationmethod.136 HPLC
coupledwith ICP–AESby thethermospraysystem
gaveenhancedsensitivity for (CH3)3Se�, SeO3

2ÿ

and SeO4
2ÿ comparedwith a conventionalcross-

flow nebulizer. Detection limits basedon peak
heightsrangedfrom 14ng for (CH3)3Se� (eluting
first) to 54ng for SeO4

2ÿ (eluting last).137 An
HPLC–thermochemicalhydridegenerationatomic
absorptionmethodfor the determinationof sele-
nocholineandtrimethylseleniumcationsin human
urine has beenreported.138 The on-line interface
was based on thermospraynebulization of the
HPLCmethanoliceluent,pyrolysisof theanalytein
a methanol–oxygenflame,thermochemicalderiva-
tization using excesshydrogenand cool, diffused
flameatomizationof theproduct(s)in a quartzcell
mountedin the AAS optical beam.The limits of
detection were 5 and 7 ng for (CH3)2Se�CH2
CH2OH and(CH3)3Se�, respectively.

ICP–AESwasusedto measuretrimethylseleno-
nium ion in humanurinefollowing its precipitation
as the reineckatesalt, and its subjectionto anion-
exchangechromatography,thermaldecomposition
andcollectionin nitric acid.139 It is evidentthatthe
refractory nature of the trimethylselenoniumion
cancauseanalyticalproblems,andtheuseof nitric
acid/perchloricacid mixturesto achievecomplete
conversionof urinaryseleniumto selenium(IV)has
been advocated.140 The use of HPLC following
preconcentrationon a cation-exchangecolumnhas
beenusedby Shibataet al.121 to examineselenium
metabolitesin normal human urine. Compounds
were separatedon a cation-exchange(Nucleosil
SA) columnusingtetramethylammonium chloride
(0.2 M) aseluent.Seleniumwasdetectedby ICP–
AES with the emission line at 196.0nm being
monitored.The detectionlimit of trimethylseleno-
nium ion was 20ng Se or 2mg Se/l of urine, but
trimethylselenoniumion wasnot detectedin all the
samplesexamined.An unknown seleniumcom-
poundwasobservedwhich, becauseof the strong
acid used to wash the compounds from the

preconcentrationcolumn,musthavehada similar
polarity to that of trimethylselenoniumion.

Shibata et al.121 also used ICP–MS as an
element-specificdetectorfor seleniummetabolites
in humanurine following HPLC separation.The
low ionizationefficiencyin theplasmaandthelow
abundanceof Se82 mean that ICP–MS is not
extremelysensitivefor seleniumdetection.Never-
thelessthesensitivityof this techniqueis adequate
to enable selenium compoundsin urine to be
analysedwithout preconcentration.Capillary zone
electrophoresis(CZE) with ICP–MSdetectionhas
beenusedfor the identificationanddetermination
of selenomethionineand methionineand of sele-
nocystamineandcystaminein milk.141,142Recently
pneumatically-assistedelectrospray tandem MS
was usedto identify Se-adenosylhomocysteinein
anextractof selenizedyeast.143Confirmationof the
fragmentation pattern was obtained using the
sulphuranalogue.The useof LC/MS andLC/MS/
MS will be the subjectof further study because
constantandstableionization is requiredfor such
purposes.

2.4 Determination of volatile
selenium compounds

Volatile selenium compoundsproducedby bio-
methylation include dimethyl selenide,dimethyl
diselenide and dimethylselenone.Mammals, in-
cluding humans,exposedto a gross excessof
seleniumdevelopbreathwith a smell of garlic144

which is presumablyowing to the exhalationof
dimethylselenide.145Volatile seleniumcompounds
havebeendeterminedby GCwith element-specific
detectors.Chauetal.146usedsilica furnaceAAS as
the detectionmethodfor GC and demonstrateda
lower detection limit of 0.1ngSe or lower for
dimethyl selenideand dimethyl diselenide.The
precisionof the methodwasevaluatedby running
replicateanalysesof syntheticair samplesspiked
with dimethyl selenideand dimethyl diselenide
containing 10 and 16ngSe respectively. The
relative standarddeviation at these levels waas
80% and 7% respectively.Similarly, useof a gas
chromatographiccolumn packedwith 20% poly-
metaphenyletheron 60%ChromosorbW hasbeen
reported.147 Detection was by AAS with a hot
quartzatomizer.Jiangetal.148modifiedthemethod
by usinggraphitefurnaceAAS for the determina-
tion of dimethyl selenide,dimethyl diselenideand
dimethylselenone.Specificity was excellent and
detectionlimits with a cryogenicsamplingproce-
durewereaslow as0.2mg mÿ3 in air. It wasnoted
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that the similarity in retention times of diethyl
selenideanddimethylselenonemadeit difficult to
distinguishthesecompounds.In general,theuseof
quartz capillary columns has advantagesover
packedcolumnsbecauseof the low adsorptionon
to thesurfaceof thepackingmaterials.Microwave
atomic emission detection has also been em-
ployed.149 The method was specific and was
capableof detectingas little as20pg of dimethyl
selenide.

The analytical study of volatile seleniumcom-
poundshasbeenlargely restrictedto air andwater
samples, and has not been much directed at
biological samplessuchasbodyfluids andtissues.
The analysis of these materials may well be
important to the evaluationof metabolictransfor-
mationsof theelement.

3 CERTIFIED REFERENCE
MATERIALS

Certifiedreferencematerialsderivedfrom biologi-
cal samplesthat give values for total selenium
concentrationsareavailablefrom varioussuppliers
(Table 2). No information is available on the
chemicalformsof seleniumin thesematerials.The

stability of theseleniumspeciesin thesesamplesis
alsounknown.
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