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Selenium Accumulation by Plants

Most plants cannot tolerate high levels of selenium in the
soil as the enzymes of the sulfur assimilation pathway do
not distinguish between sulfur and selenium and conse-
quently both are taken up by the plant.' Inorganic selenium
is metabolised to selenocysteine and selenomethionine, the
selenium analogues of cysteine and methionine, which are
then incorporated into plant proteins causing defective sec-
ondary structure and reduced enzymatic activity, observed
as stunting, necrotic lesions on the leaves, and reduced
root growth.? Selenium non-accumulators are plants that
cannot tolerate high-selenium soils, although in low-sele-
nium soils they can discharge some selenium as dimethyl-
selenide (MeSeMe).!? In contrast, selenium accumulators
such as garlic (Allium sativum) and Brassica species, e.g.
broccoli, and hyperaccumulators, such as the two-grooved
milk vetch (Astragalus bisulcatus), will tolerate high-sele-
nium soils because they metabolise absorbed selenium so
as to remove it from the pool of substrates that can be in-
corporated into proteins. The two-grooved milk vetch can
accumulate several grams of selenium per kilogram of dry
matter without showing signs of toxicity.

Selenium-accumulators use a selenocysteine methyltrans-
ferase (SMT) enzyme to remove selenocysteine from the
cysteine pool by methylating it to methylselenocysteine
(MeSeCys).'? In young leaves of the two-grooved milk
vetch, most of the selenium accumulates as MeSeCys,
although some is transformed into y-glutamyl-MeSeCys,
or volatilized as dimethyl diselenide (MeSe ,Me).>* The
organoselenides produced by different types of plants are
characteristic of their selenium accumulation status. Non-
accumulators produce only MeSeMe, whereas in the two-
grooved milk vetch MeSe,Me is the major volatile. Only
in selenium accumulators, where selenium flow is diverted
into MeSeCys, can MeSe,Me be produced, and its genera-
tion is therefore indicative of the presence of SMT activity.
The ability to synthesise MeSeCys gives such plants an ad-
ditional capacity to discharge a proportion of the accumu-
lated selenium as volatiles.

The modification of selenium biochemistry in plants is of
interest because of the essential role of selenium in hu-
man nutrition and health and the possible application of
selenium volatilisation to the phytoremediation of sele-
nium contaminated soils. Selenium is an essential micro-
nutrient and may also play a role in cancer prevention as
evidenced by the anti-carcinogenic activity of MeSeCys
against animal cancer cell lines.*> Although supplementa-
tion with selenium may help reduce the risk of cancer, the
form in which the selenium is ingested is important. Rat
cancer models fed with high-selenium broccoli showed an
additional protection against cancer, when compared with
control rats fed equivalent amounts of inorganic selenium
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and regular broccoli.®’ This is believed to be because these
plants accumulate MeSeCys which is thought to have
anti-cancer activity when converted to methylselenol in
mammals.®’ Selenium-accumulators can also be used for
phytoremediation of high-selenium soils,'*!" in which case
volatilisation of selenium may be more desirable than its
storage, as selenium is dispersed from the local area as vol-
atile compounds that are less toxic than those found in the
soil.'*2 This enables phytoremediation plantings to have
a longer useful life, avoiding the need for harvesting and
replanting to remove the accumulated selenium. Selenium
volatilization from non-accumulators is enhanced by the
expression of SMT or cystathione-y-synthase transgenes in
species used for phytoremediation.'> Although MeSe Me is
the major organoselenium volatile produced by engineered
selenium accumulators, MeSeMe is also produced in large
quantities.'*!

A by-product of the genetic modification of plants may
be the biosynthesis of new compounds, the discovery of
which is aided by technological improvements to our abil-
ity to detect and measure multiple metabolites in complex
biological samples. Re-direction of selenium metabolism
and characterisation of the resulting compounds may shed
light on presently unknown mechanisms and pathways for
selenium assimilation in plants. We illustrate the process of
metabolite identification using some new organoselenide
semi-volatiles detected in tobacco genetically modified to
accumulate selenium.

Organoselenides in Transgenic Tobacco
Leaves

Two populations of transgenic tobacco plants were created:
one constitutively over expressing an Astragalus bisulcatus
SMT transgene, and the other constitutively over express-
ing both the SMT transgene and a broccoli ATP sulfurylase
gene. '

LC-MS analysis with selective reaction monitoring (SRM)
was used to selectively measure the selenium containing
amino acids, MeSeCys and y-glutamyl-MeSeCys, in the
leaves after watering of the plants with sodium selenate
for a period of 14 days (Fig. 1). Use of SRM allowed the
sensitive quantitation of these amino acids by detection of
specific fragment ions produced in the ion trap. The ab-
solute concentration of y-glutamyl-MeSeCys could not be
determined owing to the absence of an authentic standard,
but relative amounts of this metabolite were readily mea-
sured. In wild-type controls, neither MeSeCys nor MeCys
was present much above the detection limit of 0.1 ng on
column, but all transgenic lines over expressing SMT accu-
mulated substantial amounts of MeSeCys: up to 5% of the
plant’s total accumulated selenium. MeSeCys accumulated
to a greater extent in selenate-watered plants transformed
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with both the ATPS and SMT transgenes. Concentrations
ranged from 0.89 to 1.47 g/kg DW and constituted up to
10% of the plant’s total accumulated selenium at concen-
trations around 10-fold higher than that of MeCys."
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Fig. 1. Analysis of sulfur and selenium amino acids in transgenic
tobacco leaf by ion trap LC-MS showing selected ion chromato-
grams of fragment ions selected for quantitation by selective reac-
tion monitoring (SRM).

Organoselenides in the Headspace above
Transgenic Tobacco Plants

Watering of transgenic plants with sodium selenate resulted
in a distinctive off-odour of cabbage or ocean in the glass-
house, suggesting the production of volatile organosel-
enides. To identify these compounds, individual tobacco
plants were enclosed in oven bags and sealed about the
stem just above the level of the potting mix. The headspace
in the bag was allowed to equilibrate for one hour prior to
sampling with a Carboxen™-PDMS solid phase microex-
traction (SPME) fibre inserted through the wall of the oven
bag and maintained in position overnight. Volatiles were
then desorbed from the SPME fibres in the injection port
of the gas chromatograph. GC-MS analysis showed the
presence of MeSeMe, MeSeSMe, and MeSe,Me."* These
organoselenides were located in the GC-MS traces by their
distinctive isotopic patterns and the mass deficiency of se-
lenium-containing ions, and by using distinctive fragment
ions to generate selective ion chromatograms (Fig. 2). The
most useful of these fragment ions was m/z 92.9 (CH*'Se")
found in all of the organoselenides.

The formation of MeSeMe from selenomethionine does
not require SMT activity and so this compound was found
in both the engineered and the wild-type plants. MeSeSMe
and MeSe,Me were found only in the volatiles collected
from transgenic plants fertilized with sodium selenate.'
All transgenic plants produced substantial amounts of
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Fig. 2. Simplification of the complex metabolic profile of to-
bacco leaf extracts and detection of organoselenides achieved
using m/z 92.9.

MeSe Me, which is formed from MeSeCys, indirectly
confirming the presence of SMT activity in these plants.
MeSe Me is the volatile organoselenide compound most
commonly reported in selenium accumulating organ-
isms'*131¢ and was found in the headspace at similar
concentrations to MeSeMe. MeSeMe and MeSe,Me are
commercially available, but MeSeSMe is not and so was
identified by high resolution (accurate mass) EI-GCMS.
Thus, MeSeSMe showed a molecular ion at m/z 141.9360
(C,H,SeS") and was identified by fragmentation analysis
and comparison with the literature.'” MeSeSMe may arise
by disproportionation of MeSe,Me with MeS Me, traces of
which were detected in some plants.

Semi-volatile Organoselenides in Leaf
Extracts of Transgenic Tobacco Plants

Four new organoselenides (1-4, Chart 1) were identified in
crude solvent extracts from the leaves of the transgenic to-
bacco plants (Fig. 2), based on the very distinctive isotope
pattern and mass deficiency of selenium, and the seemingly
ubiquitous fragment cluster at around m/z 92.9. As insuffi-
cient sample was available for isolation and NMR analysis,
possible structures were deduced from the mass spectral
data and candidate compounds were prepared by synthesis
for GC-MS comparison with the compounds in the plant
extracts.'®

The first new metabolite, 2-(methylseleno)acetaldehyde (1,
Chart 1) was the second most prevalent organoselenide in
the solvent extracts (17.3 min, Fig. 2). The molecular ion for
C,H,OSe was at m/z 137.9586, (137.9584 required), and a
cluster of ions centred around m/z 108.9554 (C,H Se", M"-
CHO) suggested that 1 was an aldehyde. Methylselenoac-
etate is one candidate compound, but the expected large
base peak at m/z 43 was not observed (Fig. 3)."” Aldehyde
1 seemed the most likely structure and the mass spectrum
bore some similarity to that reported previously.® Synthe-
sis of this compound confirmed that its GC retention time
and mass spectrum (Fig. 3) matched that of the tobacco
metabolite.
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Chart 1. Orgaoselenides 1-4 identifed in leaves from transgenic
tobacco plants, and synthetic compounds 5-7
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Fig. 3. Mass spectrum of 2-(methylseleno)acetaldehyde (1) found
in leaves of transgenic tobacco plants treated with Na,SeO, (re-
drawn from Matich et al.- see ref. 18).

Determination of the structure of 1 identifies a new path-
way of selenium metabolism in tobacco that diverges from
those responsible for the production of the well known
organoselenides, MeSeMe and MeSeSeMe."* Aldehyde 1
may derive from either selenomethionine or MeSeCys, by
mechanisms similar to those observed for the catabolism of
branched-chain amino acids in bacteria and yeast, as shown
in Scheme 1.
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Scheme 1. Possible biosynthetic pathways for 2-(methylseleno)acetaldehyde
(1) in transgenic tobacco leaves from selenomethionine (ref. 21) and
MeSeCys. El: amino acid amino transferase, E2: 2-oxoacid decarboxylase,
¢ . pyruvate decarboxylase, E3: 2-oxoacid dehydrogenase. E4: acyl-CoA
hydrolase (see ref. 22), E5, acyl-CoA reductases see (ref. 23).
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The second new organoselenide 2 (retention time of 27.3
min, Fig. 2) contained two selenium atoms, as shown by the
isotopic distribution (Fig. 4) and the high resolution mass
spectrum of its molecular ion C,H,OSe, (m/z 231.8935).
The fragment ions C,H_Se,” (m/z 202.8878) and CH,Se,"
(m/z 175) indicated M*-CHO and of M*-C_H ,CHO, respec-
tively, suggesting this metabolite was another aldehyde but
also containing a Se-Se bond. However, the absence of m/z
160 (Se,") put this in dispute. The fragment ion m/z 109
(C,H,Se") corresponds to M*-SeCH,CHO implying that 2
contains an ethyl group. The candidate compounds 2-(ethyl-
diseleno)-acetaldehyde (5) and 3-(methyldiseleno)propanal
(6) were synthesised, but their mass spectra did not match
that of tobacco compound 2. Most notably, the mass spec-
tra of these compounds contained m/z 43 (CH,CHO") and
m/z 57 (CH,CH,CHO"), respectively, and in particular the
Se-Se" moiety (m/z 160), which were not present in 2 (Fig.
4).
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Fig. 4. Mass spectrum of 2,2-bis(methylseleno)acetaldehyde (2)
found in leaves of transgenic tobacco plants treated with Na,SeO,
(redrawn from Matich et al. - see ref. 18).

Fortuitously, we noticed that a by-product from the synthe-
sis of aldehyde 1 (Scheme 2) had the same GC retention
time and mass spectrum as 2 and to 2,2-bis(methylseleno)-
acetaldehyde 2, a by-product previously reported from acid
hydrolysis of the ethyl acetal analogue of 7.2 Therefore,
the above mentioned ion at m/z 175 (MeSe,") did not arise
from a Se-Se bond and probably results from rearrange-
ment of (MeSe),CH" (m/z 203) to MeSeSe"CHMe prior to
fragmentation. In planta, aldehyde 2 would also seem to
arise from acid-catalysed disproportionation of aldehyde 1
(Scheme 2).
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Scheme 2. Synthesis of 2-(methylseleno)acetaldehyde (1) and its acid-
catalysed conversion into diselenide 2 during hydrolysis of acetal 7.

The third and fourth organoselenides 3 (C, H,,OSe) and
4 (C, H, OSe) were found at their highest levels in leaves
from doubly transformed plants. Their mass spectral frag-
mentation patterns below m/z 110 suggested these com-
pounds differed by one double bond. In aldehyde 4, m/z
163 (C,H,SeO") corresponded to M*-C_H, and m/z 135
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(C,H.Se") to the subsequent loss of CO (Fig. 5). Some of
the ions clustered around m/z 135 also represented the loss
of SeMe and MeSeH (m/z 137 and 136, respectively), to
give a nine-carbon fragment. These fragmentations suggest
that aldehyde 4 might have a 4-(methylseleno)-2,6-nona-
dienal structure. (2F,6Z)-4-(Methylseleno)nona-2,6-dienal
was synthesised by adding the nonadienal to (2,2-dimeth-
oxyethyl)(methyl)selane (7) prior to its acid hydrolysis,
with the expectation that during the hydrolysis a reaction
similar to that shown in Scheme 2 for the production of
(MeSe),CH,CHO (2) would occur. Selective TOCSY
NMR experiments confirmed that aldehyde 4 was in fact
produced, and the mass spectrum (Fig. 5) and retention
time of this synthetic compound matched to those of the
tobacco compound. Aldehyde 3 was similarly synthesised
from (2E)-nonenal and (7) and characterised as (2E)-4-
(methylseleno)non-2-enal. Given the reactivity of alde-
hyde 1 with (2F)-nonenal and (2E,6Z)-nonadienal, under
acid conditions in vitro, aldehydes 2-4 may well result from
spontaneous chemical reaction in the plants or in the sol-
vent extracts. Regardless, the presence of these compounds
demonstrates the reactivity and potential of 1 to participate
in interesting chemistry in vivo.
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Fig. 5. Mass spectrum of (2E,67)-4-(methylseleno)nona-2,6-di-
enal (4) found in leaves of transgenic tobacco plants treated with
Na,SeO, (redrawn from Matich et al. — see ref. 18).

We have shown that a Solanaceous species (tobacco), lack-
ing the sulfur secondary metabolism found in the Brassi-
caceae, can be converted from a selenium non-accumula-
tor into a selenium accumulator by genetic modification.
This work extends previous studies in Arabidopsis and
Indian mustard and demonstrates that the trait of MeSeCys
accumulation can be moved from the Se-hyperaccumula-
tors to plants outside of the Brassicaceae. Transformation
of tobacco into an accumulator of MeSeCys' resulted in
the production of additional organoselenide metabolites, in
particular aldehyde 1, whose presence suggests the opera-
tion of a new pathway for selenium mobilisation in plants.
The other new metabolites may arise by chemical reactions
occurring in planta or in the plant extracts, but their identi-
fication demonstrates the usefulness of GC-MS metabolic
profiling in assessing the chemical composition of geneti-
cally modified organisms.
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