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PREFACE 

This book summarizes the present understanding of sulfur uptake, assimilation and 
metabolism in higher plants. At the same time it indicates essential gaps in our 
knowledge in these fields, and raises questions which will hopefully contribute in 
inducing research aimed at fmding appropriate answers. 

In our view the book is unique in its attempt to include all aspects of sulfur 
metabolism, from molecular biology, biochemistry and physiology to ecology and 
agriculture. It discusses the formation and metabolism of all major sulfur containing 
products of higher plants, including sulfolipids, glutathione, glycosinolates, 
phytochelatins and proteins. The book contains the contributions presented at 
the frrst Workshop on Sulfur Metabolism in Higher Plants, held in Haren, the 
Netherlands, from March 28 to 31, 1989. This workshop was organized by the 
Fraunhofer Institute for Atmospheric Environmental Research, the University of 
Bern and the University of Groningen. The first part of the book contains invited 
papers of general interest for all plant physiologists. The second part, which 
represents the posters shown at the workshop, addresses the specialists in particular. 

We are glad to dedicate this book to J. A. Schiff, Brandeis University, Massa
chusetts, U .S.A., a pioneer in the research of sulfur metabolism. Hisfirst publication 
in this field datesback to 1956, and he still continues to publish most exciting papers. 
With our dedication we want to acknowledge the important contribution of J. A. 
Schiff for more than three decades. 

Heinz Rennenberg 
Christian Brunold 

Luit J . De Kok 
Ineke Stulen 

editors 





FOREWORD 

Comments on Organellar Sulfate MetaboUsm 

Jerome A. Schiff 

I wish to thank the organizers and editors for their kind dedication of this distin
guished volume containing many important contributions to the advancement of our 
knowledge of sulfur metabolism. Brimstone biochemistry has been a rather small 
special field for special people who are stubborn and have enough curiosity to put 
up with difficulties. The high reactivity of sulfur, for example, continually forces us 
to rule out artifacts in order to discover the underlying metabolic reactions. For
tunately, none of us has had to face the problems of Baumann and Fromm who had 
to abandon their work with thioacetone because of the protests of the citizens of 
Freiburg who found the odor obnoxious (Noller, 1952). Still, we press on and my 
many collaborators (see the bibliography and the reviews therein) and I are proud 
to acknowledge membership in such a determined and talented company. 

Perhaps it would be most useful given the aims of the present volume to continue 
on in a direction that will not be explored in detail elsewhere but has engaged our 
interest recently, the area concerned with the intracellular localization of sulfate 
metabolism. Through the earlier work of Schmidt, Schwenn and Trebst (see Schiff, 
1983) we know that the reactions of sulfate activation and reduction in Spinachare 
found in the chloroplast. However, the work of Brunold (Brunold and Schiff, 1976) 
with Euglena established for the first time that the enzymes of sulfate reduction be
tween adenosine 5' phosphosulfate (APS) and cysteine can be found in the mitochon
dria, and, as in other photosynthetic eukaryotes, that the process begins with a sul
fotransferase specific for APS. Later work (Saida et al., 1985) showed that the sulfate 
activating enzymes leading to the formation of APS and adenosine 3' phosphate 5' 
phosphosulfate (PAPS) are located on the outside of the inner mitochondrial mem
brane (i.e. on the outside of the mitoplast) and that the PAPS formed from sulfate 
appears in the surrounding medium. Stillmore recently (Saida et al., 1988) we have 
shown that sulfate reduction leading to the formation of cysteine is found in the same 
location. Thus there appears to be a sulfate-metabolizing center on the outside of the 
mitochondrial inner membrane in Euglena and this center is supplied with A TP from 
oxidative phosphorylation (Saida et a/., 1988). As with PAPS, most of the cysteine 
formed is found in the surrounding medium; a small amount enters the mitoplast and 
is incorporated into protein. The sulfate activating enzymes appear to be absent from 
Euglena chloroplasts (Saida et al., 1988) and the chloroplasts do not convert sulfate 
to other compounds. 

Where, then, does the sulfonic group of the Euglena chloroplast sulfolipid come 
from? The presence of a plastid is necessary for sulfolipid formation since Euglena 
mutant W10 which Iacks plastids completely (Osafune and Schiff, 1983) does not 
form detectable sulfolipid. Isolated Euglena chloroplasts incubated with 35SOl-, 
however, do not form labeled sulfolipid (Saida and Schiff, 1989). In fact, prior 
metabolism of 35S04

2- in the mitochondria is necessary to produce intermediates 

Sulfur Nutrition and Sulfur Assimilation in Higher Plants 
edited by H. Rennenberget a/., pp. IX-X/ 
©1990 SPB Academic Pubfishing bv, The Hague, The Netherlands 
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which Iead to subsequent labeling of the sulfolipid in the chloroplasts. Addition of 
non-radioactive compounds during joint incubations of chloroplasts and mitochon
dria, or during incubations of chloroplasts with the medium from a previous 
mitochondrial incubation indicate that sulfite is the most effective compound dilut
ing the Iabel incorporated into sulfolipid; cysteine is less effective. Incubation of 
chloroplasts alone with 35S-labelled sulfite or cysteine confirms that sulfite is incor
porated very efficiently into chloroplast sulfolipid; cysteine is somewhat less effec
tive. Labeled sulfite and cysteine are both found in the medium surrounding 
mitochondria incubated with 35SO/- and are therefore formed by the sulfate 
metabolizing center on the outside of the mitochondrial inner membrane. Sulfolipid 
labeling from 35SO/- is inhibited by S-sulfocysteine or cysteine sulfinic acid, proba
bly because these compounds can contribute non-radioactive sulfite to dilute the 
radioactive pool; they also inhibit labellog of cysteine from 35SO l -. Based on this 
work, the pathway(s) of formation of the sulfonic acid group of the chloroplast sul
folipid in Euglena seems tobe the conversion of sulfatevia APS to sulfite (or cys
teine) in the mitochondria, followed by conversion of sulfite (or cysteine) to the sul
folipid sulfonic acid group in the chloroplast (Saida and Schiff, 1989). 

Wehave also been engaged in purifying the enzymes of sulfate metabolism from 
Euglena mitochondria. We have purified the mitochondrial ATP sulfurylase to 
homogenity and investigation of the properties are under way (Li and Schiff, in 
preparation). We are particularly interested in the mechanism of inhibition by inor
ganic phosphate (Saida et al., 1989a,b) which may of regulatory significance. The 
APS sulfotransferase has also been highly purified and a number of properties have 
been studied (Li and Schiff, 1989) but Iack of space precludes a more detailed discus
sion here. 

When BugJena mitochondria are incubated with 35SO 4 
2- and a source of A TP, a 

previously unidentified labeled compound appears in the surrounding medium. We 
have identified this compound as tyrosine-0-sulfate by coelectrophoresis with syn
thetic material at pH 2.0, 5.8 or 8.0, hydrolysis to sulfate and tyrosine with mild acid 
or aryl sulfatase from Aerobacter, and by incorporation of 14C-tyrosine under the 
same conditions used for 35SOl- (Saida et al. , 1989a,b). The Aerobacter enzyme 
does not catalyze the hydrolysis of tyrosine methyl ester to tyrosine; thus the com
pound formed is tyrosine-0-sulfate, not the sulfated methyl ester. There are a num
ber of reports in the Iiterature of sulfation of tyrosine methyl esterunder conditions 
where free tyrosine is not a substrate for sulfation. The metabolic origin of free 
tyrosine-0-sulfate is still somewhat of a mystery, although in some organisms, at 
least some can arise from tyrosine-0-sulfate of protein. However, we have found that 
Euglena does not sulfate the tyrosine of protein ruling this out as a source of the free 
compound. Chloroplasts do not form tyrosine-0-sulfate from sulfate and ATP but 
both chloroplasts and mitochondria form this compound from P AP35S; this is con
sistent with the fact that chloroplasts Iack the sulfate activating enzymes. No tyrosine 
need be added indicating that the tyrosine is supplied from endogenous sources. The 
system forming tyrosine-0-sulfate is membrane-bound and may be involved in tyro
sine transport, in addition to the usually-ascribed role of phenol detoxification (Saida 
et al., 1989a,b). 

It will be apparent from the material presented that in Euglena the mitochondria 
are very active in sulfate metabolism and that this activity is necessary to generate 
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PAPS, sulfite and cysteine which are exported to other cellular compartments. Un
like higher plants, Euglena cells do not seem to rely on the chloroplasts for much be
yond photosynthetic carbon dioxide reduction to carbohydrate. This may be the 
primary reason why (so far) Euglena is the only organism from which the plastids 
can be completely eliminated if a reduced carbon source is made available to the cells 
(Osafune and Schiff, 1983). 
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W.J. Cram 
Department of Biology, Ridley Building, University of Newcastle upon Tyne, 
NEJ 7RQ, U.K. 

Contents 

The natural history of sulfur in plants 

The mechanism of sulfate transport across the plasmalemma 
- Evidence for a proton co-transport system and for recycling 

The fate of sulfate after crossing the plasmalemma 

Transport function 
- Intracellular coordination 
- Coordination in the whole plant 

Literature cited 

The natural history of sulfur in plants 

3 

4 
4 

5 

7 
7 
8 

10 

'It is hard to imagine a civilization without onions'(1). The greatest culinary impact 
of plant metabolism must be the subtle changes which sulfur undergoes. lt is odd, 
therefore, to find that this field of biochemistry is relatively neglected. 

Amongst the substances that flow into a plant sulfur comes fifth or sixthin quanti
ty. With C content as 100 (and Hand 0 greater because of high water content), N 
is 10 and S is araund 0.6 (as are P, K and Ca) in the majority of plant species exa
mined (27, 28). The S/N ratio of 1120 in many species (e.g. 16) reflects their propor
tion in proteins. Only in those taxa where excess S is accumulated as aromatic 
isothiocyanates (Brassicaceae) or S-alkylcysteine sulfoxides (Liliaceae), or as sulfate 
( Welwitschia, Desmarestia, Gossypium, Lepidium, etc) is the ratio of S to N signifi
cantly higher (19). These contents arise by uptake over the life of the plant, so that 
at any stage one would expect to find that the relative uptake rates of S and N are 
also in the ratio 1/20. The mechanism(s) matehing uptake and reduction of SO/
and N03- in these proportians is a matter to be considered below. 

Sulfur is generally taken up as sulfate. In cantrast to N and P, which are frequently 
available at low to vanishingly low concentrations, S is often available at relatively 
high concentrations- 25 mM in sea water, 0.1 to l mM in fresh water, and of the 
order of 0.5 mM in arable Iands (19, 28, 41). This Ieads to the thought that in the 
evolution of plants there may have been less selection pressure for efficient use of 
S than for N and P. This idea does not agree with the finding that the scavenging 
ability of plants for S seems tobe about as effective asthat for N and P, as evidenced 
by the similar 'affinity' of their transport systems for SO/-, N03- and HP04

2-

(e.g. 25, 28). Nevertheless, the apparent inefficiency of internal utilisation of S by 
plants might have an evolutionary origin. 

Sulfur Nutrition and Sulfur Assimilation in Higher Plants 
edited by H. Rennenberget al., pp. 3-11 
©1990 SPB Academic Pubfishing bv, The Hague, The Netherlands 



4 W.J. Cram 

Sulfate uptake from the soil is supplemented by S02 uptake from tbe air, particu
larly since tbe advent of Homo sapiens. In many countries crop plants bave relied 
for tbeir sulfur supply on atmospberic S as well as incidental S in fertilisers. As these 
sources are purified, it seems likely that S will increasingly limit productivity (e.g. 41 ). 
lt may then become economically more important to understand the S economy of 
plants. 

Following uptake of SO 4 
2
- by roots, its reductive assimilation is considered to oc

cur almost exclusively in leaves (e.g. 19), though data on the assimilatory capacity 
of roots is very scanty. Most ofthe sulfate arriving in leaves is reduced and reduced-S 
is retranslocated to various sinks, tbough a fraction (10-20o/o) is often accumulated 
as so/-. 

At higher external concentrations a )arger fraction of the S arriving in shoots is 
held (not 'stored' - see below) as SO/- (41). Sulfate toxicity is probably related to 
its effect in 'salting out' proteins and nucleic acids (e.g. 18, 43). 

At lower external concentrations, and most dramatically after external sulfate 
removal, S is not redistributed as would be expected from a comparison with N, P 
and K. The latter elements all move to out of mature tissues to succour the young 
growing shoots, leaving mature leaves to show the first deficiency symptoms. By con
trast, although sulfate-S is readily mobilised from roots and stems, it is not mobilised 
but is rather retained in old Ieaves. These leaves then remain green while young shoots 
become chlorotic - the typical symptom of S deficiency (2, 5). One of the most puz
zling aspects of sulfur physiology is the apparent immobility of S in mature leaves. 

Tbe mechanism of sulfate transport across the plasmalemma 

Evidence for a proton co-transport system and for recycling 

The evidence necessary to establish the operation of a proton Co-transport system un
equivocally is that the free energy available from proton inflow is greater than that 
needed for SO/- inflow with the H + / SO/- stoichimetry observed: that H + and 
so/- fluxes change in parallel in response to changes in the external concentrations 
of H+ and S04

2
- : and that the electrical current across the membrane accounts for 

any inequality between H + and SO 4 
2
- flows. Complete characterisation also de

mands knowledge of the response of the flows to internal H + and SO 4 
2

- concentra
tions and to the electrical potential difference across the plasmalemma. 

Measurements of all these variables have not been made on any single system, but 
more work has been done on microorganisms than on bigher plants. 

In Penicillium notaturn ( 11) SO/- and H + influxes showed a 1 I 1, H +ISO 4 
2
-

stoichiometry in response to changes in external H +, SO/- and Ca2 + concentra
tions, and the kinetics were consistent with initial binding of either H + or Ca2+ fol
lowed by so/-. lt was suggested that one Ca2+ ionentered with each H+ and SO/
ion. Because in Iongerterm experiments only 0.25 Ca2 + entered per SO/-. it was 
suggested that 3/ 4 of the Ca2+ entering recycled in the pump with another anion. 
This is an intriguing proposal, but caution is suggested by the non-specificity of the 
cation effects, particularly the small difference between Ca2+ and Mg2+. On the 
other band, one H + may not always provide sufficient energy to drive in one SO 4 

2- , 



Uptake and transport oj suljate 5 

and an additional driving force could be provided by another cation flowing in with 
so/-. 

In Saccharomyces cerevisiae (33) stoichiometries have been weH established though 
less extensive kinetics have been obtained than for P. notatum. The ratio of H+ to 
SO/- influx inS. cerevisiae was 3.4 ± 0.5, and with each SO/- entering 1.04 ± 
0.14 K+ flowed out. Ca 2 + influx was zero. Three H+ were postulated to drive one 
SO 4 

2
- in, with one K + flowing out and balancing the charge transfer. A non-specific 

Stimulation of influx by external cations was again observed. It was suggested that 
they might reduce electrical double layers, thus providing greater access for SO 4 

2
- to 

the pump. The stoichiometries in Saccharomyces are convincing, and a 3/1, 
H +ISO 4 

2- is an economical hypothesis. However, the stoichiometry of H + to SO 4 
2
-

in Penicil/ium is equally convincing, and generalisations about the driving cation 
would be premature. 

In the marine habitat, where the external pH is about 8.2, the free energy change 
available from H + influx is substantially less, and it is not surprising to find that 
SO/- influx is stimulated by K+ rather than H+ in some algae (28). 

In higher plants only Lemna has been studied in any detail (25). The authors calcu
lated that two H + per SO 4 

2- would provide sufficient driving force for SO 4 
2
- up

take, but favoured a stoichiometry of 3 H + per SO/- to account for the electrical 
current apparently carried by the pump. This current was observed as depolarisations 
of the membrane more or less proportional to the postulated activity of the SO/
pump. (If the membrane conductance remains constant, then changes in p.d. will be 
proportional to changes in electrical current.) The SO 4 

2
- influx responded to 

changes in external pH and to fusicoccin in a manner consistent with a three proton 
symport, but direct measurement of the stoichiometry has yet to be made. 

· The main features of the kinetics of proton-linked co-transport systems have been 
worked out in detail and investigated in a nurober of systems, notably for CI- influx 
in Chara corallina (35) and glucose in Chlorella vulgaris (discussed in 34). In addition 
to a coupled influx one may observe counter-intuitive kinetics, recycling in the pump, 
or slip, and transinhibition of influx by the transported ion or molecule. These 
characteristics appear to tie tagether some scattered Observations in the literature. 

Studies of influx isotherms alone (e.g. 26;, discussion in 38) do not provide infor
mation of the type necessary to establish the Operation of a proton/sulfate cotran
sport system, though they have been used as a basis for an alternative model (26), 
for which the theoretical basis is unclear, in particular because of the theoretical find
ings of Sanders (34). These theoretical studies show that the kinetics of a relatively 
simple cotransport system would be expected to deviate from a reetangular hyperbola 
(34). Consequently, such deviations may be able to establish kinetic characteristics 
of a hypothetical single transport system, but it is difficult to see how they can be 
interpreted as positive evidence of the operation of several independent pumps. 

Sulfate influx across the plasmalemma is up a large free energy gradient (7, 42). 
It is therefore surprising to observe that SO/- appears to leak out again rapidly, 
which would dissipate much of the energy put into influx pumping. This has been 
observed both in Lemna (12, 42; see discussion of data from ref. 12 in ref. 9), and 
also in carrot and pea roots (7, 15). However, the efflux oftracer could occur by a 
mechanism other than energetically wasteful leakage. Recycling within the pump, 
which would only be observed when using tracers, would be one such non-dissipative 
mechanism. Observations consistent with a recycling mechanism are, first, that when 
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the external SO/- concentration is raised influx and efflux rise in parallel (7) and, 
second, that efflux rises virtually instantaneously after the external S04

2
- concen

tration is raised (Bellet al., this volume). Both Observations are most easily explained 
as tracer recycling in the pump, rather than an energy-dissipating leak. In this type 
of mechanism, the amount of 'slippage' would be expected to vary with conditions 
(cf. 15). 

Trans-inhibition as a type of negative feedback will be discussed below. 

The fate of sulfate after crossing the plasmalemma 

In prokaryotic cells, sulfate has one fate - 'local' metabolism - and sulfate uptake 
must be geared to match this, with the fine control on uptake preventing the cell wast
ing energy or flooding the cytoplasm with toxic SO/- or unwanted osmoticum. 

In higher plants additional cellular and intercellular transport systems operate. To 
put these into perspective the following picture is offered. Uptake, reduction and 
retranslocation may be seen in the same terms of matehing supply to demand 
throughout the plant while minimising local perturbations. But what of the vacuole? 
Is the vacuole part of the normal flow path for metabolised sulfur? To assess tbis 
possibility, growth rates and tumover tirnes of SO/- can be compared. In Lemna, 
with relative growth rates of 3 to 14 x 10-3 h-1, rate constants for vacuolar turnover 
varied in parallel with growth rate from 4 to 14 x lQ- 3 h-1 (13, 14, 42). Similarly, 
in terrestrial plants where a relative growth rate of 0.25 d- 1, or to-2 h-1, would be 
possible, vacuolar SO/- turns over with a rate constant of I0- 3 h- 1 (Bellet al., this 
volume; and calculated from 2). These figures strongly suggest that vacuoles turn 
over too slowly tobe regarded as on the main path of sulfate metabolism. Vacuolar 
accumulation must play some Ionger term role, as will be discussed in a later section. 

To carry these investigations forward, one must measure fluxes and compartment 
contents into and witbin the cell. Of the various methods that have been used, only 
compartmental analysis of 35S tracer kinetics has provided any systematic values. 
The necessary conditions, precautions and limitations of the method have been dis
cussed many times, most recently in (9). The basic conditions are that the tissue must 
be at a steady state; the data must be impeccable; curve fitting must be objective; and 
the time scale must be adequately broad. In addition, one should validate the accura
cy of the curve fitted and provide proof of the assumed underlying campartmental 
structure. 

Extending the compartmental analysis to include chemical as weil as physical com
partments (or pools), and extending it also to the quasi-steady state, have provided 
valuable additional results in studying cellular sulfur physiology. 

Some values of fluxes across plasmalemma and tonoplast and cytoplasmic and 
vacuolar contents have been obtained (7, 8, 42; Bellet al., this volume). In ref. 37 
the tissue appears not to have been at a steady state and the values obtained conse
quently uncertain). The results for the plasmalemma were discussed in the previous 
section. If SO/- is metabolised, 35S tracer kinetics measured solely by exchange 
with the external solution will be insufficient to calculate fluxes and physical and 
chemical compartment contants, since more than two physical compartments are 
present. However, the additional information required to make the more extensive 
calculations needed to describe the more complex system can be obtained by direct 
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measurement of the quantity of tracer in metabolic pools following chemical isola
tion of the metabolites, lengthy and tedious as obtaining these values may be. This 
has been done most successfully by Giovanelli et al. (21, 22). Such a combination of 
tracer exchange kinetics and metabolic pool kinetics must be the approach used in 
future investigations of sulfur transport in cells. 

The kinetics are simpler in the particular case where SO 4 
2
- flow into metabolites 

is irreversible (7, 8, 42). In such cases the plasmalemma fluxes can be validly calculat
ed from exchange data alone, but tonoplast fluxes cannot be calculated. 

Because organelles have such a high surface to volume ratio, it is probable that they 
will be kinetically indistinguishable from the bulk cytoplasm. Analysing isolated Or
ganelles therefore seems likely to be the only available approach to understanding 
theirtransport characteristics. Valuable results have been so obtained (e.g. 36, review 
in 38), but their extrapolation to the intact cell remains an uncertainty. 

Transport function 

Intracellular coordination 

Although the function of transport systems cannot be the same in cells of roots, 
leaves and aquatic organisms, they will have certain features in common, which will 
be considered in this section. Differences will be considered in the next section. 

Induction of sulfate uptake by S starvation is found in microorganisms (e.g. 17, 
28). In addition, or as the cause of the phenomenon, intracellular negative feedback 
to the sulfate porter is found. Attempts have been made to determine whether the 
concentration of internal SO/- or of internal reduced S constitutes the signal. By 
using the S04

2
- analogues Seü/- and Moa/-. which are transported but do not 

produce stable reduction products (10), it has been demonstrated that internal feed
back from SO/-. as distinct from reduced S, must occur. The kinetics indicated 
that the mechanism of this effect was trans-inhibition of the proton cotransport sys
tem. A further finding in the same paper was that internal cysteine also fed back to 
the S042

- influx pump. 
In many other papers the 'either - or' question ('does SO/- or reduced-S feed 

back?)' has been asked. The Iack of a clear answer suggests that the 'both ... and' al
ternative may be correct, viz both SO/- and reduced-S may feed back to control 
sulfate influx. However, in nearly every case the results are ambiguous because of 
the difficulty of measuring cytoplasmic concentrations. This is particularly true in 
higher plants where the 'either-or' question has been asked by many authors over the 
last few decades (see 38 for a recent review). The answer, additionally, must be more 
complex in higher plants than in microorganisms because ofthelarge vacuoles in the 
former. 

The added complexity is illustrated by results from work on excised carrot root tis
sue in which vacuolar sulfatewas found to feed back to the tonoplast influx but not 
to the plasmalemma influx, and cysteine and methionine, when fed to the tissue, ap
peared to have no effect on any so/- fluxes. The Suggestion was made that vacuo
lar sulfate has its own accumulation control system, that sulfate assimilatory bio
chemistry has its own feedback regulation, and that the plasmalemma influx is not 
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controlled by either of these (8). A parallelism was drawn with end product inhibition 
in a branched biochemical pathway, where the end product of a particular branch 
feeds back to a step after the branch point. This hypothesis can only be tested by 
measuring separately the plasmalemma and tonoplast fluxes and the internal concen
trations of putative feedback effectors, and looking for a causative relationship be
tween them. In the absence of such rigorous but lengthy measurements the situation 
will almost certainly remain unclear. 

There is independent evidence for a degree of homeostasis of SO/- accumulation 
in the vacuole, for instance in Lemna ( 13), as also in chloroplasts (36). Whether this 
implies homeostasis of SO/- concentration in leaf cytoplasm, in contrast to the 
large variation found in carrot root cell cytoplasm, remains to be seen. 

The discovery of a 'hypercontrolled' variant in carrot tissue culture (20) provides 
a powerful alternative approach to the problern of control of sulfate transport. The 
greater external sulfate-induced so/- efflux, and the greater inhibition of so/- in
flux by cystine fed to the tissue, led the authors to suggest that this variant combined 
greater recycling with greater sensitivity to internal reduced S than in the wild type. 
However, the uptake was measured over 2 hours and thus would almost certainly 
have included both metabolic and vacuolar accumulation. Further critical measure
ments of fluxes across individual membranes are needed to support the suggested in
terpretation. 

Most recently, Rennenberg and co-workers have discovered that glutathione is a 
potent inhibitor of sulfate uptake in tobacco tissue culture (30). This was only found 
in heterotrophic cells, and took some hours to develop. The latter Observation sug
gests that there is no direct feedback from glutathione to the sulfate porter, since this 
would be rapid. Its place in the integration of S transport in the intact plant will be 
referred to below. 

Sulfate 'influx' to several cells also responds to light (e.g. 24, 25); internal CI
concentration (6), turgor (e.g. 23) and external calcium concentration ( see e.g. 38). 
The interpretation ofthese effects depends on further analysis ofthe individual mem
brane events involved. 

The final regulatory feature of SO~- transport to be discussed is the possibility 
that a linkage of SO/- to N03- influx contributes to the N/S ratio typical of plants. 
The finding of a coupling between N03- and SO/- reduction (32) is extremely 
stimulating, given this background. However, N03- and SO/- reduction pre
dominantly take place in the leaf, while N/S ratios in the whole plantare determined 
by the ratio taken up by the root. Unless a regulatory linkage extends to root uptake, 
the linkage during assimilation can only serve as fine tuning at the biochemicallevel 
(which may nonetheless be important). The necessity for uptake linkage is also 
brought into question if feedback from reduced S to SO/- influx and reduced N to 
N03- influx is confirmed: such feedback would by itself matchrelative uptake rates 
to relative utilisation rates. 

Coordination in the whole plant 

There are two overriding considerations when the whole plant is viewed. The first is 
that every cell is within a few cells' distance of specialised long distance transport sys-
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tems bringing S to it and taking S from it. This is in sharp contrast to Lemna, for 
instance, in which each cell has more or less direct contact with a virtually constant 
source and sink. 

The second consideration is that once inside the plant the S content is fixed, so that 
matehing supply to growth rate, or S to N uptake in the required proportion, must 
take place at the root. 

As in microorganisms, the terrestrial plant shows regulation of SO/- uptake (2, 
4, 5, 38). In the case of the tropicallegume Macroptilium atropurpureum, for in
stance (4), afterexternalS is removed from the growing plant, growth begins to fall 
two days later and deficiency Symptomsset in. Before this Stage potential SO/- up
take by roots (i.e. uptake measured immediately after external SO/- is resupplied) 
has begun to increase and it reaches a maximum after 4 days. Afterreturn to nutrient 
medium with adequate S, S04

2
- uptake falls more rapidly to its original value, com

pleting the adjustment in about 10 hours. The speed of transport induction is com
parable to that in Lemna (25), which suggests that it is related to the speed of bio
chemical adjustment of the pump rather than to rates of signalling from one part of 
the plant to another. The speed of down-regulation after re-supplying external 
SO 4 

2
- is comparable to the speed of down-regulation after ringing sunflower plants 

(3). The uptake of N03- begins to fall within one hour of rioging the stem (3), so 
the slower response of SO/- uptake must be related to events in the root, not to the 
speed of delivery of a signal carried by mass flow in the phloem. 1t is obviously critical 
to the plant to prevent toxic build up of sulfate, but this consideration only hints at 
a reason for breakdown of porters being ten times faster than their synthesis (if in
deed this is the origin of the change in transport rates), and does not at all explain 
why SO/- uptake falls so much slower than N03- uptake after ringing. 

The apparent matehing of supply to demand is accompanied by an apparent link
age of S04

2
- to N03- uptake (5). Thesefirst indications of a link are suggestive, but 

do not at this stage show the 20 to 1 ratio to which some physiological significance 
could be ascribed. 

Whether transport regulation in the root occurs at the plasmalemma or at the xy
lem loading sites is yet tobe determined. It is perhaps not surprising, but nevertheless 
a salutory warning, to find that uptake rates by excised roots are substantially less 
than those of intact roots (39). 

Once within the plant, sulfate moves to leaves where it is reduced, though some 
direction of the sulfate to younger leaves, presumably after transfer to the phloem, 
is indicated by the results of Smith and Lang (40). Rennenberg and co workers (see 
31) have demonstrated that SO/-. as weil as S amino acids and glutathione, can be 
transported in the phloem. 

The control of SO 4 
2
- accumulation and redistribution poses problems which are 

currently under investigation (see Bellet al, this volume). Major flows of reduced S 
must occur from shoot to root. The puzzling feature is that after S deprivation, 
SO/- previously stored in root and stem is mobilised within a few days (2, 4) with 
a S04

2
- turnover constant of the order of 10- 2 h- 1, whereas there may even be an 

increase in SO 4 
2
- content of mature leaves at the same time that young leaves are be

coming deficient (4). Since phloem can readily Ioad SO/- directly (31) the probabil
ity isthat vacuoles of leaves have different export characteristics from those of roots. 
Direct measurements confirm that this is indeed to case (Bell et a/, this volume). 
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The transport of S compounds into and out of phloem, with glutathione playing 
a central roJe (29), has not yet been investigated. Phloem loading and unloading of 
S compounds is likely to repay study particularly in relation to seed filling. 

Finally, whether the plant can dispose of significant excess S as H2S (see 29) is 
also a matter for further quantitative investigation. 
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Introduction 

Higher plants and many microorganisms growing with sulfate as a sulfur source 
reduce it to the Ievel of sulfide for the synthesis of cysteine, methionine, coenzymes 
and for iron-sulfur clusters of enzymes. This reaction sequence from sulfate to sul
fide is called assimilatory sulfate reduction as opposed to dissimilatory sulfate reduc
tion which occurs in certain anaerobic organisms such as Desuljovibrio and Desul
fotomaculum, where sulfate functions as an acceptor for electrons during oxidation 
of organic substrates and where reduced forms of sulfur are excreted into the sur
roundings (59, 70, 74, 75, 107). 

Assimilatory sulfate reduction has been regularly reviewed (3, 74, 83, 95, 117, 118). 
In the present review special stress will be put on key reactions and the regulation and 
localization of the pathway in higher plants. The discussion of the key reactions will 
follow the established lines of the reaction sequence which involves i) activation of 
sulfate, ii) transfer of the activated sulfate to a carrier and iii) reduction to the Ievel 
of sulfide (75, 107). 

Figure 1 summarizes the reactions which have been proposed to be involved in as
similatory sulfate reduction of high er plants. A first activation step of sulfate is cata
lyzed by ATP sulfurylase (EC 2.7.7.4). The adenosine 5'-phosphosulfate (APS) 
formed is the substrate for adenosine 5' -phosphosulfate kinase (APS kinase; EC 
2.7.1.2.5) which forms adenosine 3'-phosphate 5'-phosphosulfate (PAPS) in a se
cond activation step. 

Two types of sulfotransferases have been described: APS sulfotransferase trans
fers the sulfate activated in APS to an as yet unidentified carrier molecule (CarSH) 
thus forming bound sulfite (CarS-S03 -).PAPS sulfotransferase reacts with PAPS 
and reduced thioredoxin (tr(SH}2) to form sulfite, oxidised thioredoxin (trS2} and 
adenosine 3'-phosphate 5'-phosphate (PAP). Sulfite can also be formed, when CarS
S03- reacts with a suitable thiol (RSH). 

The reduction of sulfite to the Ievel of sulfide may involve sulfite reductase which 
acts on free sulfite, to form free sulfide, or organic thiosulfate reductase, which uses 
carrier-bound sulfite (CarS-S03 -) as a substrate and forms carrier-bound sulfide 
(CarS-S-}. For both types of reductases, reduced ferredoxin (fdred> has been shown 
to be the electron donor. The two reduction steps thus involve either free or bound 
intermediates and have been termed correspondingly (74, 75). 

Activation of sulfate by ATP sulfurylase 

Measurement 

A TP sulfurylase (ATP: sulfate adenylyltransferase) catalyses the reaction (31, 44, 
69): A TP sulfurylase 

SO/- + ATP4- + H+ ~ ;:::. APS2- + PP?-

Adenosine 5'-phosphosulfate (APS) and inorganic pyrophosphate are formed from 
S04

2- and ATP. 
Because of the unfavourable equilibrium for APS synthesis and because ac-
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Fig. I. Possible reactions of assimilatory sulfate reduction in higher plants. Explanation is given in the 
text. APS, adenosine 5' -phosphosulfate; PAPS, adenosine 3' -phosphate 5' -phosphosulfate; PAP, adeno
sine 3'-phosphate 5'-phosphate; fdred• fd0x, reduced and oxidized ferredoxin; tr (SHh, tr (S2), reduced 
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cumulating APS inhibits the reaction, measurement of product formation requires 
highly sensitive methods. Normally, radioactive 35SOi~ is used as a substrate and 
the 35S-APS formed is separated from the incubation mixture (33, 44, 66, 135). All 
these separation procedures are timeconsuming and require working with relatively 
high radioactivities. 

A TP sulfurylase also catalyses the reaction of A TP with molybdate and similar an
ions (135) to form AMP and PP;. Endogenaus or added pyrophosphatase splits PP; 
to 2P; which can be used as a measure of enzyme activity. 

Metbads which use the backreaction for determining ATP sulfurylase without the 
use of radioactive substrates include the highly sensitive detection of the ATP formed 
using a Iuciferin-lueiferase systeminan ATP-meter or a scintillation counter (8, 87). 
Another coupled assay system containing hexokinase and glucose and glucose-6-P 
dehydrogenase and NADP uses the NADPH formedas a measure for the enzyme 
activity (15). 

Distribution 

ATP sulfurylase is most probably ubiquitous (31) and has been demonstrated in 
animals, plants and microorganisms. 

Properfies 

ATP sulfurylase has been purified from several organisms, including higher plants 
(7, 57, 104). It has a K of about to~s (69) and is inhibited by APS (~ approximate
ly l~tM). The enzyme from cabbage (Brassica capitata L.) leaves is an asymmetric 
dimer composed of 57,000 dalton subunits (57). 

Formation of adenosine 3'-pbospbate 5'-pbospbosulfate (PAPS) by adenosine 
5'-pbosphosulfate (APS) kinase 

Measurement 

APS kinase (ATP: 5' -adenylylsulfate 3'- phosphotransferase) catalyses the following 
reaction: 

APS2- + ATP4- - PAPS4~ + ADP3~ + H + 

The APS kinase activity can be measured by coupling the formation of ADP to the 
oxidation of NADH (14), using pyruvate kinase, NAD and lactic dehydrogenase. 
The decrease in absorbance at 340 nm is a measure for APS kinase activity. The en
zyme was also measured by using a bioluminescence method (110) or by HPLC, using 
35S-labelled APS as substrate (97). 

Distribution 

APS kinase is probably a ubiquitous enzyme (31) which has been demonstrated in 
several high er plants ( 13, 50, 110, 127). 
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Properlies 

The APS kinase from Chlamydomonas is activated by reduced thioredoxin (99). APS 
kinase is inhibited by APS, but this inhibition seems much more pronounced in the 
enzyme from microorganisms than the one from spinach (14) which has maximal ac
tivity at 100 J.'M APS and is inhibited at higher concentrations. For Chlamydomonas 
{99) inhibition 9f APS kinase starts at 60-100 and 10-161-'M APS in the presence or 
absence, respectively, of reduced thioredoxin. APS Ieinase has a very low Km for 
APS, e.g. about 2 1-'M for the enzyme from Chlamydomonas (45). 

Sulfotransferase reactions 

APS sulfotransferase 

Measurement 

APS sulfotransferase (adenylylsulfate: thiol sulfotransferase) catalyses the transfer 
of the sulfo group of APS to a carrier thiol (CarSH) (76): 

APS2- + Car SH - Car S-S03- + AMP2- + H + 

The physiological carrier thiol may be glutathione in Chlorella (122) or a larger 
molecule in spinach. Phytochelatins (('y-glutamyl cysteine)

0 
- glycine, n = 3-7) 

which may have a function in sequesterlog heavy metals (40), have also been pro
posedas carrier thiols (111). In in-vitro systems dithiols like dithiothreitol (DTT) or 
monothiols like glutathione (GSH) were applied (121). With DTT, APS sulfotrans
ferase produces free sulfite (121): 

APS2- + DTT red -:-+ AMP2- + DTT ox + S03 
2- + 2H + 

Sulfite can also be produced with monothiols in two steps (107, 121): 

APS2- + GSH - AMP2- + GS-S03- + H + 

GS-S03- + GSH - S03 
2- + GSSG + H + 

APS sulfotransferase activity is most conveniently measured by using radioactive 
3SS-APS and a dithiol. The 35S03 

2- produced in the enzyme reaction is distilled into 
a base trap after addition of carrier S03 

2- and acidification of the incubation mix
ture. Tbe trapped radioactivity is used as a measure of APS sulfotransferase activity 
(24, 73). 

Distribution 

APS sulfotransferase activity has been detected in many higher plants (79), in algae, 
in cyanobacteria (76, 82, 120) andin Euglena (18). This enzyme is thought tobe the 
predominant sulfotransferase in higher plants as weil as in most other oxygenic euca
ryotes (76, 79, 82). Certain cyanobateria, however, use PAPS as sulfonyl donor for 
tbe sulfotransferase reaction (82). 
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Properties 

APS sulfotransferase from higher plants is an unstable enzyme (78, 81). lt has been 
partially purified from spinach (81) and Chlorella (121). The enzyme from spinach 
has a Km for APS of 10 ~M. Its molecular weight is 110,000. 

PAPS sulfotransjerase 

Measurement 

PAPS sulfotransferase catalyses the transfer of the sulfo group of PAPS to a suitable 
thiol carrier (136), which may be the dithiol thioredoxin (tr(SH)J in vivo (93, 100, 
123). With thioredoxin the following reactions were proposed (107): 

SH 

/ 
PAPS4- + tr 

')H 
-

s 

~+so,'- + H• 

s 

An alternative reaction mechanism recently proposed on the basis of results from E. 
coli and yeast involves i) reduction of the PAPS sulfotransferase by reduced 
thioredoxin, followed by ü) reduction of PAPS to SO/- and PAP (100, 124). Ac
cording to this reaction mechanism the enzymewas termed PAPS reductase (93, 100, 
123). Reduced thioredoxin functions as a cofactor rather than as a carrier. Strong 
evidence in support of the reductase mechanism comes from experiments with the en
zyme from E. coli (124) which can react with PAPS and form sulfite after reduction 
with and separation from thioredoxin. The identical mechanism may be relevant with 
the plant enzyme and renaming will be necessary consequently. In the present review 
the term PAPS sulfotransferase is used throughout. 

PAPS sulfotransferase is most conveniently measured according to the procedure 
used for APS sulfotransferase but using 35S-PAPS as a substrate and thioredoxin as 
a reductant (93, 100). 

Distribution 

PAPS sulfotransferase activity has been detected in bacteria (123), cyanobacteria 
(82), and spinach (97). This enzyme is thought to be the only or the predominant sul
fotransferase in bacteria (107) and certain cyanobacteria. It remains tobe seen what 
role it may play in assimilatory sulfate reduction of higher plants and algae as com
pared to APS sulfotransferase. 
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Properties 

PAPS sulfotransferase from spinach {93) has a molecular weight of 68,000 to 72,000. 
The enzyme reduces PAPS only when thioredoxin is present in the assay mixture. 

Reduction 

Sulfite reductase 

Measurement 

Sulfite reductase (EC 1.8. 7 .1) catalyses the ferredoxin- dependent (fd) reduction of 
sulfite to sulfide (2, 43, 46, 107, 115, 129): 

There are many organisms, however, where sulfite reductase (EC 1.8.1.2) uses 
reduced pyridine nucleotide as reductant (47, 107). 

Sulfite reductase can be estimated by i) determining the s2- formed using methy
lene blue formation as a measure (106, 115), ii) using radioactive 35S-SO/- and 
measuring the radioactive sulfide and iii) measuring the s2- formed using an s2-

electrode (53, 54). Since it has been shown that S2- accumulating in the incubation 
mixture inhibits sulfite reductase (131) an assay system for sulfite reductase was re
cently developed in which the S2- is reacted with 0-acetyl-L-serine to form cysteine 
(129). Cysteine determined with an acid ninhydrin reagent is used as a measure for 
sulfite reductase activity. 

Distribution 

Sulfite reductase has been detected in different plants (2, 43, 46, 72, 90, 98, 114, 115, 
130), and it seems reasonable to assume that this enzyme is generally present in higher 
plants. 

Properties 

The most detailed information is available of sulfite reductase from spinach leaves 
(2, 46). The enzyme is composed of subunits with a molecular weight of 69,000 (46) 
to 71,000 (2). The native enzyme has been assumed to have two (46) or four (2) 
subunits. It contains one mol of sirohaem and one Fe4S4 center per subunit. The sul
fite reductase catalyses the ferredoxin- or methylviologen-dependent reduction of 
both S03 

2- and N02-. The Km for S03 z- is at least two orders of magnitude less 
than with N02- , indicating that the physiological reaction catalysed by the enzyme 
is sulfite reduction. The lowest Km for SO/- published for sulfite reductase from 
spinach is 6~-tM. (2). 

Organic thiosulfate reductase 

Measurement 

Organic thiosulfate reductase (formerly called thiosulfonate reductase) catalyses the 
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reduction of carrier-bound sulfite to carrier-bound sulfide, using reduced ferredoxin 
(fd) as an electron donor (77, 85, 86): 

CarS-S03- + 6fdred + 6H + - CarS-S- + 6fd0 x + 3H20 

The enzyme can be measured using radioactive sulfogluta-thione (GS-35S03 -) as 
carrier-bound sulfite and by measuring the radioactive sulfide (35s2- ) liberated by 
exchange with nonradioactive s2- from GSß5 and distiUed into a Cd2- trap after 
acidification of the assay mixture. The radioactivity of the 35S-CdS serves as a meas
ure ofthe enzyme activity (77, 85, 86). A more convenient method for measuring or
ganic thiosulfate reductase involves using S20 l - and the electron-carrying dye 
methylviologen (77) in the assay system and determining the produced H2S after dis~ 
tillation as methylene blue. It seems clear, however, that this reaction also measures 
sulfite reductase (107), so that it can only be used unambiguously for measuring or
ganic thiosulfate reductase when sulfite reductase has been separated. 

Distribution and properties 

Organic thiosulfate reductase bas been detected in spinach and Chlorella (77, 85, 86). 
The enzyme from Chlorella has a molecular weight of more than 200,000. With fdred 
and GS~35S03- as substrates, organic thiosulfate reductase forms GS~35SH. 

Localization 

A stimulation of sulfate assimilation by light has been described in many systems (6, 
38, 114, 134). Theseobservations prompted experiments with intact chloroplasts to 
examine whether these organelies could reduce sulfate to the thiol Ievel. Indeed, 
Schmidt and Trebst (84, 119) showed a light-dependent formation of radioactive cys
teine from radioactive SO/- by isolated Spinach chloroplasts. Their results were 
confirmed by other groups (51, 53, 92, 96). When chloroplasts were examined for 
the presence of enzymes of assimilatory sulfate reduction, ATP sulfurylase (7, 39, 
96), APS kinase (13, 28, 50), APS sulfotransferase (35), organic thiosulfate reductase 
(94) and sulfite reductase (49, 72) were detected. With this set of enzymes chloro~ 
plasts are able of forming PAPS and of reducing sulfite either in the free form or 
bound to a carrier. Indications that both types of reduction with either free or bound 
sulfite may be operative come from experiments with extracts from spinach chlo~ 
roplasts (92). These extracts were incubated with 35S-APS and concentrations of 
glutathione which were close to 3.5mM detected in chloroplasts (36). In a light-, 
glutathione~ and ferredoxin~dependent reaction, 35S-cysteine was formed by these 
extracts. Half maximal rates of 35S-cysteine formation were obtained at approxi
mately 3mM glutathione. When the assay systemwas analysed after the incubation, 
sulfite bound to glutathione (GS~S03) as weil as free sulfite could be detected. This 
finding indicates that glutathione may have two functions in the incubation mixture: 
a) as an acceptor for the sulfotransferase reaction (76, 122) and b) as a reductant 
in the formation of free sulfite (78, 107, 122). A concentration of 3.5JLM 35S03

2-

could be determined in the assay system. The experiments with the extracts from 
spinach chloroplasts show that 35S-cysteine can be formed from 35S-APS directly 
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without prior phosphorylation to PAPS, since the Iabel of 35S-APS was not diluted 
appreciably by addition of non-radioactive PAPS. The radioactivity from 35S
PAPS, however, was diluted to a great extent by nonradioactive APS, indicating that 
prior to entering the sulfotransferase reaction, PAPS was dephosphorylated to APS, 
which is the true substrate in this system (76). Thioredoxin bad no effect on cysteine 
formation from APS, even though different types of thioredoxins (60, 138) were 
used. These results seem to exclude PAPS as a sulfonyl donor in the transferase reac
tion of spinach chloroplasts. lt should be stressed, however, that optimal conditions 
may not have been present for detecting an eventual PAPS sulfotransferase reaction. 

The intracellular localization of the thioredoxin-dependant PAPS sulfotransferase 
from spinach leaves (93) is not clear. lf, like APS sulfotransferase, it should turn out 
to be a chloroplast enzyme, the relative contribution of the two enzymes to assimila
tory sulfate reduction in chloroplasts will need to be resolved. 

Most, if not all of the A TP sulfurylase and APS sulfotransferase of green leaves 
is detected in chloroplasts (35, 39). In the leaves of C4-plants (15, 39, 89) ATP sul
furylase and APS sulfotransferase activities are predominantly or even exclusively 
present in the bundle sheath cells. Sulfite reductase activity occurs in the mesophyll 
cells of maize leaves at 50o/o of the Ievel of bundle sheath cells (90). In contrast, the 
enzymes catalysing nitrate reduction, nitrate reductase (EC 1.6.6.1) and nitrite reduc
tase (EC 1. 7. 7.1) are localized predominantly or exclusively in the mesophyll cells of 
various C4-plants (52, 61) including maize (42, 61, 90). These findings taken 
together with the distribution of the enzymes of assimilatory sulfate reduction Iead 
to the following conclusions: Nitrogen arriving in the leaves as N03- is reduced to 
N0

2
- and NH4 + in the mesophyll cells. The sulfite reductase locaüzed in the bundle 

sheath cells only takes part in nitrate assimilation when N02-, produced by nitrate 
reductase frorn N03- or formed from atmospheric NOx reaches these cells. In con
trast, the sulfite reductase of mesophyll cells may be active in nitrate assimilation to 
varying degrees depending on the N02- concentrations present. Significant assimila
tory sulfate reduction can only take place in the bundle sheath cells because the en
zymes catalysing the first steps are exclusively or almost exclusively present in these 
ceJls. Su1fite reduction in mesophyll cells may become of physiological importance 
when S02 is taken up from a polluted atmosphere (occuring as HS03- or SO/- in 
the plants) and is reduced to S2- in substantial amounts. Both mesophyll and bundle 
sheath cells contain 0-acetyi-L-serine sulfhydrylase (EC 4.2.99.8) (89) activity, which 
catalyses the formation of cysteine from S2- and 0-acetyl-L-serine (Fig. 2). 

Under normal conditions roots do not seem to contribute appreciably to the needs 
of plants for reduced sulfur. Reduced sulfur compounds are absent from xylem sap 
or present only in low concentrations (58). This is consistent with the finding that the 
Ievel of APS sulfotransferase of sunflower roots was at 5% of the Ievel in shoots (80), 
that ATP sulfurylase activity of soybean seedlings is at 5 to 10 times higher levels in 
the leaves than in the roots (1), and that sulfite reduction in pea seedlings occurs 
predominantly in the leaves as compared to roots (49). This situation changes 
dramatically, when roots are exposed to increased Ievels of heavy metals and start 
synthezising phytochelatins which needs high amounts of cysteine (55, see Regula
tion). It may also be different in young seedlings, because substantial amounts of the 
activity of all enzymes of assimilatory sulfate reduction were detected in the roots of 
5 days old pea plants (24). ATP sulfurylase, APS sulfotransferase and sulfite 
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Fig. 2. lnterceUular localization of assimilatory sulfate and nitrate reduction in maize leaves. BSC "' bun
dle sheath cells; MC "' mesophyll ceUs; VB = vascular bundle. The reactions indicated are localized on 
the basis of the distribution of the enzymes involved. The contribut.ion of the epidermis cells to assimilato
ry sulfate reduction is not clear. 

reductase activity from the roots were distributed on sucrose density very similarly 
as nitrite reductase activity, an enz:yme localized in the proplastids. This indicates 
that these three enzymes of sulfate assimilation have the same intracellular localiza
tion. It is perhaps interesting in relation to intracellular localization of assimilatory 
sulfate reduction in roots that Euglena mitochondria synthezise cysteine from sulfate 
(71) using APS as sulfonyl donor (18). 

Regulation 

In theory the concentrauon of reduced sulfur compounds in organisms capable of 
assimilatory sulfate reduction can be regulated in the following ways: 
• regulation of sulfate uptake, 
- regulation of the enzymes of assimiJatory sulfate reduction, 
- oxidation of reduced sulfur compounds, 
- emission of reduced sulfur compounds into the surroundings. 
Regulation of sulfate uptake is discussed in detail by Cram (this volume). The 
emission and oxidation of reduced sulfur compounds will only be discussed briefly 
here, the main ·emphasis is being placed on the regulation of enzyme activities. 

Emission of reduced sulfur as hydrogen sulfide has been studied in detail. De Cor-
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mis showed, that leaves fumigated with injurious concentrations of sulfur dioxide 
release hydrogen sulfide into the atmosphere (30). It was found later that emission 
of hydrogen sulfide represents 7 to 15 OJo of the sulfur dioxide taken up ( 116). Emis
sion ofhydrogen sulfidewas also observed in response to high sulfate and L-cysteine 
concentrations (64, 102, 137). The hydrogen sulfide released after sulfur dioxide 
treatment can best be explained by assuming reduction via sulfite reductase (64, 101). 
Direct release of sulfide from carrier-bound sulfide has been proposed for the emis
sion of hydrogen sulfide in response to sulfate (64). Emission of reduced organic 
sulfur compounds has been reported with cell cultures of Nicotiana tabacum, 
which build up glutathione concentrations of 0. 7 mM in the nutrient solution (11, 
62). 

The oxidation of reduced sulfur compounds has been studied with intact plants, 
extracts from plants and isolated mitochondria (9, 16, 48, 108, 112, 132, 133). It is 
not clear, whether this oxidation is coupled to energy conservation. 

Work on the regulation ofthe enzymes of assimilatory sulfate reduction shows that 
these enzymes are affected 
• during development, 
• by the sulfate concentration in the medium, 
- by the presence of SeO i- and MoO /- in the medium, 
- by APS, 5'-AMP and 5'-ADP, 
- by reduced Sulfur compounds like H2S, so2 and cysteine, 
- by nitrogen nutrition. 
Regulatory effects were described in which the activity of these enzymes and/ or their 
Ievel in the plant material were affected. A central point of control is occupied by 
ATP sulfurylase. As already mentioned this enzyme activity is inhibited by APS, its 
product (126). ATP sulfurylase activityis also affected by 5'-AMP and 5'-ADP. The 
two nucleotides inhibit the enzyme from spinach (96, 104). ATP sulfurylase from rice 
roots is inhibited by 5'-ADP and activated by 5'-AMP (56). 

APS sulfotransferase activity from spinach and maize is inhibited competitively by 
5' -AMP (81). This inhibition may be of physiological relevance: When the concentra
tion of the nucleotide is decreased during a transition from darkness to light (81) an 
increase in APS sulfotransferase activity should result. An additional increase may 
result from the light-induced increase in pH in the stroma of the chloroplasts where 
the enzyme is localized (35), because the enzyme has a high pH optimum (81). 

The inhibition of sulfite reductase by sulfide (50% by 18tLM) may be important in 
Situations where the acceptor for sulfide, 0-acetyl-L-serine, is not available (130), be
cause it could Iessen the accumulation of toxic concentrations of S2-. In the 
presence of the acceptor the 0-acetyl-L-serine sulfhydrylase present in extracts from 
chloroplasts (131) incorporates essentially all s 2- into cysteine. 

The extractable activity of ATP sulfurylase, APS sulfotransferase and sulfite 
reductase increased in line with chloroplast development when etiolated spinach, 
bean or pea seedlings were transferred from dark to light (35, 88, 131, 139). These 
observations are consistent with the localization of the enzymein chloroplasts. Dur
ing development of the primary leaves of beans (Phaseolus vulgaris) and peas (Pisum 
sativum) ATP sulfurylase and APS sulfotransferase activity increased till the leaf was 
fully developed, then both enzyme activities decreased to very low Ievels even though 
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ribulosebisphosphate carboxylase activity was still at high Ievels (88, 131). These 
findings indicate that in these leaves assimilatory sulfate reduction is no Ionger Oper
ating once they are completely developed. This was corroborated by experiments 
where primary leaves of beans (Phaseo/us vulgaris) which were detached and incubat
ed with 35SO / - at various times during development (88): The in vivo assimilation 
of 35SO/- decreased in proportion to the two enzyme activities. A rapid decrease in 
A TP sulfurylase and APS sulfotransferase activity was also detected in primary 
leaves of Phasealus vulgaris during dark-induced senescence (91). The sequence of 
events during senescence of beech (Fagus sylvatica L.) and wheat leaves may be 
different because APS sulfotransferase activity decreased later than ribulose
bisphosphate carboxylase activity (17, 32). 

Generally both ATP sulfurylase and APS sulfotransferase activity of leaves in
crease under conditions of sulfur deprivation (1, 4, 10, 23, 89). The effect is normally 
more pronounced in cell cultures than in plants (12, 41, 141). Highsulfate concentra
tions decrease APS sulfotransferase activity from Lemna minor (23), which may be 
due to the fact that parallel to the increase in plant sulfate there is an increase in non
prorein thiols. In Lemna minor, Phasealus vulgaris and cell cultures of Rosa sp. and 
Nicotiana sylvestris, H 2S and cysteine decrease APS sulfotransferase activity to very 
low Ievels ( 19, 20, 21, 41, 139). These responses may indicate that the enzyme is syn
thesized at a decreased rate when a reduced sulfur source is available in addition 
to/ or instead of sulfate. Indeed, density labelling experiments using 15N03- with 
Lemna minor showed that in the presence of H2S the production of APS sulfotrans
ferase molecules is decreased (128). 

From the ecological point of view the effect of S02 on the regulation of assimila
tory sulfate reduction may be more important. A decrease in both A TP sulfurylase 
and APS sulfotransferase would be expected when S02 is available to plants and is 
reduced as SO/- to S2- by sulfite reductase. Indeed, a substantial decrease of APS 
sulfotransferase activity was detected in Phasealus vu/garis, Fagus sylvatica and 
Picea abies leaves fumigated with low concentrations of S02 (22, 125, 140). ATP 
sulfurylase in Fagus sylvatica (22) and Picea abies (125) was not affected very signifi
cantly, indicating that the Ievel of this enzyme is less subjected to regulatory signals 
from reduced sulfur compounds. This effect was detected before (33, 76) and may 
be due to the fact that A TP sulfurylase also catalyses the first step of sulfolipid syn
thesis (27, 28, 71). 

Several studies have established regulatory interactions between assimilatory sul
fate and nitrate assimilation (10, 25, 29, 37, 41, 62, 113, 141). Basedon results with 
cultured cells of tobacco a scheme has been proposed (67, 68) in which each pathway 
is regulated down by its own internal signals when the other pathway is not limiting. 
This type of regulation is combined with a regulation by positive signals originating 
in the other pathway, thus establishing a coordination of both patbways . Since they 
converge in the synthesis of proteins , this coordinate regulation can be envisaged 
as a mechanism aimed at the production of appropriate amounts of amino acids 
and sulfur amino acids . The effects of varying sulfur and nitrogen nutrition are espe
cially clearly evident with cell cultures. In sulfate sufficient cell cultures of tobacco 
(67, 68) ATP sulfurylase activity increased at a rate corresponding to tbe intitial 
N03- -concentration. The enzyme from lpomea cell cultures increased with NH4 + 

and N03- as nitrogen sources as compared to cultures with N03-, whereas Iack of 
a nitrogen source decreased enzyme activity to 800Jo of the controls within 24 h (141). 
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The effects of nitrogen and sulfur sources on nitrate reductase, ATP sulfurylase and 
APS sulfotransferase have also been studied in cell cultures of Rosa sp. (41). Without 
a sulfur source APS sulfotransferase activity increased by 2000Jo and nitrate reduc
tase activity decreased to 300Jo as compared to controls. ATP sulfurylase activity was 
not affected. Omission of a nitrogen source did not affect ATP sulfurylase, whereas 
nitrate reductase and APS sulfotransferase decreased substantially. These results 
seem to indicate that APS sulfotransferase activity is regulated much more effectively 
than ATP sulfurylase activity by the sulfur and the nitrogen source in Rosa. 

Plants cultivated with Cd can produce )arge amounts of phytochelatins (40). Since 
these compounds contain much cysteine (40), Cd might be expected to enhance the 
Ievels of the enzymes of assimilatory sulfate reduction. lndeed, ATP sulfurylase and 
A TP sulfotransferase activity was high in roots of maize seedlings cultivated with 
50J,LM Cd2+ (55). In the leaves, a significant positive effect of Cd2+ was detected at 
5J,LM for A TP sulfurylase activity and at 5 and 20J.LM for APS sulfotransferase. At 
higher concentrations both enzyme activities were at Ievels below the control which 
may be due to the fact that growth was almost completely inhibited and that prema
ture senescence may be involved. 

Taken together the enzyme Ievels in assimilatory sulfate reduction demoostrate 
that conditions of high demand stimulate the pathway whereas decreased demand or 
addition of exogenaus sources of reduced sulfur compounds decrease sulfur flux. 

Concluding remarks 

"lt is probably fair tostatethat knowledge of sulfur metabolism has lagged behind 
knowledge of carbon, nitrogen and phosphorus metabolism. This lag is no doubt due 
to less intrinsic interest as weil as such practical considerations as the instability of 
sulfur compounds". This statement ofThompson (117) has lost none of its relevance 
for assimilatory sulfate reduction. The most intriguing open questions in this field 
which remain for future work are 

the physiological significance of the enzyme reactions detected in vitro, especially 
of the APS sulfotransferase versus the PAPS sulfotransferase pathway and of the 
organic thiosulfate reductase versus the sulfite reductase mechanism, 
the detailed characterization of APS sulfotransferase and PAPS sulfotransferase, 

- the molecular basis of the regulatory phenomena observed, 
the contribution of the root system to assimilatory sulfate reduction. 

The methods of molecular biology could be of great help for answering some of these 
questions. The fact that they have been used sucessfully in the related field of as
similatory nitrate reduction (26) will hopefully prompt workers in the field of as
similatory sulfate reduction of higher plants to proceed along similar lines. 
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Plants play a crucial roJe in the cycling of sulfur in Nature. Man and other non
ruminants require a dietary source of methionine, and convert this essential amino 
acid ultimately to inorganic sulfate via homocysteine and cysteine. Plants complete 
the cycle by assimilation of inorganic sulfate first into cysteine, then into homo
cysteine and rnethionine. Plants thus provide the ultimate source of methionine in 
most animal diets (15). 

Cysteine and methionine are the major end products of sulfate assimilation in 
plants, comprising up to 900Jo of the total sulfur of rnost plants (1, 16). These two 
amino acids are present predominantly (99o/o or more) in proteinform (1, 16). Certain 
plants are unusual in that the nonprotein fraction may also contain a variety of sulfur 
aminoacidssuch as S-methylmethionine sulfonium salt, homomethionine, djenkolic 
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Fig. I. Proposed regulatory pattems of cysteine biosynthesis. The reactions are as follows: I, sulfate up
take system; 2, sulfate adenylyltransferase; 3, adenosine 5' -sulfatophosphate (APS) sulfotransferase; 4, 
thiosulfonate reductase; 5, cysteine synthase; 6, serine acetyltransferase; 7, release of sulfide from carrier
bound sulfide; 8, desulfhydration of cysteine, e.g. by cysteine desulfhydrase. PAPS = 3' -phosphate 
adenosine 5' -sulfatophosphate. For simplicity, not all substrates and products have been included. Solid 
arrows show reactions (pathways). Dotted arrows indicate proposed negative(-} or positive ( +) regulatory 
effects. Studies with Chlorella mutants indicate that the carrier-bound pathway illustrated is used in vivo 
rather than an alternate pathway in which free sulfite is reduced to free sulfide by sulfite reductase. 
Glutathione may function as the carrier in plants, at least in Chlorella. Reduced ferredoxin provides the 
source of electrons for Reaction 4. Bound sulfide is shown in brackets since its identity remains tobe estab
lished. The reactions involved in assimilation of sulfate have recentJy been reviewed by Saidha and Schiff 
(39}. Cysteine synthase is assayed with free sulfide, even though this compound may not be the physiologi
cal donor. Although this enzyme is inhibited by cysteine and a number of other amino acids of the sulfur 
assimilation pathway, the high concentrations required suggest these inhibitions are not physiologically 
significant (16). Because of conflicting findings it is not clear whether repression/derepression of cysteine 
synthase plays a major role in regulation of cysteine synthesis. Thus, in kidney beans and Lemna minor, 
activities of cysteine synthase have been reported to be insensitive to Ievels of sulfur nutrition (see 16); 
in tobacco cells, Smith (41) found the specific activity of cysteine synthase not to be affected by sulfur 
nutrition, while Bergmannet al. (3) reported up to a ten-fold increase in the specific activity of this enzyme 
during sulfur starvation. 

acid, and S-methylcysteine and its 'Y-glutamyl and sulfoxide derivatives (38). The 
metabolic functions and biochemistry of these 'unusual' sulfur amino acids have not 
been clearly defined, and are outside the scope of this review. 

Regulatory aspects of cysteine syntbesis 

Scope of review 

A tentative scheme showing potential sites for regulation of cysteine biosynthesis is 
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given in Fig. 1. In vivo, the quantitative significance of the proposed steps and nature 
of their interactions for regulation of cysteine synthesis remain to be clarified. Evi
dence for regulation at sulfate uptake (Reaction 1) has been discussed by Cram (see: 
this volume) and at the steps leading to reduction of sulfate to sulfide (Reactions 2-4) 
by Brunold (see: this volume). The most likely remaining sites at which regulation 
of cysteine biosynthesis may occur are briefly discussed below. 

Regulation oj cysteine biosynthesis by availability oj 0-acety/serine 

As illustrated in Reaction 6, 0-acetylserine synthesis is catalyzed by the enzyme serine 
acetyltransf erase: 

serine acetyltransferase 

Serine + acetyl CoA - 0-acetylserine + CoASH 
0-Acetylserine is the 3-carbon donor for synthesis of cysteine catalyzed by cysteine 
synthase (Reaction 5): 

cysteine synthase 

0-Acetylserine + sulfide - cysteine + acetate 

Modulation of serine acetyltransferase is probably not important in regulation of 
cysteine biosynthesis. This enzyme requires unphysiologically high concentrations of 
cysteine to inhibit activity (7 ,42). Further, activities of serine acetyltransferase in 
roots of kidney beans were not significantly different in plants growing under condi
tions of sulfur deficiency or with adequate sulfur nutrition (40), indicating that syn
thesis of this enzyme is probably not feedback controlled by cysteine or other 
products of sulfur assimilation. 

Evidence has been presented that the availability of 0-acetylserine may regulate 
cysteine synthesis, at least in plant cells supplied with excess sulfate (33). Thus, feed
ing of 0-acetylserine to cucurbit cells enhanced incorporation of 35SO 4 

2- into cys
teine, while reducing the rate of H2S emission. These effects are consistent with an 
increased rate of cysteine formation.(Reaction 5) competing with the reactions (Path
way 7) leading to H2S emission. Additional evidence that availability of 0-acetyl
serine may regulate cysteine synthesis is provided by studies with 3-fluoropyruvate, 
a compound which interferes with synthesis of 0-acetylserine by inhibiting formation 
of acetyl CoA via the reaction catalyzed by the pyruvate dehydrogenase complex. 
This latter reaction in the mitochondria is believed tobe a major source of acetyl CoA 
in plant cells. The presence oftbis inhibitor reduced cysteine synthesis, while enhanc
ing emission of H2S. These findings suggest that the availability of acetyl CoA may 
be more important in determining the rate of 0-acetylserine synthesis than is the 
modulation of serine acetyltransferase activity. In accordance with this suggestion, 
it was found that acetyl CoA was as effective as 0-acetylserine in causing increased 
incorporation of 35SO/- into cysteine, and concomitant reduced emission of H2S. 

In bacteria, 0-acetylserine is required for derepression of sulfate adenylyltransfer
ase (Reaction 2) (45). Derepression of sulfate adenylyltransferase in tobacco cells re
quires the presence of a nitrogen-containing compound, as yet unidentified (34). It 
is an attractive speculation that 0-acetylserine also plays this rote in plants, thereby 
regulating cysteine synthesis not only by its requirement as a substrate for cysteine 
synthase, but also by its requirement for derepression of sulfate adenylyltransferase. 
Such a regulatory scheme would provide a mechanism for coupling nitrogen assimila
tion (into 0-acetylserine) with sulfur assimilation into cysteine. 
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Regulation oj steady-state concentration of cysteine 

Limited studies (16, 33) indicate that the concentration of cysteine is maintained at 
very low Ievels in plants; the concentration of cysteine in Lemna paucicostata, for 
example, is approximately 10 p.M. The low steady-state concentrations of cysteine 
result from a complex balance between reactions that synthesize cysteine and those 
that utilize this amino acid (Fig. I). Of the four major reactions ofthe latter type (Fig. 
I), net synthesis of protein, cysteine and methionine would be expected tobe relative
ly inflexible and not to respond to changes in cysteine concentration. Evidence that 
the two remaining pathways for cysteine utilization, namely emission of H2S and 
synthesis of glutathione, play a role in compensating for excesses or deficiencies in 
cysteine synthesis is presented below. 

Emission oj H :ß· Extensive studies by Rennenberg and coworkers (33) indicate 
that the pool size of cysteine may be regulated by emission of H2S from carrier
bound sulfide (Pathway 7) and from cysteine (Reaction 8) by an L-cysteine-specific 
desulfhydrase. Activity of this enzyme was increased by preincubation of leaf discs 
with L- or D-cysteine, but not with cystine. Details of the processes of H 2S emission 
and their possible physiological significance in regulation of cysteine biosynthesis 
have been recently reviewed (33). 

Glutathione metabolism. Photoheterotrophie tobacco cells incorporate up to 40% 
of the total assimilated sulfate into glutathione, 990Jo of which is excreted into the 
medium (33). On the basis of this and other findings, Rennenberg (33) proposed that 
glutathione functions as a storage and transportform of sulfur in plants, helping to 
maintain a constant concentration of cysteine. While such a bomeostatic mecbanism 
may operate in tobacco cells, no support for such a role of glutathione synthesis was 
found in L. paucicostata (16). In this plant, inorganic sulfate appears tobe the major 
storage form of sulfur, increasing some 30-fold as the concentration of sulfate in the 
medium was increased 3000-fold, and accounting for over one-half ofthe total sulfur 
in plants cultured at the highest co~centration (l mM) of sulfate. 

Regulatory aspects of methionine biosynthesis 

Scope oj review 

Methionine consists of three moieties- methyl, sulfur, and 4-carbon. hach of these 
moieties is synthesized at different rates, and subject to different regulatory contro1s 
(18). De novo synthesis of the entire methionine molecule (i.e. all three moieties) pro
ceeds via transsulfuration to form homocysteine, with subsequent methylation of this 
amino acid to methionine (Fig. 2). This reviewwill focus exclusively on this pathway, 
the only one resulting in a net synthesis ofthe methionine molecule. Other pathways 
do not result in de novo synthesis of the entire methionine molecule. For example, 
transmethylation results in net utilization only of the methyl moiety of methionine 
(for synthesis of methylated products), with recycling of the sulfur and 4-carbon 
moieties. Polyamine and ethylene biosynthesis results in net utilization only of the 
4-carbon moiety of methionine, with recycling of the methylthio moiety. As illustrat
ed in Fig. 2, AdoMet2 is a key intermediate in each of the latter two pathways. 

2 Abbreviations: AdoMet, S-adenosylmethionine; AdoHcy, S-adenosylhomocysteine; P AG, DL-propar
gylglycine. 
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Fig. 2. Major pathways of metbionine metabolism. De novo syntbesis of the entire methionine molecule 
(i.e. methyl, sulfur, and 4-carbon moieties) is achieved by the reactions (shown by wide arrows) of trans
sulfuration to form homocysteine, and subsequent methylation of this amino acid to methionine. Solid 
arrows depict synthesis of protein methionine, the majorend product of de novo methionine biosynthesis. 
Dotted arrows depict pathways in which methionine is regenerated either by recycling of the sulfur and 
4-carbon moieties (in transmethylation, to form phosphatidylcholine, pectin methyl eslers, etc.), or of the 
methylthio moiety (in polyamine and ethylene biosynthesis). Shaded boxes depict majorend products of 
methionine metabolism. For the sake of simplicity, only broad outlines of the pathways are shown, and 
cycling between methionine and S-methylmethionine sulfonium is omitted; the net effect ofturnever of 
the lauer compound is conversion of ATP to adenosine + PPi + Pi. Details of the component reactions 
and relative fluxes of the patbways have been presented (IS, 18). 

Obviously a clear understanding ofthe regulatory mechanisms for net synthesis of 
methionine is critical for devising strategies to bring about improvement in the 
methionine content of plant products by molecular genetics, etc. Regulatory schemes 
for this pathway have been based to a large extent on 'regulatory properties' deter
mined with isolated enzymes, with little attention being paid to determining the sig
nificance of these regulatory properties in vivo. This review focuses on the in vivo 
aspects of regulation of methionine biosynthesis, and, based on current evidence, ar
rives at a regulatory scheme that is fundamentally different from those previously 
presented. The work tobe described was performed with the higher plant Lemna pau
cicostata. This plant has many experimental advantages including its rapid clonal 
growth under axenic and steady-staie conditions on defined media (13), and its vora
cious appetite for supplementary amino acids and other compounds in the culture 
medium (12). 

Early working model for regulation of methionine biosynthesis 

Before attempting to elucidate how the plant regulates synthesis of methionine, clear
ly it is important to determine whether in fact this regulation does occur. This ques
tion was unequivocally answered in the affirmative in experiments in which Lemna 
was grown in the presence of 35SO 4 

2-, and incorporation of 35S into cysteine on the 
one band, and into cystathionine and its products (homocysteine, methionine, Ado
Met, S-methylmethionine sulfonium) on the otber, was determined (Fig. 3). These 
assimilation patterns were determined for control plants and for plants growing witb 
supptemental methionine. Incorporation of 35S into cysteine was essentially identi
cal for control and methionine-supplemented plants. By contrast, entry of 35S into 
cystathionine and its products in methionine-supplemented plants was only 200Jo that 
of control plants. These findings therefore establish a strong feedback regulation by 
methionine of its own synthesis, and further indicate that cystathionine 'Y-synthase 
is a major regulatory site (17). 
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Fig. J. htl~ts ot methionine supplementation on assimilation of JSS from 3SSO/- into sulfur amino 
acids. Broad arrows indicate incorporation of 3SS from 3SS042- into cysteine. This incorporation was un
affected by methionine supplementation. By contrast, incorporation of 3SS into cystathionine and its 
products was d~reased by approximately 80% by methionine supplementation. This differential effect 
on 3SS incorporation strongly implicates the step catalyzed by cystathionine -y-synthase as a regulatory 
site. 

Further studies on Ievels of cystathionine -y-synthase in Lemna growing under 
varying conditions of methionine nutrition support the regulatory role of this enzyme 
(44) in methionine biosynth~sis. Plants cultured with supplementary methionine 
showed a progressive reduction in extracted cystathionine -y-synthase activity to ap
proximately l50Jo that of control plants. Conversely, plants cultured with amino
ethoxyvinylglycine or Iysine plus threonine each showed progressive increases in cys
tathionine -y-synthase activity. The latter supplements each result in methionine 
Iimitation by inhibiting specific steps in the pathway of methionine biosynthesis (10) 
- aminoethoxyvinylglycine by irreversible inhibiton of ß-cystathionase, and the com
bination of Iysine plus threonine by inhibition of aspartokinase, the portal of entry 
of 4-carbon units into the aspartate family of amino acids. Up to 10-fold differences 
in specific activities of cystathionine -y-synthase were observed between plants sup
plemented with methionine, and plants cultured under conditions causing methio
nine deficiency. These differences appeared specific for cystatbionine -y-synthase in 
that activities of cysteine synthase remained essentially unchanged under the growth 
conditions described. In these studies, plant extracts were subjected to gel-filtration 
before assay in order to remove unbound small molecules. This fact, coupled with 
the finding that none of the possible feedback regulators {methionine, AdoMet, S
methylmethionine sulfonium, etc.) added to the assay affected activity of cystathio
nine -y-synthase, suggests that the effects observed on the enzyme are not allosteric, 
but represent repression/derepression, or some form of covalent modification such 
as phosphorylation, methylation, etc. Whether methionine itselftriggers the changes 
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in cystathionine -y-synthase, or whether a methionine product such as AdoMet acts 
as a signal, remains tobe determined. 

The finding that supplementary methionine caused large and comparable de
creases in methionine biosynthesis and cystathionine -y-synthase activity could be 
taken to suggest that changes in cystathionine -y-synthase alone are sufficient for cor
responding changes in flux into themethionine branch. However, subsequent studies 
in which cystathionine -y-synthase was titrated in vivo with propargylglycine (PAG), 
an irreversible suicide inhibitoroftbis enzyme, showed this suggestiontobe an over
simplification ( 43). In these experiments Lemna was grown in the presence of increas
ing concentrations or PAG, and cystathionine -y-synthase activities compared with 
rates of methionine biosynthesis. Special precautions were taken to ensure that activi
ties of cystathionine -y-synthase measured in extracts were valid measures of enzyme 
activities in the plants, i.e. that the activities determined were not confounded by in
activation of the enzyme by PAG during extraction. To guard against this, plants 
were homogenized in the presence of 0-succinylhomoserine, a substrate for cys
tathionine -y-synthase that prevents inactivation by PAG. Extracts were then subject
ed to gel-filtration twice to ensure removal of PAG, 0-succinylhomoserine, and any 
other low molecular weight materials in the extracts. Surprisingly, it was found that 
cystathionine -y-synthase activity could be reduced by growth with PAG by over 80% 
without appreciably affecting the rate of methionine biosynthesis. Reduction of cys
tathione -y-synthase by as much as 88% reduced methionine biosynthesis by only 
18o/o. Clearly, reduction of cystathionine -y-synthase alone, obtained by growth with 
PAG, was not sufficient to regulate flux through the cystathionine -y-synthase step; 
during growth with methionine other factors must be involved in this reduction. 

At the time, it was suggested that these findings might be explained as follows. In
hibition of cystathionine -y-synthase by PAG would be expected to result in an ac
cumulation of the physiological substrate, 0-phosphohomoserine. lf this enzyme 
normally operates below saturation with 0-phosphohomoserine, an increase in this 
substrate would result in increased flux through the residual enzyme, thereby helping 
to overcome the inhibition. 

While the effect of PAG is understood tobe essentially limited to reduction of cys
tathionine -y-synthase activity, methionine supplementation can result in a variety of 
additional effects. These provided the basis for an early working model for regula
tion of methionine biosynthesis illustrated in Fig. 4 (8, 16, 43). A key factor in this 
tentative model is that methionine supplementation is known to cause a marked in
crease (some 10-fold) in the tissue concentration of AdoMet (11, 16); such increases 
would not be expected in plants growing with propargylglycine. It was proposed that 
the elevated pool size of AdoMet initiated a series of events: (a) In vitro studies 
demoostrate that AdoMet causes a potent allosteric Stimulation of threonine syn
thase (23, 28). One possible consequence of this would be to divert 0-phosphohomo
serine from the methionine branch into the threonine branch, resulting in an elevated 
concentration of soluble threonine. Further conversion of threonine to isoleueine 
would be expected to be limited by build up of isoleucine, a strong feedback inhibitor 
of threonine dehydratase (8, 26). (b) Threonine in turn has been demonstrated in 
vitro to be a potent inhibitor of homoserine dehydrogenase (8). Inhibition of 
homoserine dehydrogenase might not only decrease flux through this step, but 
also divert aspartic semialdehyde into the Iysine branch, resulting in accumulation 
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Fig. 4. Early working model for regulation of methionine biosynthesis. Major end products (shown in 
shaded boxes) accumulate predominantly in protein fonn. Proposed regulatory effects are shown by dot
ted arrows directed to Stimulation ( +) or inhibition (-) of the target site. Target sites are (from top to bot
tom): Iysine- and threonine-sensitive aspartokinase; dihydrodipicolinate synthase (Iysine branch); 
homoserine dehydrogenase (conversion of aspartic semialdehyde to homoserine); cystathionine "f· 
synthase (methionine branch); threonine synthase (threonine/isoleucine branch); threonine dehydratase 
(conversion to threonine to isoleucine). 

of soluble Iysine. (c) Lysine, either alone or synergistically with AdoMet, isapotent 
inhibitor of lysine-sensitive aspartokinase activity (20, 36). Further reduction of 
aspartokinase activity could result from the increased concentration of threonine in
hibiting threonine-sensitive aspartokinase activity (8, 20). Inhibition of either or both 
aspartokinase activities could result in decreased flux through this step. (d) The com
bined effects of feedback regulation of flux at the aspartokinase and/ or homosenne 
dehydrogenase steps could prevent the building up of 0-phosphohomoserine that 
would otherwise overcome the down-regulated activity of cystathionine -y-synthase. 

Problems with early working model 

While the tentative model illustrated in Fig. 4 and basically similar schemes proposed 
by other workers have been widely accepted, it is emphasized that, of the effects listed 
above, the only one clearly demonstrated to operate in vivo is the accumulation of 
AdoMet in response to methionine supplementation. All the other proposed effects 
were based essentially on studies with isolated enzymes. Recent studies outlined be
low now make it clear that, in vivo, neither threonine nor lysine play the centrat roles 
proposed in Fig. 4. 
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Threonine does not play a key rote in regulation of methionine biosynthesis. Two 
lines of evidence support this conclusion (19, 21). First, supplementation of Lemna 
with concentrations of methionine causing appreciable feedback regulation of 
methionine synthesis was accompanied by little if any increases in pool size of soluble 
threonine, or, within the Iimits of detection, of soluble Iysine. Second, even increases 
up to 60-fold in the pool size of soluble threonine obtained by culture of Lemna with 
supplementary threonine bad no significant effects on net flux of 4-carbon units from 
aspartate through the aspartokinase or homoserine dehydrogenase steps, or into the 
threonine/ isoleucine branch. The tissue concentration of soluble threonine in these 
plants was greater than 12 mM, an order of magnitude greater than that required for 
completeinhibition ofthreonine-sensitive aspartokinase of Lemna (20). The possibil
ity was considered that the proposed regulatory effects of threonine might require 
the additional presence of isoleucine, as it does in the process of bivalent repression 
in bacteria (45). This possibility was tested by adding isoleueine to the threonine sup
plement (19, 21). Again, no decreases in flux were observed. The presence ofisoleu
cine in the supplement did, however, result in a reduction of flux between threonine 
and isoleueine to less than 1 OOJo of its value in control plants, consistent with feedback 
inhibition by isoleueine at the step catalyzed by threonine dehydratase (8, 26). The 
possibility was also considered that the absence of appreciable effects of threonine 
on flux may have resulted from sequestration of supplementary threonine away from 
the sites of metabolism of the aspartate family of amino acids. This seems unlikely 
for two reasons. First, high concentrations of soluble threonine generated en
dogenously in isoleucine-supplemented plants were no more effective in regulation 
than similar concentrations of threonine accumulated from the medium (19,21). Se
cond, the severe (concerted) inhibition of flux resulting from further addition of Iy
sine to threonine-supplemented cultures (see below) strongly suggests that sup
plementary threonine does indeed Iead to accumulation of this amino acid at sites of 
metabolism of the aspartate family of amino acids. 

These combined findings argue against the proposed regulatory effects of threo
nine acting at the aspartokinase and homoserine dehydrogenase steps. Absence of 
major regulation of flux at the homoserine dehydrogenase step is supported by the 
report (9) that stringent inhibition of homoserine dehydrogenase by threonine was 
not observed when the assay for this enzymewas performed at a pH with concentra
tions of substrates more closely approximating in vivo conditions. 

Lysine does not play a key roJe in regulation of methionine biosynthesis. Studies 
of incorporation of radioactivity from tracer amounts of 14C-aspartate into the ami
no acids ofthe aspartate family (21) showed that supplementation of Lemna with Iy
sine decreased the flux of 4-carbon units into Iysine to less than 20/o ofthat of control 
plants. Reduction of flux into Iysine was accompained by an equivalent molar reduc
tion of flux through aspartokinase. Flux through homoserine dehydrogenase and 
into the methionine and threonine-isoleucine branches remained unchanged. The 
specific reduction of flux into tbe Iysine branch provides strong evidence of feedback 
inhibition by Iysine at the first committing step in the Iysine branch, namely di
hydrodipicolinate synthase. In vitro studies have indeed established that Iysine is a 
potent inhibitor of this enzyme (27, 29). The comparable reductions of flux into the 
Iysine branch and through the aspartokinase step could be taken to suggest that Iysine 
inhibition of aspartokinase is regulating flux through this step. However, for the rea-
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sons Iisted below ,Iysine inhibition of aspartokinase is neither necessary nor sufficient 
for regulation of entry of 4-carbon units into the aspartate family of amino acids. 

Inhibition of aspartokinase is not necessary for the observed reduction of flux 
through the aspartokinase step, since both aspartokinase (4) and aspartic sernialde
hyde dehydrogenase (5) catalyze readily reversible steps. Thus, any aspartic sernialde
hyde and aspartyl phosphate that would tend to accumulate as a result of feedback 
regulation at the dihydrodipicolinate step can be readily reconverted back to 
aspartate. 

Inhibition of aspartokinase is not sufficient to reduce flux through the aspar
tokinase step: 
(i) Aspartokinase is commonly believed to be 'rate-Iimiting'3, based mainly on 
reports that its activity is much less than those of other enzymes of the aspartate fami
ly of amino acids (35, 37). This property has led investigators to conclude that inhibi
tion of aspartokinase by Iysine (or threonine) has a major physiological effect in 
regulating flux through the aspartokinase step. In contrast, our studies (20, 21) indi
cate that the maximum capacity (V max> of aspartokinase of Lemna, and probably of 
plants in general, is greatly in excess of the in vivo flux through the aspartokinase 
step, so that major changes in aspartokinase activities would have relatively minor 
effects on fluxes through this step. Aspartokinase activities of gel-filtered extracts of 
control Lemna plants were some 40-fold in excess of the in vivo flux through this 
step. If the combined inhibitions resulting from tissue concentrations of threonine 
(190 JLM), Iysine (29 JLM) and AdeMet (15 JLM) in control plants were taken into ac
count, aspartokinase was present in an order of magnitude excess of its in vivo flux. 
Even with complete inhibition of either Iysine- or threonine-sensitive forms, activity 
of the remaining form remained adequate (complete inhibition of lysine-sensitive 
form) or an order of magnitude more than required (complete inhibition of 
threonine-sensitive form) for in vivo flux through the aspartokinase step. Only with 
complete inhibition of both threonine- and lysine-sensitive activities4 does aspar
tokinase fail to provide sufficient activity for in vivo flux through this step. While 
calculations of this sort are clearly subject to considerable error, they do indicate 
that, rather than being 'rate-limiting', aspartokinase has considerable excess capacity 
in vivo. Corroborative evidence for the large excess capacity of aspartokinase, and 
a closer quantitative approximation of this excess, was provided by comparison of 
aspartokinase activities and fluxes through the aspartokinase step for plants sup
plemented with Iysine (21 ). In these studies, fluxes through aspartokinase were deter
mined from measurements of radioactivity from tracer 14C-aspartate incorporated 
into protein amino acids ofthe aspartate family. This flux was determined tobe 650/o 
that of control plants. The total activity and relative proportion of Iysine- and 
threonine-sensitive forms of aspartokinase activity in gel fittered extracts of these 
plants was essentially identical to that of control plantss. The tissue concentration of 

3 As generally recommended (25, 31), the term 'rate-limiting ('pacemaker', 'bottle neck', etc.) is avoid
ed, and is used here only for the sake of accurate reporting of other workers' conclusions. 
4 About 0.7DJo of the total aspartokinase activity of Lemna was insensitive to inhibition by Iysine or 
threonine (20). 
' In agreement with sturlies of Rognes et al. (37) with barley, none of the combinations of aspartate fami
ly amino acids added as supplements during steady-state growth caused appreciable changes in either 
Iysine- or threonine-sensitive aspartokinase activity. This finding argues against derepression of either 
Iysine- or threonine-sensitive aspartokinase. 
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5.1 mM Iysine in these plants is an order of magnitude above that required for com
plete inhibition of lysine-sensitive aspartokinase. Flux through aspartokinase in these 
plants would therefore be solely dependent on threonine-sensitive activity. Activity 
of the latter form, at the essentially normal tissue concentration of 0.25 mM threo
nine in lysine-supplemented plants, was calculated tobe 130Jo of the uninhibited ac
tivity; this activity is 0.90Je ofthe total uninhibited aspartokinase activity . These data 
show that only 20"lo (13 + 65%) of threonine-sensitive aspartokinase activity acting 
alone, or 1 "lo of the total aspartokinase activity, is adequate for normal flux through 
the aspartokinase step. This value is in close agreement with the tentative estimate 
noted above of a 40-fold excess capacity of aspartokinase. Essentially identical 
results were obtained for plants growing with Iysine supplement also containing 
methionine. 
· In summary, these data show that a reduction of aspartokinase to less than 1 "lo 

of its uninhibited value has relatively little effect on flux through the aspartokinase 
step6• Kacser and Porteous (25) use the term 'flux control coefficient' to quantitate 
the extent to which a particular enzymein a pathway contributes to the overall regula
tion of flux. This terrn is defined as the fractional change in flux relative to a small 
fractional change in enzyme. High values approaching unity indicate that flux 
responds almost proportionally to changes in enzyme activity, and define steps that 
play major roles in regulation. By contrast, enzymes exhibiting low values exercise 
relatively little control over flux. Although the large changes in aspartokinase in our 
experiments preclude precise determination, a gross upper Iimit of 0.3 for the appar
ent flux control coefficient for aspartokinase was approximated by dividing the 
decrease in flux (35"lo) by the corresponding decrease in total aspartokinase activity 
(99 .1 "lo) through aspartokinase in lysine-supplemented plants. This low maximal 
value for the flux control coefficient indicates that this enzyme exercises little control 
over flux through the aspartokinase step. 
(ii) Growth data fully support the concept that inhibition of aspartokinase is not 
a major factor in regulation of flux through the aspartokinase step (21). Thus 
growth of Lemna supplemented with Iysine under the conditions resulting in greater 
than 99% inhibition of total aspartokinase activity, does not result in a growth 
requirernent of the other amino acids (methionine or threonine) that are depen
dent on aspartokinase for their synthesis. Neither does Iysine plus methionine 
result in a requirement for threonine. Similar findings have been reported by Rognes 
et al. (37) in studies with excised barley embryos. Of all possible combinations of 
Iysine, threonine and rnethionine, only the combination of Iysine plus threonine 
caused appreciable inhibition of growth. This inhibitory effect of Iysine plus threo
nine, and its reversal by methionine, have been reported in a wide range of plant spe
cies (8, 10, 29). These effects have been ascribed to a drastic inhibition of flux 
through the aspartokinase step, resulting from the combined inhibition of both 
lysine- and threonine-sensitive forms of the enzyrne (29). Our studies with Lemna are 
in complete agreement with this proposal. As mentioned in (i) above, the combined 
presence of Iysine plus threonine was the one condition estirnated to cause sufficient 
inhibition of aspartokinase for this enzyme to become limiting for in vivo flux 

6 Some physiological effect would be expected from this severe inhibition of aspartokinase. It is suggest
ed (21) that a majorend result of feedback inhibition of this enzyme would be to regulate the concentra
tions of aspartate substrate. 
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Fig. 5. Revised scheme for regulation of methionine biosynthesis. Proposed regulatory effects are illustrat
ed as described in Fig. 4. 

requirements. Direct demonstration or Iimitation or nux through the asparto
kinase step during growth with lysine plus threonine was provided by measurements 
of flux of 4-carbon units with 14C-aspartate (21). While growth with threonine 
alone caused no reduction in flux, and growth with Iysine alone caused only a 350Jo 
reduction in flux, the combination of threonine plus lysine7 reduced flux through 
the·aspartokinase step to 4o/o that of control plants, with comparable reductions into 
the threonine/isoleucine, methionine, and Iysine branches. Regulation of flux 
through the aspartokinase step under these conditions is probably a Iabaratory ar
tifact of little physiological significance. The concentrations of Iysine and threonine 
required to limit flux through the aspartokinase step are at least an order of magni
tude greater than those found under conditions of normal growth, or under condi
tions of feedback inhibition of methionine biosynthesis. Further, such stringent inhi
bition of aspartokinase carries with it the penalty of methionine deprivation. 

7 The additional presence of methionine was required in cultures supplemented with Iysine plus 'threonine 
in order to obtain normal steady-state growth rates. 
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Revised scheme for regulation oj methionine biosynthesis 

The revised scheme for regulation of methionine biosynthesis illustrated in Fig. 5, 
although still tentative, is considered to be more accurate than models presented 
hitherto, and will at least provide a basis for future experimentation. A summary of 
the main regulatory steps in this scheme follows: 
(i) It is fir!'fllY established that methionine regulates flux at the cystathionine 'Y-syn· 
thase step. Down regulation of this enzyme observed in methionine· supplemented 
plants is probably necessary, but was shown not to be sufficient, for regulation of 
flux into the methionine branch. Inhibition of cystathionine "f·Synthase by inorganic 
phosphate (22) or 3-methylthiopropionate (14) may be additional factors contribut
ing to the reduction of flux through the cystathionine -y-synthase step. The latter com
pound is a natural product derived from methionine in lower plants (32) and is pre
sent as the methyl ester in pineapple (24). However, high concentrations in the order 
of 0.1 mM were required for inhibition, and it remains to be shown that 3-methyl
thiopropionate is a natural product of methionine metabolism in high er plants. 
(ii) Reduction of flux into the methionine branch must be accompanied by an equiva
lent reduction of flux into 0-phosphohomoserine. If flux into 0-phosphohomo
serine were not reduced during regulation of methionine biosynthesis, the resultant 
increased concentration of 0-phosphohomoserine would be expected to increase flux 
through cystathionine 'Y-synthase (thereby restoring flux through this step), and/or 
to divert 4-carbon units normally entering the methionine branch into the threo
nine/isoleucine branch (resulting in an accumulation of soluble threonine). Neither 
effect was observed. 
(iii) It is speculated that homoserine kinase, which catalyzes the flrst irreversible step 
in the series of reactions leading to methionine, is the most likely site at which regula
tion of 0-phosphohomoserine synthesis might occur during regulation of methionine 
biosynthesis. Limited studies of this enzyme reveal properties which could potentially 
allow a reduction in flux at the homoserine kinase step by just the amount needed 
for regulation of methionine biosynthesis, without affecting flux into the threo
nine/ isoleucine branch. For example, AdoMet-sensitive and AdoMet-insensitive 
homoserine kinases have been reported in pea leaves (30), and Baum et a/. (2) have 
described homoserine kinase activity in radish leaves that is allosterically inhibited 
by AdoMet and isoleucine. 
(iv) Although the physiological significance of the allosteric stimulation of threonine 
synthase by AdoMet remains to be clarified, there is no evidence to suggest that this 
effect is not important in vivo and it is therefore included in the revised scheme. The 
in vivo role of this stimulation becomes especially intriguing in the light of our find
ings that the pool of soluble threonine is not elevated in methionine-supplemented 
plants, and that the steps catalyzed by aspartate kinase and homoserine de
hydrogenase are not major sites for regulation of flux. It is suggested that the Stimu
lation by AdoMet of threonine synthase may help maintain normal rates of synthesis 
of threonine in the face of lowered concentrations of 0 -phosphohomoserine. 

Implications oj revised scheme 

To the extent that Lemna is representative of higher plants, the ideas outlined in Fig. 
5 provide valuable guidance in attempts to enhance the nutritional value of crop 
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plants by increasing their contents of methionine, Iysine and threonine. Two major 
points are brought clearly into focus. First, if other factors are unchanged, even if 
an increased rate of synthesis of aspartyl phosphate were achieved, the available pro
duct is unlikely tobe favorably distributed from a nutritional point of view. Methio
nine (17), Iysine (21) and isoleueine (19, 21) each strongly feedback regulates its own 
synthesis, whereas threonine does not (19, 21 ). Any increased synthesis of the aspar
tate family of amino acids might therefore be expected to result in increased synthesis 
of threonine, but not of the other amino acids. A secend problern foUows from the 
low flux control coefficient of aspartokinase: increased activities of aspartokinase or 
decreased sensitivities to inhibition by Iysine or threonine would not be expected to 
be accompanied by corresponding increases in flux through aspartokinase. This 
property of aspartokinase argues against the strategy of selecting for plant variants 
resistant to growth with Iysine plus threonine, and containing aspartokinase with 
higher activity or diminished sensitivity to inhibition by Iysine or threonine (6). Since 
the concentration of aspartate, rather than the activity of aspartokinase, probably 
Iimits flux through the aspartokinase step (21), it is suggested that efforts would best 
be directed toward increasing the steady-state supply of aspartate to the site of aspar
tokinase in chloroplasts. Some speculations on how this may be accomplished, while 
at the same time achieving a desirable nutritional balance in the increased synthesis 
of the aspartate farnily of amino acids are discussed in detail elsewhere (21). 
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DISCUSSION SECTION 1 

Regulation of uptake and reduction of sulfate and of cysteine formation 

Uptake 

Experiments using isolated roots from tobacco show an inhibition of 3SSO/- uptake 
by glutathione. Since it has been shown that glutathione is transported from shoots 
to roots, it could be a signal compound for controlling SO/- uptake. These results 
do not seem to exclude internal sulfate concentration as a signal, however, because 
glutathione can be oxidized to sulfate rather rapidly. Even though no increase in 
sulfate concentration was detected in the presence of glutathione, a small, but 
relevant increase in the cytoplasm may have escaped detection. In green algae, which 
do not oxidize glutathione, it was shown that sulfate uptake was regulated by the 
internal sulfate pool. Since oxidized glutathione inhibits protein synthesis the result 
from excised roots could also be explained by assuming that SO i- is no Ionger 
reduced because of this inhibition. It thus accumulates and inhibits uptake of 
3sSo/-. 

Regulation of reduction 

A TP sulfurylase, the first enzyme of assimilatory sulfate reduction is regulated in 
various different ways. This could be anticipated from its strategic position in the 
pathway. Inhibition by its product adenosine 5' -phosphosulfate and by adenosine 
5'-monophosphate and derepression by an appropriate nitrogen source have been 
known before. In maize, the extractable activity of the enzyme is increased under 
conditions of sulfur starvation and at high light intensities and decreased by cysteine 
and sulfate. Experiments using isohited maize chloroplasts indicate a light activation 
of ATP sulfurylase, but this does not seem tobe an ubiquitous regulatory mecha
nism. 

The whole pathway of assimilatory sulfate assimilation seems also to be regulated 
by the sulfate concentrations present in the plants, since increased Ievels of thiols 
were detected in the presence of high sulfate concentrations. 

An increase in thiols was also detected at lower temperatures; it is not clear, 
however, whether this results from increased sulfate reduction or inhibition of 
protein synthesis with a parallel inhibition of assimilatory sulfate reduction. 

In view of the different pathways proposed for the reduction of sulfatein higher 
plants the question of mutants for sorting out the physiological relevant pathways 
was addressed. A great number of useful mutants have been described in the nitrate 
reduction pathway. In view of the many similarities between sulfate and nitrate 
reduction the isolation of mutants should not be impossible. In bacteria, mutants for 
every enzyme of the pathway have been detected, andin Chlorella, several mutants 
have also been described. Up to the present moment, however, no mutant in the 
pathway of assimilatory sulfate reduction of higher plants has been described. It 
seems, however, that mutants from plants should be feasible, using thiosulfate as a 
screening substance. 
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Roots contain all enzymes of assimilatory sulfate reduction and they can be isolated 
and cultivated in nutrient solution containing sulfate as sole sulfur source. This 
shows that they are completely autonomaus with respect to sulfate assimilation. lt 
is not clear, however, if in the intact plant, the roots arealso selfsufficient, because 
it has been shown that glutathione is transported from the leaves to the roots and its 
sulfur is incorporated into root proteins. Much more work will be necessary for a 
final conclusion, which may then be close to that from experiments in the field of 
nitrate assimilation, where the distribution of the in vivo reduction between shoot 
and root is different from species to species. 

The Ievel of cysteine, which seems tobe toxic to plants at increased concentrations, 
is regulated via the enzymes of assimilatory sulfate reduction, the availability of 0-
acetyl-L-serine, the release of sulfide from the carrier, the utilization, mainly for the 
synthesis of proteins, methionine and glutathione and degradation. Serine trans
acetylase, which catalizes the formation of 0-acetyl-L-serine, is inhibited by very low 
concentrations of cysteine in bacteria. In higher plants this enzyme activity is not 
modulated in its extractable activity by cysteine. Under anaerobic conditions, rather 
low concentrations of cysteine inhibit the enzyme in vitro. This regulation may also 
be of importance in vivo for coordinating assimilatory sulfate and nitrate reduction 
with the aim to synthesize appropriate amounts of amino acids and sulfur amino 
acids for protein synthesis. 



Section 2. 
Metabolism of sulfur into organic sulfur compounds 



Contents 

2.1 H. Rennenberg and G.L. · Lamoureux, Physiological processes that 
modulate the concentration of glutathione in plant cells 53 

2.2 M. Kreis, Synthesis, structure and evolutionary relationships of sulfur-
rich seed proteins in higher plants 67 

2.3 K.F. Kleppinger-Sparace, S.A. Sparace and J.B. Mudd, Plant sulfolipids 77 

2.4 E. Grill, E.-L. Winnacker and M.H. Zenk, Phytochelatins, the heavy 
metal binding peptides of the plant kingdom 89 

2.5 E. Schnug, Glucosinolates - fundamental, environmental and agri-
cultural aspects 97 

2.6 Discussion 107 



PHYSIOLOGICAL PROCESSES THAT MODULATE THE 
CONCENTRATION OF GLUTATHIONE IN PLANT CELLS 

Heinz Rennenberg1 and Gerald L. Lamoureux2 

1 Fraunhofer-lnstitut für Atmosphärische Umweltforschung, D-8100 Garmisch
Partenkirchen, F.R.G.; 1USDA, Agricultural Research Service, Bioseiences 
Research Laboratory, Fargo, ND 58105, U.S.A. 

Contents 

Introduction 

Distribution of glutathione in plant cells 

Synthesis of glutathione 

Glutathione degradation 

Membrane- and long-distance transport of glutathione 

Conjugation of glutathione with xenobiotics 

Conclusions 

Literature cited 

Introduction 

53 

53 

55 

56 

58 

60 

62 

62 

Glutathione ('y-glutamylcysteinylglycine) is the mostabundant low molecular weight 
thiol in most animal and plant cells (30, 42). High concentrations of thiols have also 
been detected in procaryotic organisms, however, a significant number of these or
ganisms, especially the anaerobic bacteria, contain very low concentrations of 
glutathione (19). Coenzyme A and -y-glutamylcysteine are the major low-molecular 
weight thiols in some of these organisms (46, 66). Glutathione was not detected in 
the eukaryote, Entamoeba histo/ytica, but high concentrations of cysteine and sever
al unidentified thiols were present (22). Mutants of E. coli that Iack glutathione and 
the enzymes for glutathione biosynthesis grow at the samerate as the parental strains, 
but they are highly susceptible to a wide range of chemical agents (2). Basedonthese 
Observations, it can be concluded that glutathione is not a primary product of cellular 
metabolism essential for life, but it may play an important roJe in the detoxification 
of compounds that are unfavorable for growth. 

Distribution of glutathione in plant cells 

Glutathione is not the major low molecular weight thiol in all higher plants. As first 
reported by Price (49), severallegumes contain a structural analog of glutathione. 
This analog, initially named phaseothione, was identified as -y-glutamylcysteinyl-ß-
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Fig. 1. Processes that modulate the concentration of glutathione. XSSG, glutathione mixed disulfides; 
GSH, reduced glutathione; GSSG, oxidized g!utathione. 

alanine (homoglutathion.e) (8, 9). Recent experiments have shown that homogluta
thione is present in addition to glutathione in many legumes and that the ratio of 
glutathione/homoglutathione may vary by orders of magnitude between different 
tribes and also between different organs of the same species (31). These differences 
within the same species may be explained by differences in glutathione/homogluta
thione metabolism between organs and/or selective transport. Therefore, it is uncer
tain to what extent homoglutathione is not only a structural analog of glutathione, 
but also a functional analog. A survey of the thiol composition of other orders of 
the Plant Kingdom has not been performed, so it is not known whether the presence 
of structural analogs of glutathione is restricted to legumes. 

Large variations in glutathione Ievels in different plant argans have been observed 
(e.g. 31). Thesevariations may be due to differences in the role of glutathione in the 
various plant organs. Glutathione is present in higher concentrations in the leaves 
than in the roots (31). In the leaves, glutathione appears tobe involved in the detoxifi
cation of injurious oxygen species generated in the chloroplasts (27). In the roots, 
glutathione Ievels can be elevated by exposure to certain xenobiotics (e.g. 38). In 
plants, seeds contain the highest concentrations of glutathione (e.g. 31). In most liv
ing cells glutathione is largely maintained in its reduced form (GSH) by glutathione 
reductase, but seeds and spores may contain high concentrations of glutathione disul
fide (GSSG) and glutathione mixed disulfides (18, 20, 21). It is likely that GSSG con
tributes to dormancy in seeds and spores by inhibition of protein synthesis (21, 35). 
GSSG-mediated inhibition of protein synthesis is also observed in plants exposed to 
drought-stress (13). 

The distribution of glutathione within plant cells has been investigated by several 
authors. From 50-76r1/o of the glutathione was found in the chloroplasts and the con
centration of glutathione in this organeile is in the millimolar range (23, 32, 51, 69, 
75). Basedon studies with fractionated protoplasts, it was estimated that 7% of the 
glutathione is in the cytoplasm and 170/o in the vacuole (cf. 51); however, unequivocal 
proof that glutathione is a constituent of the vacuole is lacking. 

The concentration of glutathione within a plant cell is not constant, but is modu-
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lated by developmental and environmental factors. The glutathione content of spruce 
needles varies with the season. High concentrations are observed in the winter and 
spring and low concentrations during the summer (17). In several species, the concen
tration of glutathione undergoes light-dependent changes (5, 7, 68) that result in diur
nal fluctuations (34, 64). Many environmental factors, e.g., the sulfur content of the 
soil and the atmosphere (11, 12, 24), growth at high altitudes (25), temperature (47), 
etc. are known to affect the concentration of glutathione in plant cells. However, the 
target or the trigger that mediates changes in glutathione concentrations has not been 
elucidated. Obviously, glutathione Ievels can be modulated by synthesis and degrada
tion in response to environmental factors; however, long-distance transport, mem
brane transport, and biosynthetic processes can also contribute to changes in cellular 
glutathione contents (Fig. 1). 

Synthesis of glutathione 

Synthesis of glutathione has been intensively studied in animal and bacterial cells 
(44). These studies have shown that glutathione is not translated directly from 
mRNA, but is synthesized enzymatically in two steps. In the first step, -y-glutamylcys
teine is produced from glutamate and cysteine in an ATP-dependent reaction cata
lyzed by -y-glutamylcysteine synthetase ( -y-GCS; EC 6. 3 .2.2). In the second step, cata
lyzed by glutathione synthetase (GSH-S; EC 6.3 .2.3), glycine is added to -y-glutamyl-

-y-GCS 

glu + cys + A TP - -y-glu-cys + ADP + P; (A) 

GSH-S 

-y-glu-cys + gly + ATP - -y-glu-cys-gly + ADP + P1 (B) 

cysteine at the C-terminal site to yield glutathione. Both enzymes of glutathione bi
osynthesis have been purified from animal sources to apparent homogeneity and 
their catalytic and physical properties have been characterized (43, 63). 

In higher plants, glutathione appears to be synthesized by the same two-step 
mechanism. The intermediate of glutathione biosynthesis, -y-glutamylcysteine, is 
present in many plant species (30). During illumination of spinach leaves, this dipep
tide declined to about the same extent as the concentration of glutathione increased 
(7). In crude homogenates of maize roots or cultured tobacco cells, g1utathione is syn
thesized from its constituent amino acids in the presence of A TP ( 10, 53). A prelirni
nary report by Steffens and Williams (70) indicated the presence of -y-GCS in cultured 
tomato cells; however, the first comprehensive study of plant -y-GCS (cultured tobac
co cells) is reported in this book by Bergmann and Hell (3). As observed for mam
malian -y-GCS, tobacco -y-GCS can also utilize a-amino-butyrate instead of cysteine 
as a substrate; however, the affinity of tobacco -y-GCS for a-amino-butyrate is much 
lower than that found for -y-GCS from mammalian sources (65). Tobacco -y-GCS is 
inhibited by methionine-S-sulfoximine and buthionine sulfoximine, indicative of an 
enzyme-bound -y-glutamyl phosphateintermediate (cf. 44). Tobacco -y-GCS has a 
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molecular weight of 60 kDa (gel chromatography), and it undergoes dissociation into 
two equal 34 kDa subunits upon treatment with dithioerythritol. Dissociation is ac
companied by a large loss in activity. Animal -y-GCS dissociates into a heavy and a 
light subunit, and the heavy subunit exhibits full enzymatic activity (cf. 44). 
Glutathione is an inhibitor of tobacco -y-GCS. Inhibition is competitive with respect 
to glutamate and the apparent ~ for GSH of 0.4-0.6 mM may suggest a physiologi
cally significant feedback mechanism. 

Glutathione synthetases from several plant species have been characterized (29, 32, 
33, 39, 40). The GSH-Ss from legumes have an apparent molecular weight of 84 kDa 
(40). Inhibition of GSH-S from spinach by thiol reagents suggests the presence of a 
thiol in the catalytic site ofthe enzyme (39). The GSH-Ss from pea and tobacco have 
similar affinities to -y-glutamylcysteine and -y-glutamyl-a-amino-butyrate (29, 40); 
however, significant differences were observed in the specificity of GSH-Ss from 
different plant sources for the amino acid added to -y-glutamylcysteine. Plants that 
contain high Ievels of homoglutathione contain GSH-Ss with a greater affinity to {3-
alanine than glycine, and plants that contain high Ievels of glutathione contain GSH
Ss with a greater affinity for glycine than {3-alanine (33, 40). This Observation led to 
the denomination of 'homo-GSH-synthetase' for the enzyme present in plants that 
contain high Ievels of homoglutathione (40). Both homo-GSH-S and GSH-S are 
strongly inhibited by 5 mM ADP, but they are only slightly affected by 5mM GSH 
(39, 40). GSH-S seems tobe present in both the chloroplasts and the cytoplasm (29, 
32) and it appears that glutathione synthesis may take place in both cellular compart
ments. The rate of glutathione synthesis and the factors which control this rate have 
not been elucidated. 

Glutathione degradation 

Glutathione degradation is an essential part of sulfur nutrition in higher plants. 
Tobacco suspension cultures are able to grow with glutathione as the sole source of 
sulfur (56). The roots and the growing parts of the stem of several plant species are 
supplied with reduced sulfur in the form of glutathione via long-distance transport 
(see below). Significant amounts of glutathione must be degraded in these tissues to 
make the reduced sulfur available for protein synthesis. The rate of glutathione tur
nover and the factors that modulate this process have not been investigated in plant 
cells. 

In animal cells, the degradation of glutathione is initiated by a -y-glutamyl trans
peptidase ('Y-GT; EC 2.3.2.2). This enzyme catalyzes the transfer of the -y-glutamyl 
moiety of glutathione to an amino acid acceptor (AA) (44). The resultant dipeptide, 

'Y-GT 

-y-glu-cys-gly + AA - -y-glu-AA + cys-gly (C) 

cysteinylglycine, is hydrolyzed by a dipeptidase (EC 3.4.13.6). The -y-glutamyl di
peptide produced in the -y-GT reaction is cyclized by a -y-glutamyl cyclotransferase 
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dipeptidase 

cys-gly - cys + gly (D) 

('y-GCT; EC 2.3.2.4) to 5-oxo-proline, the cyclic Iactam of glutamic acid. The 5-oxo
proline is then hydrolyzed to glutamic acid by an A TP-dependent reaction catalyzed 

-r-GCT 

-y-glu-AA - 5-oxo-proline + AA (E) 

catalyzed by 5-oxo-prolinase (5-0P). This reaction appears to be the rate-limiting 
step of glutathione degradation in animals (44). From this pathway of glutathione 

5-0P 

5-oxo-proline + ATP - glu + ADP + Pi (F) 

degradation and the pathway of glutathione synthesis outlined above, Meister and 
coworkers suggested the y-glutamyl-cycle and proposed that transport of amino 
acids by a membrane bound y-GT is a function of this cycle (44). Although the 
proposed function of the y-glutamyl-cycle is controversial (cf. 51), the series of 
reactions involved in the degradation of glutathione in animals has been definitely 
established. 

The path of glutathione degr<!dation in plants is less certain, but several Observa
tions support the hypothesis that glutathione degradation proceeds by a different 
pathway in plants than in animals. Experiments with radiolabeled glutathione have 
shown that y-glutamylcysteine and 5-oxo-proline are intermediates in glutathione 
degradation in plant cells (59, 71), but pulse-labeling experiments to establish the se
quence of these reactions have not been performed. Cysteinylglycine, an intermediate 
of glutathione degradation in animal cells, has not been observed in plant cells. r
Glutamylcysteine derivatives have been found as metabolites of glutathione con
jugates of pesticides in plants, but cysteinylglycine derivatives have been consistently 
found as intermediates of glutathione conjugate metabolism in animals (38). From 
these findings, a pathway for glutathione degradation in plants has been suggested 
(51). Glutathione degradation is initiated by the removal of the glycine moiety by the 
action of a carboxypeptidase (CP). The -y-glutamylcysteine produced by this reaction 
can be used for glutathione synthesis (reaction B), or it can be further degraded to 

CP 

y-glu-cys-gly - y-glu-cys + gly (G) 

cysteine and glutamate by the action of y-GCT and 5-0P (reactions E, F and Fig. 
2). This pathway requires the action of a y-GCT highly specific for y-glutamyl
cysteine since plant cells frequently contain significant concentrations of other 
r-glutamyl dipeptides. Although the r-GCTs from animals appear to be relative
ly non-specific, the y-GCT from tobacco is highly specific for S-containing r
glutamyl dipeptides (72). 5-0xo-prolinase, also required for this pathway, has been 
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observed in numerous plant species (cf. 51). This enzyme is regulated by sulfur nutri
tion, a prerequisite if it plays a role as the rate-limiting factor in glutathione degrada
tion (55). A glutathione-specific carboxypeptidase, which would also be anticipated, 
has not been demonstrated in plant ceUs. Both 'Y-GCT and 5-0P aresoluble enzymes 
localized in the cytoplasm (58, 72); therefore, glutathione degradation in plants prob
ably occurs in this cellular compartment. 

Membrane- and long-distance transport of glutathione 

Export of glutathione has been observed in bacterial (48), animal (cf. 44), and plant 
cells (cf. 51). In green tobacco suspension cultures, up to 990Jo of the glutathione syn
thesized by the cells is translocated into the culture medium (4, 52). Considerable ex
port of glutathione from tbe leaf mesophyll cells must occur since glutathione is the 
predominant form of reduced sulfur translocated in the phloem from the leaves to 
the roots (6, 57). Glutathione is transported in the reduced form in all plant species 
that have been investigated (6, 44, 48), but GSSG can be exported in some animal 
tissues if the intracellular GSSG Ievel is sufficiently elevated (cf. 44). 

Little if any intact glutatbione is taken up by animal tissue (cf. 44). Extracellular 
glutathione is degraded by membrane-bound 'Y-GT and the resultant 'Y-glutamyl 
dipeptides and amino acids are taken up by the cells. Several Observations indicate 
an influx of glutathione-sulfur into plant cells. Glutathione accumulated in the medi
um of photoheterotrophic tobacco suspension cultures grown with sulfate as the 
source of sulfur; after the sulfate had been depleted, the cells were able to take up 
glutathione and grow with it as the source of sulfur (4, 52, 56). Glutathione transport
ed in the phloem to the roots (57) has to be taken up by the root tissue to make the 
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reduced sulfur available for protein synthesis. Experiments with tobacco cells have 
shown that extracellular glutathione is transported intact (SO). Glutathione is taken 
up by plant cells exclusively in its reduced form (Rennenberg, unpublished results). 
Apparently the influx of extracellular glutathione proceeds via different processes in 
animal and plant cells. 

Recent experiments have shown that the uptake of glutathione by tobacco cells is 
an active, carrier-mediated process (Rennenberg, unpublished results). At physiolog
ical concentrations (l0-3 - w-s M), glutathione transport exhibited biphasic kinet
ics with apparent Km-values of 1.4.10-s M and 7.8.10-4 M, respectively. This 
biphasic kinetics may be the consequence of different catalytic properties of 
glutathione transport systems at the plasmalemma and tonoplast membrane. The 
hypothesis that transport of glutathione in plant cells can occur at the tonoplast mem
brane is consistent with the transient elevation of glutathione Ievels in response to 
elevated Ievels of sulfur in the atmosphere or soil (11, 12, 24); however, direct evi
dence for a transport of glutathione into the vacuole is lacking. 

In higher plants, glutathione can not only undergo membrane transport, but it can 
also undergo long-distance transport in the phloem (6, 41, 57, 60). Transport of 
glutathione in the phloem is observed irrespective of whetber plant roots are supplied 
with sulfate or the leaves are supplied with sulfate, sulfite, or sulfur dioxide (cf. 60). 
Glutathione appears tobe transported in the phloem in its reduced form (6) and may 
be maintained in that state by glutathione reductase activity present in the transport 
tissue (1). Neither retranslocation of significant amounts of glutathione in the xylem 
nor glutathione accumulation in the roots and growing parts of the stem were ob
served when plants were grown with sufficient but not excess amounts of sulfur. 
Tlterefore, it can be assumed that during vegetative growth, long-distance transport 
of glutathione to the roots and the growing parts of the stems is required to supply 
these argans with sufficient reduced sulfur for protein synthesis that takes place 
mainly in the mature leaves (60). Homoglutathione is the major form of reduced sul
fur in the transport tissue and the developing fruit of the legume, Vigna radiata (41). 
Therefore, translocation of glutathione may also be necessary for the storage of 
reduced sulfur in the seeds. The rate of long-distance transport of glutathione has 
not been determined in any plant species, but Alosi et al. (1) reported millimolar con
centrations of glutathione in the phloem exudate of cucurbits, suggesting that high 
concentrations of glutathione are translocated in the phloem of these plants. 

Recent experiments suggest an additional function for the long-distance transport 
of glutathione. Sulfatetransport is inhibited by physiological glutathione concentra
tions in heterotrophic, but not in green tobacco cells (56); apparently glutatbione or 
one of its metabolic products inhibits de novo synthesis of sulfate carriers in hetero
trophic cells (54). Experiments with root segments of tobacco indicate that gluta
thione may inhibit the uptake of sulfate in the intact plant (Herschbach and Rennen
berg, unpublished results). Therefore, the sulfur nutrition of the plant may be 
regulated by the synthesis and transport of glutathione. Sulfate available to the roots 
may be initially taken up in amounts that exceed the plant's requirement for sulfur. 
Uptake of excess sulfate by the roots would result in transport of excess sulfatein 
the xylem to the leaves. As a consequence, sulfate would accumulate in the leaves and 
sulfate reduction and assimilation would be enhanced. Under these conditions, 
glutathione would accumulate in tbe leaves ( 11 ), but it could also be translo-
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cated to the roots. lftranslocation of glutathione from the leaves to the roots exceeds 
the needs of the roots for reduced sulfur, glutathione or one of its metabolic products 
would accumulate in the roots. Accumulation of such products could inbibit further 
sulfate uptake by preventing de novo synthesis of sulfate carrier entities. Additonal 
experiments are needed to test this hypothesis. 

Conjugation of glutathione with xenobiotics 

The concentration of glutathione in plant cells is not only the result of synthesis and 
degradation, but it is also the result of metabolic processes that utilize glutathione 
as a substrate. These metabolic processes include phytochelatin synthesis (26, 61), 
synthesis of glutathionyl-polyamines (73) and conjugation of glutathione with 
xenobiotics (38). Because of the current interest in the metaballe fate and the selec
tivity of pesticides in plants, conjugation of glutathione with pesticides is probably 
the best understood example among the metabolic processes that utilize glutathione 
as a substrate. Although spontaneaus conjugation with glutathione has been ob
served in vitro, in the living cell this reaction is usually catalyzed by a group of en
zymes, the glutathione-S-transferases (GSTs; EC 2.5 .1.18). The toxic effects of many 
pesticides in plants can be diminished or prevented by the action of these enzymes. 
The large amount of data published on this subject has been reviewed recently (38) 
and only a few important findings are excerpted in this discussion. 

Enzymatic glutathione conjugation of pesticides can proceed via different types of 
reactions, including the following: nucleophilic displacement of a chloro- and/or a 
nitro-group as observed with the triazine herbicides, such as atrazine, with the 
chloroacetamide herbicides, such as metolachlor, or with the fungicide, penta
chloronitrobenzene; nucleophilic diphenyl ether cleavage as observed with the herbi
cides, fluorodifen and acifluorfen; nucleophilic addition to an epoxide ring as ob
served with the herbicide synergist, tridiphane; or glutathione conjugation following 
an activation reaction as observed with the thioacramate herbicide EPTC (36,38). 
EPTC is oxidized to a sulfoxide prior to conjugation with glutathione (38). Plant 
GST enzymes also exhibit glutathione peroxidase activity in vitro, but it has not been 
established whether this isanormal physiological role for OSTs (14). 

From the broad range of pesticides conjugated and the different types of reactions 
involved, it is not surprising that OSTs comprise a group of isozymes with differing 
substrate specificities. OSTs are constitutively present in many plant species, includ
ing trees that grow in remote areas (62) where their only exposure to pesticides occurs 
by atmospheric transport (16). The OST isozymes from corn that utilize herbicides 
as substrates have been the most intensively studied of the plant OSTs. The GSTs 
represent up to 111/o of the soluble protein in corn; their activity is 2-fold higher in 
the roots than in the shoots, and activity can be signficantly increased by treatment 
with herbicide safeners or antidotes. The enzyme purified from corn is a dimeric pro
tein with a molecular weight of 50 kDa. lt catalyzes the conjugation of atrazine with 
glutathione at a rate of at least 1 nmole per g fresh weight per hour (cf. 38). 

The selectivity of a number of herbicides is due to differences in the rate of OST
mediated herbicide conjugation in the resistant and susceptible species. Several herbi
cides cause injury to crop species when they are used at Ievels required to cantrot the 



Goncentration of glutathione in plant cells 

X 

6•GSH 

~ 
GLY GLU-CYS-GLY GLU-AA 

GLU-CYS .. \. A j- CVS-GLV 
s () ~ 5 6 PLANTS A~~ALS 6 

s-.,.-,.,~!A 
· {) malonyl CoA 

Transaminase~ ~ _CoA 

Reductase / 11 , --~ 
~ C-S Iyase N-malonyi-CYS 

5-CH,-CHOH-COO/ H S 

6 / 6sA"S"• 6 
+NH+4 ~6S 

OH + Pyruvate Q 

6 
Fig. 3. Metabolism of glutathione-conjugates. 

61 

weed species. In some cases this Iack of selectivity can be overcome by the aadition 
of safeners or antidotes. These compounds decrease herbicide injury to the crop spe
cies without reducing herbicide injury to the weed species. In this way, selectivity is 
transferred from the herbicide to the safener. Analysis of the mode of action of 
safeners has shown many examples of elevated GST activity (cf. 38). Enhanced GST 
activity upon safener treatment in corn is due to the induction of both a constitutive 
isozyme (GST I) and an isozyme absent in untreated corn (GST II). Todetermine 
whether safeners act at the transcriptionallevel, cDNA clonesthat encode the major 
GST subunit have been isolated from corn (45, 67, 74). Using these clones as a probe 
for Northern analysis, a 3- to 4-fold increase in the steady state Ievel of the cor
responding mRNA was observed in corn grown from antidote treated seeds. In vitro 
translation of polysomal RNA from root tissue of safener -treated corn plants showed 
a 9-fold increase in mRNA activity encoding for GST (15). However, enhanced GST 
activity will only result in increased detoxification of pesticides if sufficient 
glutathione is present. Since glutathione appears to be a feedback inhibitor of its own 
synthesis (3), it may be assumed that the removal of glutathione for conjugation can 
increase its rate of synthesis. Studies with several safeners have shown enhanced 
glutathione Ievels and enhanced glutathione synthesis as a consequence of safener 
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treatment. In corn, even the uptake of sulfate and its reduction were stimulated by 
exposure to a safener (38). These Observations indicate that the mode of action of 
safeners on glutathione conjugation and glutathione synthesis is complex and not un
derstood at the molecular Ievel. For a more comprehensive discussion of herbicide 
safeners, readers are referred to a recent review of this subject (28). 

Glutathione conjugates undergo metabolism by numerous enzymatic and non
enzymatic reactions (cf. 38, 36). An abbreviated pathway that shows some of the 
major reactions involved in the metabolism of glutathione conjugates in animals and 
plants is shown in Fig. 3. Glutathione conjugates are catabolized to cysteine deriva
tives in both plants and animals, but it appears that the pathway leading to the cys
teine derivatives is different in plants than in animals. In corn, sorghum, and sugar
cane, T-glutamylcysteine derivatives are produced as an intermediate. In animals, 
cysteinylglycine derivates are usually formed. The cysteine derivatives can be the 
final metabolites of glutathione conjugates, but in fact they are usually degraded to 
other products (Fig. 3). Malonylcysteine derivatives are among the most abundant 
end-products of these reactions in plants while mercapturic acids are among the 
abundant reaction products in animals. The formation of malonyl derivatives may 
be a mechanism in plants to prevent further metabolism and to enable deposition of 
the metabolite in the vacuole, but experimental evidence for transport of malonyl
cysteine derivatives at the tonoplast membrane is lacking. Among many other path
ways, degradation of glutathione conjugates toS-methyl-derivatives has been report
ed in plants. The C-S Iyase needed in this pathway has been observed in the 
Cruciferae, severallegumes, andin onion (cf. 38). Perhaps the most exciting recent 
fmding was the report that hydroxylated derivatives of pesticides can be formed as 
the result of the catabolism of a glutathione conjugate (37). 

Conclusions 

During the last decade a substantial body of descriptive miormation has been 
gathered on the metabolism and numerous functions of glutathione in plants. We 
have now reached the point where it is necessary to conduct studies that deal with 
the physiological and molecular mechanisms involved in the modulation of 
glutatbione ·concentrations and glutathione-related processes. We can expect impor
tant findings in this area of research during the next decade. An increasing body of 
evidence suggests that glutathione plays a vital role in many processes that enable a 
plant to survive in an environment that is constantly changing due to anthropogenic 
activities. Studying tbese processes may help us to understand and to predict tbe con
sequences that man-made changes may bave on the environment. Therefore, the 
ecophysiology of glutathione will be an important area of future research. 
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Introduction 

Seed proteins bave traditionally been divided into four classes, namely: albumins, 
globulins, glutelins and prolarnins, on tbe basis of tbeir extraction and solubility in 
different solvents. Dicotyledonous plants contain mainly albumins and globulins, 
while tbe Gramineae (which includes cultivated cereals) usually contain large 
amounts of alcohol-soluble prolamins rieb in proline and glutamine. 

The globulins account for about 7001o of the seed proteins of legumes and otber 
dicotyledonous plants and are composed of two major protein families, the llS (or 
legumin-like) and the 7S (or vicilin-like) proteins, wbicb bave been extensively 
characterized (for a review see 13). These groups of proteins contain re.latively low 
amounts of sulfur-containing amino acids, which may Iimit tbe nutritional value of 
the whole seed (17). Tbe globulins, bowever, provide tbe major source of nitrogen 
utilized by the developing seedling (21, 22). 

The prolamins comprise tbe major storage proteins of all cereals except oats and 
rice. Tbose of the major temperate cereals, wbeat, barley and rye, can be classified 
into three groups, called tbe sulfur-rieb (S-ricb), sulfur-poor (S-poor) and HMW 
prolamins, on tbe basis of their amino acid composition and genetic control (38). 
Altbough the majorzeins of maize are poor in S-amino acids, two minor groups (ZIO 
and Z15 zeins) are S-rich. During tbe last decade the genes encoding cereal protarnins 
have been studied in great detail. 

The seed albumins are a very diverse group of proteins and are usually classified 
as '2S' proteins. They are exceptionally rich in sulfur-containing amino acids, and 
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Fig. 1. Sulfur-rieb proteins occur in diverse species of plants. 

the nutritionaJ vaJue of seed proteins in animal diets is often correlated with their aJ
bumin contents (7). 

Because of their abundance and importance, these various groups of proteins have 
been studied in great detail. More recently the genes encoding them have been isolat
ed and their control of expression is being elucidated. Much emphasis is being put 
on improving the content of sulfur-containing amino acids by altering the expression 
of S-rich proteins in seeds. 

This short review describes the occurrence, the structure, and the evolutionary 
relationship of various S-rich proteins of monocotyledonous and dicotyledonous 
plants. 

Occurrence, compositlon, structure and evolutlonary relationsbips of various sulfur
rieb seed proteins 

Sulfur-riebproteins occur in many diverse species of higher plants. Figure llists the 
eight species that will be discussed in this short review. The S-rich proteins present 
in these can be classified into three main groups: 1) 2S proteins (albumins), 2) pro
tease and amylase inhibitors and 3) S-rich prolamins (see also Fig. 2). 
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Fig. 2. The amounts of methionine and cysteine (mol %) in a number of sulfur-rieb seed proteins from 
monocotyledonous and dicotyledonous plants including brazil out 2S protein (3, 4, 16, 40) maize Z 10 zein 
(24, 25), maize ZIS zein (31), sunflower 2S protein (1, 2), Job's tears trypsin inhibitor (6), soybean trypsin 
inhibitor (6), barley trypsin inhibitor (33), castor bean 2S protein (36), yellow mustard Sinal allergen (32), 
BI bordein (19). 

The 28 proteins have Sedimentation values of about 2 and, apart from their high 
contents of arginine, glutamine and asparagine, are exceptionally rieb in cysteine 
and, in some proteins, also methionine. They probably function as storage proteins. 
The 28 protein from brazil nut (Bertholletia excelsa) is exceptional in that it contains 
about 280Jo ofmethionine + cysteine byweight (Fig. 2)(5, 41) and accounts for about 
30% of the total seed proteins (Fig. 3). The methionine and cysteine contents of vari
ous other sulfur-rieb 28 albumin proteins are shown in Fig. 2. Although their cysteine 
contents are high, none contain as much methionine as the brazil nut 28 protein. The 
ZIO and Zl5 zeins (8-rich prolamins) of maize (Zea mays L.) (24, 25, 31) arealso 
rich in both sulfur amino acids containing about 26% and 15% metbionine + cys
teine respectively. These two proteins together with the 28 brazil nut protein 
represent the most methionine-rich proteins so far isolated and characterized. 
However, the ZIO and Z15 zeins account for only a minor fraction of the total pro
tcins of the maize seed. 

Because these proteins contain large amounts of methionine, it has been suggested 
(see 3, 23) that the nutritional quality of seeds deficient in sulfur amino acids could 
be improved by genetic engineering. 

The S-rich prolamins of barley, wheat and rye account for a larger proportion of 
the total seed proteins (about 40%) (39). Although they contain only about 40Jo 
methionine + cysteine residues (19, 20), they contribute about 25% of the total sul
fur containing amino acids of the seed (10). 
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Fig. 3. The contribution of various sulfur-rieb proteins to the total seed proteins. The data are taken from 
Youle and Huang (41), Lilley and Inglis (29), Antunes and Markaids (5), Shewry et al. (39), Riggins et 
al. (22), Sharief and Li (36), Ohtsubo et al., (34). 

Another group of S-rich seed proteins comprises the Bowman-Birk type pro
lease inhibitors such as the Job's tears and soybean trypsin inhibitors listed in 
Fig. 2, and the trypsin inhibitor of barley. These proteins contain high Ievels of 
cysteine but only between 20Jo and 40Jo methionine. Whereas most of the 2S pro
teins and the S-rich prolamins contribute significantly to the total S-content of the 
seed, the enzyme inhibitors like the ZIO and Zl5 zeins are present in much smaller 
amounts. 

Other 2S albumins not listed in Fig. 2 are the pea PAla and PAlb proteins 
(21, 22). They collectively contribute about 500Jo of the total sulfur-containing 
amino acids of the pea seed, but accountfor only about 4.50J'o of the total seed pro
teins. 

It has been shown previously that the relative amount of different proteins de
posited in the developing grain is influenced by the sulfur and nitrogen nutrition 
(8, 9, 12, 22, 35, 37). Sulfur starvation of barley plants results in major changes in 
the amount and composition of the prolamin fraction (storage proteins), and of 
certain components of the salt-soluble fraction. Electrophoretic analyses of barley 
seed proteins demonstrated that the prolamin fraction was depleted of S-rich B hor
deins (37). Rahman et al. (35) also showed that the population of mRNAs coding for 
B bordein polypeptides was reduced in S-deficient seeds of barley, indicating that the 
control could be at the Ievel of transcription. Similarly, Higgins et al. (22) reported 
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Fig. 4. Biosynthesis and processing of the maize ZIO zein, the brazil nut 2S protein and the sunflower 2S 
protein. For details see Hoffman et ol. (23), Sun et al. (40), de Castro et al. (16), Allen et al. (2). 

that developing pea seeds under sub-optimal sulfur nutrition accumulated reduced 
Ievels of P Al a and P Alb and contained reduced amounts of PAI mRNA during seed 
development. In vitro transcription studies showed that the reduced Ievels of PAl 
mRNA were the result of reduced post-transcriptional stability and not an altered 
rate of transcription of the P Al gene. During normal seed development, however, 
the Ievels of PAl mRNA seem to be under transcriptional control. 

Biosyntltesis and processing of some sulfur-rieb proteins 

The synthesis and deposition of a number of 2S albumins has previously been studied 
in great detail including the 28 proteins of castor bean (11, 30), Brassica napus (15, 
18}, pea 2S protein (21, 22), sunflower 2S protein (1, 2) and brazil nut 2S protein (16, 
40). These proteins are synthesised as larger precursors which are then extensively 
processed before deposition into protein bodies in the embryo (e.g. peas) or en
dosperm (e.g. castor bean) of the seed. In Fig. 4 three pathways of synthesis and 
processing of sulfur-rieb proteins are examined. The Z10 zein from maize, and the 
2S proteins of brazil nut and sunflower. All are synthesised on the endoplasmic retic
ulum (ER) on membrane-bound polysomes. During transfer of the peptide into the 
Iumen of the ER, a hydrophobic signal peptide (S) of about 21 to 22 amino acids is 
cleaved off co-translationally. The subsequent pathway and processing steps differ 
for the various sulfur-rieb proteins. Whereas the ZlO zeins do not undergo any 
further post-translational modifications and are stored in protein bodies as mature 
proteins, the brazil nut and sunflower 2S proteins are further processed by endo
proteolytic cleavage in the vacuole or protein bodies to produce the mature sub
units. 
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Fig. 5. Sehemade representations of the positions of tbe related regions A, B, and C in sulfur-rieb proteins 
from different species. Similar regions of bomology are present in several other sulfur-rieb proteins includ
ing barley trypsin inhibitor (33), but tbese regions are absent in the sulfur-rieb ZIO zein. The precursor 
forms of the proteins are shown and 'S' indicates the signal sequenee. 

Sun et al. (40) have shown through in vitro translation studies that the brazil nut 
2S protein is synthesised as an 18 kDa precursor. In vivo labelling experiments sug
gest that there are two intermediate precursors of 15 and 12 kDa, before generating 
the small (3 kDa) and large (9 kDa) subunits linked by inter-chain disulfide bonds. 
The structure of the mature brazil nut 2S protein is similar to those observed for the 
storage proteins of castor bean and Brassica napus, although the precursor poly
peptides of the latter are much larger. The sunflower 2S protein is processed from 
a 38 kDa precursor polypeptide, resulting in a mature protein of 18 kDa com
posed of a large polypeptide containing one or more intra-chain disulfide linkages 
(2). 

Structural and evolutionary relationships between sulfur-rieb proteins from different 
species 

Computer-assisted comparisons of the 2S albumins, and the S-rich protarnins show 
the presence of three conserved regions (called A, B and C) (see 26, 27, 28). Schematic 
representations of the relative positions of the A, B and C regions in the brazil nut 
2S protein, the sunflower 2S protein and BI bordein are shown in Fig. 5. Similar 
regions are also present in the barley trypsin inhi bitor and rela ted inhibitors of hydro
lytic enzymes from cereals, in the 2S proteins of castor bean, oilseed rape, brazil nut 
and mustard and in other S-rich protarnins (26). The structure of B bordein consists 
of an N-terminal repetitive domain based on short repeat motifs that are rieb in pro
line and glutamine but contain no cysteine, and a larger non-repetitive C-terrninal do
main, poor in proline but containing several cysteine residues. The Z15 zein shown 
in Fig. 5 is one of the few prolarnin groups that do not contain repeated sequences, 
but a methionine-rich region is present (31). The mature 2S proteins consist of two 
subunits (containing regions A and B + C respectively) associated by inter-chain di
sulfide bonds as shown for the brazil nut protein and the rape seed napin in Fig. 4 
and 5 respectively. cDNA cloning has shown that these subunits are synthesised as 
a single precursor (see Figs. 4, 5 and 6) followed by proteolytic cleavage. 
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Fig. 6. Evolutionary relationships between sulfur-rich proteins from different crops. (For details see 
26,28). Asterisks indicate the position of cysteine residues). 

The three conserved regions {A, B & C) are about 30-40 residues long and very rieb 
in methionine and/or cysteine. When tbe various proteins are aligned to maximize 
homology, (26, 27, 28) the arrangement of eysteines and often leueines is seen to be 
conserved. F or example, of the 8 eysteine residues present in the brazil nut 2S protein, 
5 are also present in B 1 hordein, 6 are present in the sunflower 2S protein, and 8 in 
the barley trypsin inhibitor. In these the eonserved eysteines include a eharaeteristic 
double cysteine. The most interesting observation is the eonservation of the 
LQQCCQQ/EL motif in most sequenees and the invariance of the two cysteines at 
positions 4 and 5 and leueine at position 8. The conservation of eysteines in other 
proteins is weil doeumented and may be related to their role in stabilizing the folded 
structure of the protein and interactions between individual subunits. 

In the ease of the brazil nut 2S protein, the deduced amino acid sequenee shows 
that methionine residues mostly oecur in pairs or clusters and about half are present 
in the Band C regions (see Fig. 3 and Fig. 5). Two clusters are present (3), one eaeh in 
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regions B and C, where they are interspersed with arginine residues. In region B, 5 
out of the 6 amino acids which form the duster are methionine residues and four of 
these are contiguous. 

The A, B and C regionsalso appear tobe related to each other (26, 27), suggesting 
that they have evolved from a short ancestral gene. This gene encoding a protein of 
about 30 residues was probably triplicated to give a gene encoding a protein of three 
identical domains which diverged to give regions A, Band C. The subsequent diver
gence of the different types of proteins has occurred by the insertion of sequences 
between and flanking A, Band C. The enzyme inhibitors have diverged least, only 
by Substitutions and small insertions. In the case of most of the 2S albumins, the 
events include the insertion of a proteolytic cleavage linker between A and B (see Fig. 
6). 
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There are now many lipophilic biochemical compounds known in the plant kingdom 
which contain sulfur. In this review, we will utilize the terminology of Haines (18); 
sulfonolipid for those Iipids containing a sulfonic acid, sulfatide for those containing 
a sulfonic acid and sulfocholine for the sulfonium derivative of choline. In the past, 
there has been a tendency to use the terms 'sulfolipid' and 'sulfoquinovosyldiacyl
glycerol' interchangeably. However, here the word 'sulfolipid' will include all 
lipophilic biochemieals which contain sulfur. This operational definition is compara
ble to a definition of Iipids to include all biochemieals soluble in organic solvents. 
Both definitions encompass a range of biochemical structures. Here, we will concen
trate on the biosynthesis of the sulfolipids. 

Sulfoquinovosyldiacylglycerol 

Sulfoquinovosyldiacylglyerol (SQDG) has most recently been reviewed by Mudd and 
Kleppinger-Sparace (41). However, the reviews of Harwood (23) and Benson (3) are 
still enlightening. 

Benson and his Iabaratory played a key roJe in the discovery, characterization and 
research on the metabolism of SQDG. SQDG was discovered by A. Benson and 
coworkers in 1953 utilizing radiolabelled sulfate. In 1959, Benson et al. (4) were the 
first to report its occurrence in photosynthetic bacteria, algae and higher plants and 
to characterize it as a glycerolip.id with a sugar headgroup. Two years later, they con-
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firmed the structure as 1 ,2-diacyl-3-(6-sulfo-o:-D-quinovopyranosyl)-L-glycerol (10). 
At that time, this was the only known sulfur-containing glycerolipid and the only 
Iipid, plant or animal, containing a carbon-sulfur bond. SQDG was then termed 'the 
plant sulfolipid', a name strongly associated with it even now. 

Biosynthesis of SQDG has been studied in vivo and in vitro in algae and higher 
plants. SQDG synthesis is rapid, as Benson & Shibuya (5) frrst indicated, since 
Iabelied precursors are incorporated within minutes. Bensen (3) indicates the impor
tance of its location primarily in photosynthetic tissues. The lack of SQDG in animal 
tissues, which lack both sulfate reduction and carbon fixation, and its presence in Eu
glena, algae and higher plants emphasizes the importance of carbon fixation in 
SQDG biosynthesis. This aspect has received little attention. 

The biosynthesis of SQDG remains achallenging problem. Lipid biochemists have 
long taken advantage of water-soluble precursors such as acetate or glycerol to study 
fatty acid or glycerolipid synthesis since the product and substrate are easily separat
ed by partitioning between water and an organic solvent. However, the difficulty in 
studies of SQDG synthesis lies in determining the intermediates between sulfate and 
SQDG since numerous water soluble sulfur compounds are formed, most unrelated 
to the synthesis of SQDG, as evident in the chromatograms of Shibuya et al. (54). 

Problems inherent in studies of SQDG include (I) the different uptake kinetics of 
the various sulfur precursors (14,40), (2) the addition of sulfur precursors on top of 
preexisting sulfur pools which can alter the direction of normal sulfur metabolism 
(51), and (3) prolonged incubation times in which degradation products and other 
nonrelated sulfur compounds are formed as various sulfur compounds are metabo
lized back to sulfate. Results with sulfite and molybdate need careful interpretation 
since sulfite is very reactive in general and since molybdate not only inhibits sulfate 
activation but also affects sulfate uptake (14, 20), sulfite oxidation (55) and can form 
complexes with amino groups and SH groups (25). Also, results in the Euglenophyta 
may differ from those in other algae and higher plants because sulfate metabolism 
is partitioned between the mitochondria and chloroplast, the reductive enzymes 
localized mainly in the mitochondria (50). Despite these problems, much can still be 
learned from these studies. 

The sulfoquinovose moiety 

Many precursors of the sulfoquinovose moiety have been proposed: sulfate, cysteic 
acid, cysteine, sulfite, APS, PAPS, and UDP-sulfoquinovose (UDP-SQ). For some 
there is experimental evidence supporting their involvement and for others the argu
ment is mainly by analogy with other biosynthetic systems. 

a). Sulfate is a suitable precursor of SQDG synthesis. In intact seedlings, SQDG 
is synthesized in roots ( 40) as well as in leaves (22, 40), indicating root plastids also 
synthesize SQDG. Synthesis in photosynthetic tissues is stimulated upon illumina
tion. Isolated chloroplasts, currently the most sophisticated system for studies of 
SQDG, also incorporate sulfate into SQDG (16, 31) but require light (31), or the addi
tion of ATP directly or indirectly (32). After incubating Chloroplasts with 35SO/-. 
a nucleotide sugar fraction could in theory be obtained from the water soluble frac
tion and further analyzed for labelled UDP-SQ. There has been no such report to 
date. 
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b). APS and PAPS have been successfully utilized as precursors (24,33) as one 
might expect since it is unlikely sulfate is incorporated into SQ DG without flrst activa
tion and most likely one reductive step. PAPS was a good precursor in the Chlamydo
monas reinhardii system (24). APS was not tested in that system but in spinach 
chloroplastswas preferred over PAPS and sulfate (33). Verification that APS and/ or 
PAPS are involved has practical advantages since these precursors would eliminate 
the need for illumination, the addition of ATP and possibly the addition of other 
cofactors, simplifying the system for studying perturbations caused by inhibitors. 

c). The utilization of cysteic acid in SQDG synthesis by Euglena gracilis is quite 
convincing (9). The preference of cysteic acid over sulfate and the incorporation of 
labet from both the sulfur and the carbon moieties of cysteic acid into the sulfoquino
vose of SQDG implied a three carbon unit as an intermediate. Cysteic acidwas also 
utilized as a precursor in higher plants {22), but the result has been challenged. Cysteic 
acidwas a poor precursor of SQDG in spinach seedlings and failed to dilute the Iabel 
introduced from sulfate (40). In groundnutleaf discs, cysteic acidwas not incorporat
ed into SQDG but only metabolized to sulfoacetic acid {14). Although cysteic acid is 
not a good precursor in higher plants, three-carbon compounds may still be the pre
cursors of sulfoquinovose. DHAP stimulates SQDG synthesis (32). Glyceraldehyde 
has been observed to inhibit SQDG synthesis, the proposed site of inhibition at the 
aldolase-catalyzed utilization of two three-carbon compounds to form an analog of 
fructose 1,6-bisphosphate (Sommerville and Benning, personal communication). 

d). Cysteine was suggested as a precursor in Euglena gracilis var. bacillaris (49). 
In this system, the spatial separation of the sulfate assimilatory pathway, located in 
the mitochondria, and the SQDG synthetic capability, located in the chloroplastwas 
utilized to show the transfer of a product of sulfate assimilation from the mitochon
dria to the chloroplast for incorporation into SQDG. Evidence indicated the trans
ported precursor was either cysteine or sulfite (49) since both diluted sulfate incorpo
ration into SQDG and were incorporated into SQDG by the chloroplasts. If cysteine 
were the precursor, the sulfur moiety must be oxidized before incorporation into 
SQDG. Areport of Chlorella pyrenoidosa deficient in SQDG when grown on cys
teine as the sole sulfur source (56) suggests this algae cannot oxidize cysteine to a form 
of sulfur that can be incorporated into SQDG. Cysteine was a precursor of SQDG 
in higher plants but was metabolized to sulfate prior to its incorporation into SQDG 
(40). In higher plant chloroplasts, unlabelled cysteine failed to dilute 35SO/" incor
poration into SQDO and Iabelied cysteine was not incorporated into SQDG (31). 

e). Other reports also indicate sulfite can act as a precursor of SQDG. Sulfite and 
PAPS were compared as precursors of SQDG in a cell homogenate of Chlamydomo
nas reinhardii (24). PAPS showed normal substrate kinetics (Km 25 p.M) but the sul
fite concentration curve at 200 p.M was higher than that of PAPS and showed no 
saturation. In higher plant chloroplasts, the addition of 100 p.M unlabelled sulfite 
decreased 35SO{ incorporation into SQDG but was toxic in general (31). Addition 
of sulfite at 50 1-'M or sulfite-generating compounds at 100 p.M greatly inhibited 
SQDG synthesis but only partially inhibited synthesis of other chloreform soluble 
sulfur compounds (34). Participation of sulfite has chernical precedent since sulfo
quinovose can be chemically synthesized by the reaction of sulflte with quinovo
seenide (38). If a comparable pathway were to exist in plants, the involvement of a 
six-carbon compound would then be implied (54, 62). 
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Fig. 1. Use of intermediates on the sulfate reduction pathway for the synthesis of Ii popbille and hydrophil
ic compounds. Sulfateis activated to APS or PAPS (A-SOi·) which can be used to synthesize waler
soluble or lipid-soluble compounds. Conversion to the carrier S-sulfonate intermediate is the first step of 
sulfate reduction, which can be the donor for sulfonatessuch as SQDG. The S-sulfide end-product is used 
in the formation of water-soluble compounds such as cysteine, but can also give rise to lipid-soluble com
pounds such as eiemental sulfur, lipoic acid, PSC and DCS. 

f). Demonstration that UDP-SQ is an intermediate would be a major advance. 
However, this requires either the chemical synthesis of UDP-SQ or the isolation of 
sufficient material from plants. The involvement of UDP-sulfoquinovose in SQDG 
synthesis is analogous to monogalactosyldiacylglycerol (MGDG} synthesis from 
UDP-galactose and diacylglycerol (DG) (41, 54}. Unfortunately, no one has been able 
to synthesize UDP-SQ. The detection of UDP- SQ in Scenedesmus was encouraging 
(67), but this result remains unconfirmed. 

The study of water soluble intermediates in SQDG synthesis might Iead to the iden
tification of reaction steps along the pathway. However, each intermediate ofthe sul
fur reduction pathway can give rise to both lipid-soluble and water-soluble com
pounds (see Fig. 1). APS or PAPS can give rise to sulfated phenols and sulfated 
sterols. The postulated carrier sulfate can be hypothesized to give rise to SQDG via 
other water soluble intermediates. The carrier bearing reduced forms of sulfur can 
give rise to the lipophilic lipoic acid or water-soluble cysteine. The variation and com
plexity of these reactions calls for a stroke of luck in tracing the pathway of SQDG 
biosynthesis. 

The diacylglyerol moiety 

The diacylglycerol (DG) moiety of chloroplast glycerolipids arises by two different 
pathways (46,47) as exemplified by differences in the fatty acid composition of 
MGDG from various plant species (Fig. 2). In some species MGDG is characterized 
by the predominance 16:3 fatty acid at the sn-2 position andin others by the pre
dominance of 18:3 at the sn-2 position (46). The 16:3 molecular species originates 
from DG synthesized in the chloroplast ('prokaryotic pathway') whereas the 18:3 
species is synthesized from DG processed in the cytoplasm ('eukaryotic pathway') 
(47). These two pathways arenot mutually exclusive. The contribution of each can 
be calculated in any plant species by determining the fatty acid composition of the 
isolated glycerolipids. Determination of the total fatty acid composition and that at 
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the sn-l and sn-2 positions indicated SQDG is synthesized by both the prokaryotic 
and eukaryotic pathways (7, 26). 

Catabolism oj sulfoquinovosyldiacylglycerol 

After 1980, published work indicated compounds of the sulfoglycolytic sequence 
were involved in degradation of SQDG and the algal sulfolipids. This was partly due 
to the results of Lee and Bensan (36) on degradation of 35S-sulfoquinovose indicat
ing transfer of the Iabel from SQ to sulfolactic acid, a key intermediary of the 
sulfoglycolytic sequence (54). 

Degradation of SQDG proceeds stepwise (Fig. 3) beginning with deacylation of 
SQDG to the lysosulfolipid sulfoquinovosyl monoglyceride (SQMG) (62). Reacyla
tion of SQMG to SQDG can occur at rates up to l.S nmollmg chl·h with palmitoyl 
CoA (61). Deacylation of SQMG to sulfoquinovosyl glycerol (SQG) is irreversible 
(15, 61). The deacylation of SQDG to SQG in higher plants results in a differential 
turnover in the various fatty acid molecular species indicating specificity is for the 
fatty acid moiety, not the headgroup (8). Hence, a number of acylhydrolases can 
act on SQDG (23) but none reported are specific for SQDG. Bacteria, and to a lesser 
extent the enzymes of the mammalian pancreas and intestinal mucosa, can also dea
cylate SQDG to SQMG and on to SQG (lS). SQG is sequentially degraded to SQ 
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then to sulfolactic acid and sulfate in Medicago sativa but in Erythrina crista-galli 
only sulfoacetic acid accumulates from SQG (36). Further work is needed to ascertain 
whether this main degradative pathway is fully operative in all plant species and 
whether any products are recycled into ot)ler sulfur compounds as in bacteria (60). 

Others indicate SQ can be reincorporated into SQDG in groundnut leaf discs (14) 
and that degradation of SQG to SQ is not evident in Phasealus multif/orus (8). This 
suggests the possible direct conversion of SQDG to DG and SQ in some plant species. 

Other higher plant sulfolipids 

Several other chloroform-soluble sulfur compounds, Iess polar than SQDG, are syn
thesized upon incubating isolated chloroplasts with radioactive sulfate, APS or 
PAPS (26, 31-34), a major component which was identified as eiemental sulfur (27). 
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The metabolism of eiemental sulfur by higher plants has been studied (37) although 
the biosynthetic origin has not been delineated. Others have indicated its importance 
in photosynthetic bacteria, algae and isolated chloroplasts ( 17, 27, 35). eurrent re
sults indicate other compounds besides eiemental sulfur are also present (34). These 
chloroform-soluble sulfur compounds most likely arise from reduced sulfur com
pounds and may lower 35SOl incorporation into SQDG by diverting APS away 
frorn SQDG synthesis. 

Roots and hypocotyls of seedlings incubated with 35SO/- contain at least two 
chloroform-soluble sulfur compounds, one chromatographing as SQDG and 
another behaving as a less polar cornpound rnigrating between SQDG and the solvent 
front (40). De Kok and co-workers have verified this for sugar beet roots (personal 
communication). The less polar spot can be further separated into three or more corn
pounds, each behaving less polar than SQDG in polar Iipid solvents, which chro
matograph sornewhat similar to the diatom sulfolipids (unpublished data, Klep
pinger-Sparace). These cornpounds need identification. 

eerebroside sulfatides (eS) were correlated with pollen compatability in Oeno
thera missouriensis (11). The es were chemically characterized, but the structures 
were not confirmed by IR or mass spectroscopy. This single report needs confirma
tion since pollen is easily contaminated by microbes and since the es Iack homo
o-linolenate, the major fatty acid of other pollen ceramides. 

Algal sulfolipids 

Several sulfolipids are present in algae besides SQDG. Haines (18) surnmarizes the 
structures and distribution of alt algal sulfolipids known through 1984. However, a 
current detailed study extended through higher plants is needed. Three sulfolipids be
sides SQDG contain a e-S linkage, one unique to the Phaeophyta, (glucosyl-3',6'
disulfate)-6-sulfofucosyl diacylglycerol (SFDG) (39) and two found commonly in the 
Bacillariophyta, l-deoxyceramide-1-sulfonic acid (DeS) and phosphatidylsulfo
choline (PSC), more properly termed a sulfonium sulfolipid (29). The other algal 
sulfolipids are sulfatides. The sulfated sterol24-methylene cholesterol sulf~te (MeS) 
is currently restricted to the nonphotosynthetic diatoms of the Bacil/ariophyta (29). 
Kates (29) has recently reviewed the diatorn sulfolipids. The alkyl sulfatides appear 
widely distributed among algae, but halogenated forrns are restricted to the fresh 
water algal phyla with the exception of the Euglenophyceae (18). Haines (20) has 
reviewed sulfolipids in generat and specifically the halogen sulfatides (19). 

Studies of the glycerolipid SFDG are difficult since it contains both a sulfonate and 
a sulfate ester moiety and since mucilagenous material is extracted simultanaeously 
(39). Verification of its identification and occurrence is needed. 

The biosynthetic pathway to determine the mechanism of formation of the carbon
sulfur linkage for the ceramideDeS is currently under investigation (Kates, personal 
communication). Palmitoyi-eoA condenses with serine as in sphingosine biosyn
thesis, shown by using cycloserine to inhibit serine incorporation into DeS (29). eys
teine or cysteic acid sulfonate the product to form 1-deoxysphinganine-1-sulfonic 
acid, in a reaction analogaus to known cystathione reactions (29). This compound 
is oxidized, acylated and the sphinganine form reduced to DeS. The capnoid sulfo-
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Iipids, capnine and N-acyl capnine, of the Capnocytophaga bacteria are very similar 
in structure to DSC differing only in the hydrocarbon chain (13). Thetaurine moiety 
originates from cysteic acid (60}, formed either from oxidation of cysteine or from 
PAPS condensation with a-aminoacrylic acid. 

The glycerolipid PSC from diatoms was discovered co-migrating with phos
phatidylcholine (PC) in chromatograms (28, 30). Sulfocholine is formed from methio
nine as shown elegantly by Kates (29) utilizing (3H-methyl)- and (35S)-labelled 
methionine. Dimethyl-ß-propiothetin is formed from methionine by dearnination, 
then oxidative decarboxylation followed by methylation with S-adenosyl methionine. 
Further decarboxylation of dimethyl-propiothetin produces sulfocholine. This 
product is phosphorylated then converted to CDP-sulfocholine presumably by the 
same enzymes which accept the choline derivatives. The biosynthesis of PSC is the 
same as that of PC, the phosphocholine transferase accepting CDP-sulfocholine in 
place of CDP-choline (29). In the nonphotosynthetic diatom Nitzschia alba PSC 
replaces PC (30) but in other marine diatoms PSC is present in addition. In Nitzschia 
alba, the phosphocholine transferase has a higher affinity for sulfocholine than for 
the choline analog while in the photosynthetic diatoms the reverse is true (Kates, per
sonal communication). PSC is very similar to PC in physical properties and its interac
tions with sterols (45), although the order parameters differ slightly in gel and liquid 
crystalline state (6,57). The physical interactions of MCS with PSC compared to PC 
appear more stable as weil (Kates, personal communication). 

The enzymatic formation of sulfate ester bonds of all the sulfatides is thought to 
involve sulfate transferases similar to those in bacterial and animal systems. These 
reactions in higher plants have not received much attention nor been actively sought 
out. The desulfation of sulfatides, sulfated phenols, and sulfated flavonoids by com
mercial arylsulfatases suggest that plants contain a similar enzyme (2). 

The alkyl sulfatides (ALS) consist of a hydrocarbon chain containing one or more 
sulfate-ester bonds (18). These compounds originate from long chain fatty acids, 
elongated from palrnitate to C-22 through C-30. The long chain fatty alcohols are 
sulfated by a sulfate transferase which utilizes PAPS (19). A chloroperoxidase adds 
one or more chloro- or bromo- groups to positions 2 plus 11 through 17. Chlorinated 
derivatives are common in nature but brominated analogs areevident only with cer
tain culture conditions (18). Molybdate inhibits the sulfation by affecting both sul
fate uptake and activation (19). The sulfate transferase has not been purified nor 
completely characterized. The function(s) of these sulfatides, which are excreted by 
the algae, arenot fully understood. 

24-methylene cholesterol sulfate (MCS) is also found in the sea star Asterius 
rubrius andin mammals (29). In algae, MSC may function in detoxification, excre
tion and membrane stabilization as in animal systems (12). MCS is formed from the 
sulfation of preexisting methylene cholesterol by PAPS by a sulfate transferase (29), 
probably distinct from that of the ALS (1) but similar to the steroid sulfate transfer
ase in mammalian tissues (48). 

Sulfate transferase reactions are also implicated in the sulfation of flavonoid and 
phenolic compounds in algae and higher plants (2). Sulfated flavonoids are normally 
extracted into aqueous alcoholic solutions partitioned against organic solvents (21) 
but can partition into the organic phase under certain conditions, including the for
mation of ion-pairs (58). The flavonoid sulfate transferase is specific for PAPS, APS 
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will not substitute (59) nor will selenium analogs (42). The subcellular localization 
of the sulfate transferase(s) involved has yet to be cietermined although the sulfated 
flavonoids are thought associated with the vacuole and the sulfonation step believed 
a later step in their biosynthesis (Ibrahim, personal communication). The occurrence 
of these compounds or related sulfated phenolics in aquatic plant families is thought 
an adaptation to their aquatic habitat (21), but the distribution of sulfated flavonoids 
among aU plants follows no distinguishable pattern (2). 

Several unidentified compounds have been reported in algae (43,44, 52, 53). These 
are mentioned in aseparate review (41). 

Conclusions 

In summary, the mechanism of synthesis of the sulfoquinovose headgroup of SQDG 
is still unknown but progress has been made. The results to date suggest either APS 
or sulfite is the sulfur donor of the sulfoquinovose headgroup. Whether these con
dense with a phosphorylated three-carbon or six-carbon compound or a nucleoside 
anhydrosugar derivative still remains tobe tested. Determination ofthe carbon com
pounds involved in synthesis of the sulfoquinovose and verification of the involve
ment of UDP-SQ would represent major advances. Studies with sulfur deficient 
plants and with mutants of carbon or sulfur metabolism may be avenues of research 
worth pursuing. Compounds of the sulfoglycolytic sequence, once thought involved 
in SQDG biosynthesis, are now known to be involved in degradation of SQDG and 
the algal sulfolipids. 

Sulfoacetate and sulfoacetaldehyde present in the chromategram of Chlorella 
el/ipsoidea extract (54), have now been reported as enzymatic or chemical degrada
tion products of the diatom sulfolipids (29). Of special interest are studies implicating 
dimethyl-ß-propiothetin and cysteic acid in the biosynthesis of PSC and DCS and the 
finding of trace amounts of PSC in a Euglena sp. (29). Further work is necessary to 
determine the biosynthesis, degradation and distribution of all algal sulfolipids 
throughout the phyla of the algae and higher plants. Likewise a complete study of 
sulfation reactions is needed to elicite the mechanism and specificity of the enzymes 
involved. 

Several unknown sulfolipids present in chloroplasts, roots, and algae are in need 
of identification. Although the chloroform-soluble 35S-sulfur compounds may 
reflect what Chloroplasts are capable of, these compounds do not necessarily reflect 
compounds chloroplasts synthesize under the normal metabolic conditions. Their 
structure and response to various incubation conditions can aid in understanding not 
only SQDG synthesis but also whether or not inhibitory compounds are taken up by 
chloroplasts and are influencing sulfate metabolism (31,34). These compounds may 
represent reactions which compete for sulfate and possibly other compounds such as 
acetate necessary for SQDG biosynthesis. In this respect these compounds are analo
gaus to the algal sulfolipids and sulfonated flavonoids which likewise represent com
peting reactions that have helped in understanding aspects of SQDG metabolism es
pecially the sulfoglycolytic products. 
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Civilization has brought about a massive mobilization of heavy metals which are 
released into the biosphere. Ninety nine percent of the biomass on earth consists of 
plants (2). Plants are the organisms which are most heavily exposed to metal pollu
tion throughcontaminated soil, water and air. Plants are in a dilemma. For healthy 
metabolism they require a supply of Zn, Cu, Se and Ni as trace nutrients. Allthese 
metals are, however, quite toxic when supplied in excess. Due to the geochemical ac
tivities of mankind, including agricultural practice (fertilization), plants are increas
ingly exposed to heavy metals such as Cd, Pb, Ag, Hg, etc, which are not 
micronutrients but rather toxic at small doses. As it has been stated recently: "The 
annual total toxicity of all the metals mobilized, in fact, exceeds the combined total 
toxicity of all the radioactive and organic wastes generated each year, as measured 
by the quantity of water needed to dilute such wastes to drinking water standard" 
(21). Plants which are exposed to toxic metals have to cope with this situation. They 
absorb metals and store them when supplied at non-lethat concentrations. Through 
plants, metals are passed into the human food chain (29). In the final member oftbis 
chain, the human being, these metals, especially Cd, accumulate and can exert ad
verse effects (14). 

The question posed is how can plants toterate the presence of 'unnatural' concen
trations of heavy metals in the environment. In a recent article (31) possible mechan
isms of meta) tolerance in plants are summarized: a) metal-binding to plant cell walls, 
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b) reduced transport across the ceU membrane, c) active efflux, d) compartmentaliza
tion, and e) chelation. The mechanism for which most information is available is che
lation. Originally it was assumed.that plants inactivate the heavy metals by complex
ing them with metallothioneins (25). Metallothioneins are low molecular weight, 
heat- and acid-stable proteins possessing a high cysteine content and a high affinity 
for heavy meta! ions. They occur in vertebrates, in a few invertebrates and in some 
fungisuch as yeast and Neurospora (17). Following the first report, several amino 
acid analyses of heavy metal binding 'proteins' from plants have been published 
which seemed tobe in accordance with a 'plant metallothionein'(compiled in (7)). 

Phytochelatin and homophytocbelatin 

In search of a metal-activated promoter for plants we began with an investigation of 
the induction of 'metallothioneins' in higher plants. Plant cell cultures were chosen 
as the experimental material because of their high metabolic activity, the direct ex
posure of single cells to the metals ( excluding trahsport problems as would be encoun
tered with differentiated plants) and the absence of microorganisms which could in
terfere with the results. A fast growing cell suspension culture of Rauvo/fia 
serpentino was exposed after 6 days of growth to 200 ~tM CdS04 and the culture 
continued foranother 4 days. The cells were harvested and extracted. The extracts 
of Cd2+ treated and non-treated cells were subjected to gel filtration chromatogra
phy and the metal and sulfhydryl groups containing fractions analyzed by atomic ab
sorption spectrometry and Ellman's reagent, respectively (9). More than 90CJ,1o of the 
total Cd2+ as weil as the sulfhydryl groups were present in an intermediate peak 
with a surprisingly low molecular weight of about 3.5 kDa. Typically the Ievel of 
this material was about 0.1% (w/w) ofthe dry weight ofthe cells. This material was 
isolated and further fractionated by HPLC. Five metal-free, but sulfllydryl groups 
containing peaks were identified. Aminoacidanalysis of the major peak yielded only 
L-cysteine, L-glutamic acid and glycine in a ratio of 4:4: 1 unlike all other hitherto 
isolated metallothionein-Jike proteins from higher plants. A number of degradation 
steps proved this major compound tobe ('Y·Giu-CyskGly. The atomic constituents 
of this peptide were in perfect agreement with the theoretical requirement. The 
primary structure of the nonapeptide was confrrmed by chemical synthesis. Sequence 
analysis of the other four peptides isolated by preparative HPLC yielded a series of 
peptides differing only in the number of ('Y-Glu-Cys) units. Thesepeptides were not 
only induced by Cd2+ but also by Zn2+, Cu2+, Ag+, Pbh and Hg2+. These pep
tides of the generat formula ('Y-Glu-Cys)

0
-Gly are the principal heavy metal binding 

components of plants. In addition, induction of metal binding peptideswas observed 
in all the species tested from six out of the ten existing classes of the division 
Phycophyta (algae) (4). Furthermore, over 200 different plant species of the taxo
nomic division Bryophyta, Pteridophyta and Spermatophyta have been investigated 
for the ability to induce the peptides after Cd2+ exposure (5). Notasingle plant or 
plant cell culture was found which did not synthesize poly('Y-Giu-Cys) peptides. 
However, in species of the order Fa ba/es, mainly of the tribe Faboceae, homologaus 
molecules of the general structure ('Y-Glu-Cys)

0
-/3-Aia were identified (5, 8). Since 

the peptides occur in all plants thus far analyzed and since they chelate heavy metals, 
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they were named phytochelatins (PC) (9) and the ß-alanine homologoues, homo
phytochelatins (h-PC) (8). 

From the fission yeast Schizosaccharomyces pombe two Cd2+ binding peptides 
identical to phytochelatin with two and three (Glu-Cys) units had already been isolat
ed and sequenced (18, 20). The peptides were named cadystin Band A, respectively. 
Subsequent investigation of this organism by us (10) revealed that not only PC2 and 
PC3, (PCn corresponds to the phytochelatin with n ('YGlu-Cys) units), are formed 
under Cd2+ exposure but rather a set of peptides with up to 8 (Glu-Cys) units. The 
peptides in the fission yeast are identical to those of the higher plants. In addition, 
not only Cd2+ is able to induce these peptides but a whole range of ions of heavy 
metals such as Bi, As, Cu, Pb, Zn, Ag. 

The primary structure of phytochelatin isolated from plant cells was independently 
determined and verified by triple quadrupole mass spectrometry (30). In plants, there 
appears tobe no indication of the formation of metallothioneins. More than 6007o, 
generally more than 900!o of the Cd2 + ions which had entered the cell were associat
ed with phytochelatins as demonstrated by gel filtration experiments (9, 11). Com
pared to controls, there was no increased metal-binding capacity in either the protein 
fraction (~ 10 kDa) or the low molecular weight ( < 1 kDa) fraction. A metal
lothionein induction in plants analogaus tothat observed in mammalian systems (17) 
would have been detected in these types of experiments. In addition, [S35}-cysteine 
feeding experiments to Cd2+ tolerant and sensitive tomato cell cultures did not rev
eal any major metal-induced cysteine containing proteinband upon SDS-PAGE, ex
cluding the presence of metallothioneins in plants (15). 

The published amino acid compositions of putative metallothioneins isolated from 
plants (27, compiled (7)) most likely reflect analyses of partially purified phytochela
tin. Thus, phytochelatins and not metallothioneins are the principal heavy metal
binding components of plants. 

Recently one organism was found, the fungus Candida glabrata, which upon ex
posure to copper ions synthesizes two metallothionein-like polypeptides, and upon 
exposure to cadmium ions synthesizes the phytochelatin PC2 (19). This finding that 
one and the same organism contains both metal inactivating mechanisms, the one 
from plants as weil asthat from animals, may reflect lateral gene transfer in the divi
sion Mycophyta (fungi). 

Pbytocbelatins are ribosome-independently syntbesized 

One major point of interest is the formation of the phytochelatin molecules. &ecause 
of the isopeptidic linkage in the repetitive (')'-Glu-Cys) units these peptides cannot be 
ribosomally formed and, therefore, cannot be regarded as primary gene products (9). 
The phytochelatins may be viewed as linear polymers of the ')'-Glu-Cys portion of 
glutathione. Careful kinetic analysis of phytochelatin formation both in Rauvolfia 
culture (11), maize (24) and Schizosaccharomyces (10) showed that phytochelatins 
were synthesized at the expense of glutathione. The direct involvement of this tripep
tide has, however, not yet been proven. Indirect evidence is provided by the fact that 
buthionine sulfoximine, a specific inhibitor (6) of L-glutamate: L-cysteine 'Y-ligase 
(ADP-forming) [EC 6.3.2.2}, strongly inhibits the formation of phytochelatin in 
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plant cultures (10, 11, 26, 28, 30). Phytocbelatins are synthesized either directly from 
glutathione or from its biosynthetic precursor, -y-glutamylcysteine. The induction of 
the peptides was not prevented by cycloheximide (28) and no lag period of phyto
chelatin formationwas observed (11) suggesting that the peptides are synthesized by 
constitutive enzyme(s). The clarification of the mechanism of formation of phyto
chelatins or homo-phytochelatins has to await discovery of the responsible enzymes. 
The regulatory mechanism by which phytochelatin biosynthesis is induced in the 
presence of heavy metal ions will be of special interest since even practical aspects 
can be derived out of this knowledge as mentioned below. 

What are the functions of pbytochelatins? 

The facts that heavy metal ions are predominantly complexed to phytochelatin within 
the plant cell and that the peptide formation is strongly induced by these ions, indi
cate a heavy metal-binding role for phytocbelatins. Efficient Sequestration of toxic 
metal ions reduces or prevents deleterious effects of the ions by physiological inacti
vation. Several evidences support the view of a detoxifying function of phyto
chelatins. 

If phytochelatin synthesis was inhibited by buthionine sulfoximine which was not 
toxic to plant cells, the plant culture became moresensitive towards Ag ions (11). 
Similarly, cadmium resistant tomato celllines when grown in the presence oftbis in
hibitor lost their resistance and became meta! sensitive (30). The Iack of PC and/ or 
glutathione synthesis obviously confers sensitivity of the cells towards these heavy 
metals. In addition, plant cells which were selected for tolerance against Cd ions rev
ealed increased Ievels of phytochelatins (15, 16, 30). Comparison of the kinetics of 
metal-complex formation between meta! sensitive and tolerant cultivars led to the 
suggestion that not the Ievel, but rather the initialrate of formation confers tolerance 
(3, 23). 

Phytochelatin synthesis appears to render plant cells, within specific Iimits, toler
ant towards certain heavy metals. Phytochelatins were unequivocally identified in 
roots of Acer pseudoplatanus and Silene cucuba/us plants growing in zinc-rich soll 
(28 g total zinc per kg dried soil) of a mine dump (12). Both plants, when collected 
from a metal uncontaminated stand located nearby, revealed no phytochelatins. 
Thus, these metal binding peptides are specifically induced in plants from heavy me
ta! enriched ecosystems. This report of the occurrence of phytochelatins in the natur
al environment supports a role of phytochelatins in the heavy metal detoxification 
process in plants. We do not claim that the potential of phytochelatin synthesis is the 
cause for metal resistance in plants known as metal hyper-accumulators (I) which 
withstand extremely high meta! concentrations in their natural habitat. We believe, 
however, that the phytochelatin system provides a mechanism by which plants can 
buffer the potential of heavy metal intoxication within certain Iimits. 

The phytochelatin system could also balance the physiological availability of essen
tial heavy metal ions in the plant cell and provide a mechanism for homeostasis of 
these ions. Metal-phytochelatin complexes of ions such as Cu2+ and zn2+ possibly 
serve a dual purpose. Firstly, excess metal ions could be prevented from interfering 
with, for instance, sulfhydryl groups of proteins and other macromolecules and, 
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thus, be savely stored in the cytoplasm. Secondly, the metal ions could be transferred 
to newly synthesized apoenzymes which require Cu or Zn ions for catalytic activity 
in an equilibrium reaction between the metal binding site(s) of phytochelatin and the 
apoenzyme. 

Nutrient solutions for plant cell culture contain low Ievels of the micronutrients 
Zn (2-40 ILM) and Cu (0.1-1 ILM). These concentrations are sufficient to induce 
phytochelatins. Transfer of cell cultures of various plant species from spent to fresh 
medium resulted in a 3-40 fold increase in phytochelatin (11, 13). Induction of the 
peptides was almost completely due to the zinc ions. Phytochelatins were not signifi
cantly formed if zinc and copper were omitted from the nutrient solutions for plant 
cell culture. At the end of the logarithmic growth phase the concentration of metal 
binding molecules started to decrease. No excretion of the phytochelatins into the 
spent medium was observed, compatible with the degradation of phytochelatin pep
tides after transfer of zinc ions to acceptors like apoforms of metalloenzymes and 
the vacuole system. 

A third major roJe for the PC-type molecules has been postulated in the sulfur 
metabolism (30). It had been discovered that 1 mol of the Cd-binding peptide (Cd
BPI), in our terminology PC3, from the fungus Schizosaccharomyces pombe con
tains l mol of acid labile sulfide in the metal complex (20). This acid labile sulfide 
is also present in phytochelatin-metal complexes of photosynthesizing plants (4, 30). 
The suggestion has been made (30) that the heptapeptide PC3 possesses the neces
sary requirement to act as the acceptor of sulfate, transferred by adenosine 
5'-phosphosulfate sulfotransferase, for sulfate reduction in plants. This possibility 
is being critically discussed in this volume (see: Brunold). Certainly, however, the in
creased synthesis of phytochelatins in plants under heavy metal stress willlead to a 
strong demand of L-cysteine for the synthesis of these meta! chelating molecules. 

Indeed, corn seedlings exposed to Cd2+ bad elevated Ievels of both ATP
sulfurylase and adenosine 5' -phosphosulfate sulfotransferase (22). Regulation of sul
fur metabolism in plants under heavy metal stress will be of considerable interest in 
the future. It is feasible that the phytochelatin molecules serve not only as a storage 
and transport form for metals but also for sulfide which is necessary for the bio
synthesis of sulfur containing amino acids and coenzymes. 

Concluding remarks 

Phytochelatins and homo-phytochelatins of the general formula ("y'-Glu-Cys)nGly 
and ('y-Glu-Cys)n·ß-Ala, respectively, are the principal heavy metal binding compo
nents of the plant kingdom. Phycophyta, some Mycophyta, Bryophyta, Pteridophy
ta and Spermatophyta, all contain this metal ion complexing mechanism. Metal
lothioneins appear not to occur in plants (except for fungi). The inducible 
phytochelatin system provides a mechanism to buffer the physiological effects of 
beavy metal ions by forming a metal thiolate complex. The function of the peptides 
is, firstly, assigned to detoxification of heavy metals like Cd, Bi, As, Cu, Pb, Zn and 
Ag. Secondly, phytochelatins are probably involved in heavy metal ion homeostasis 
by providing a balanced intracellular concentration of essential heavy metals (Zn, 
Cu). Thirdly, they may play a role in sulfur metabolism, especially in sulfate reduc
tion as well as in storing and transporting sulfide. 
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To fully understand the role of phytochelatins in plants much research has still to 
be devoted to the aspects of physiology and biochemistry of metal and sulfur 
metabolism. The enzymes responsible for the synthesis of phytochelatins and their 
genes are particularly important to understand the regulatory mechanisms. 

In the long term, mankind will have to control heavy metal pollution in the en
vironment. Until this goal is achieved, the human population is confronted with a 
man-induced mobilization of 5. 7 million tons-of toxic heavy metals (Cd, Cu, Hg, Pb, 
Zn) annually discharged into the biosphere with unk.nown health risks for future 
generations (21). A high quantity of thesemetals will reach terrestrial and aquatic 
plants. If the metal concentration is in a tolerable range, plants will respond to the 
heavy metal stress by phytochelatin synthesis. Nothing is known about the final 
deposition of thesemetals within the plant cells or organs, and no information exists 
on the fate of the PC molecules and the immobilized metals during decay of plant 
material. In order to prevent excessive amounts of the toxic metals from reaching 
man through the food chain, it is possible to consider geneticaUy engineered food 
plants. Organ specific promoters for the genes synthesizing metal binding compo
nents could eventuaUy Iead to plants which specifically immobilize excess amounts 
of heavy metals at sites not used for consumption. For instance, vegetable plants 
cotdd be envisaged which completely bind cadmium ions to phytochelatin molecules 
in the root system, so the upper, edible part of the plantremains uncontaminated 
(14). Even detoxification of metal contaminated soils should be possible by using 
transgenic plants. Thus, phytochelatins are not only fascinating from an academic 
point of view but may also provide some help to control a serious challenge to our 
environment. 
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Glucosinolates are sulfur containing compounds produced by the secondary meta
bolism of certain plant species with the generat stucture given in Fig. 1. Glucosino
lates are generally hydrolized by the enzyme myrosinase, which is present in all 
glucosinolate containing plant parts. The degradation of glucosinolates results in so 
called 'mustard oils'. However, the term 'glucosinolates' conceals the fact that due 
to great variation in the chemical configuration of the side chains (Fig. 1: 'R') this 
group consists of quite different members. In cruciferous plants alone up to 27 dif
ferent glucosinolates have been identified (5, 6). An overview of the composition of 
the total glucosinolate content of Brassicaceae is given in Fig. 2. Additional details 
concerning the characteristics of glucosinolate side chains are given by Larsen (39), 
Underhill (78) and Bjerg et al. (6). 

This contribution will give a supplement to the already existing comprehensive 
reviews of Larsen (39) and Underhill (78) with special regard to new features in fun
damental, environmental and agricultural aspects. 
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Fig. 1. Principal structure of a glucosinolate (R = rest cp. fig. 2). 
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Fig. 2. Main components of the glucosinolate fraction in seeds of Brassica napus. 
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Occurence: Until now 15 dicotyledonous taxa (Akaniaceae, Bataceae, Brassicaceae, 
Bretschneideraceae, Capparaceae, Caricaceae, Euphorbiaceae, Gyrostemonaceae, 
Limnanthaceae, Moringaceae, Pentadiplantdraceae, Resedaceae, Salvadoraceae, 
Tropaeolaceae, Tovariaceae) with glucosinolate containing plants are described (15). 
All these families are on the same Ievel of evolution without any striking differences 
in floral morphology (26). Thus the ability to synthesize glucosinolates seems tobe 
the result of parallel evolution (64). 

With view to agricultural interests and research work in the field of glucosinolates 
the most important species in the group of glucosinolate containing plants are Brassi
ca species: these plants contain large amounts of highly valuable proteins and edible 
oils and can be divided into varieties with high (so called 'single low' or '0' -varieties; 
average content: 25 mollginvegetative t_issue and 100 #'mollg in seeds) and low (so 
called 'double low' or '00' -varieties ; average content: 10 #'IDOl! g in vegetative tissue 
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and 20 ~mol/g in seeds). This allows comparative studies on factors influencing the 
glucosinolate metabolism. 

Determination: A specialproblern in glucosinolate research is the comparability of 
analytical methods: recent ring tests on different methods (Chromatographie, colori
metric, enzymatic and instrumental) have shown quite different results in identical 
samples (81). At the time highperformanceliquid chromatography (HPLC) for de
termination of individual glucosinolates (7, 83) and X-ray fluorescence spectroscopy 
for total glucosinolate analysis seem tobe the most reliable methods (71, 73). For fur
ther informations about analytical details see Schnug and Haneklaus (71, 72) and 
Wathelet (83). 

Biosynthesis: The present understanding in the biosynthesis of glucosinolates is brief
ly demonstrated in Fig. 3: Starting with an a:-aminoacid (e.g. methioninein case of 
alkenyl-, thio-, sulfinyl- and sulfonylglucosinolates; tryptophane in case of indol
glucosinolates) the first stable products in this pathway are hydroxylated amino 
acids, which are the precusors of aldoximes (36, 78). 

In the next step the thiol group of cysteine is transferred to aldoxime synthesizing 
a thiohydroximic acid (79). However, the actual physiological knowledge can not ex
plain important details of this step (6, 39, 52, 78). 

Catalyzed by thiohydroximate-glucosyltransferase the addition of ß-glucose Ieads 
to desulfoglucosinolates (47). Aftertransfer of sulfate from PAPS by a sulfotrans
ferase (21) glucosinolates derive. From this basic structure different glucosinolates 
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are derived by action of specific enzymes through elongation and hydroxilation of 
the side chains (3a, 20, 48, 80). Thus all alkenyl glucosinolates of rapeseed basically 
derive from methionine (Fig. 2). 

In 00-varieties of Brassica species (all 00-cultivars originate from Bronowsky, a 
polish summer oilseed rape cultivar; 31) the low glucosinolate content appears to be 
induced by a metabolic block, before synthesis of 5-methylthiopentaldoxime (33; Un
derhill, pers. commun.). However, the chemical structure of the remaining inter
mediary products are unknown so far. The genetical repression in the glucosinolate 
content concerns alkenyl- and sulphinyl-, but not indolylglucosinolates (9. 45) 
though sulfate uptake, amino acid pattern and myrosinase activity are the same in 
both types (32, 33, 37, 40, 41, 68, 69). 

Synthesis of glucosinolates takes part in all vegetative tissues, but the share of sin
gle glucosinolates may be different: in Brassica species the roots seem to contain large 
amounts of arylglucosinolates, whereas in leaves indolglucosinolates are predomi
nant (9, 34, 76). Alkenylglucosinolates in Brassica seeds are synthesized in the pod 
walls and then transported into the seeds (40, 41). The mechanism of this transport 
is obviously specific for intact glucosinolates, so that intermediate products occuring 
in tissues of Brassica species with genetically low glucosinolate content can not enter 
seeds (69, 71). Thus pods of 00-varieties contain higher sulfur concentrations than 
pods of 0-varieties. 

Enzymatic degradation: The thioglucosid-glucohydrolase myrosinase (E.C. 3.2.3. 1) 
hydrolizes the ß-glucosidic link between glucose and reduced S (8, 25) splitting 
glucosinulates to glucose and an aglucone. The latter decomposes at weakly acidic 
conditions to sulfate, and by Lossen-rearrangement isothiocyanate (Fig. 3) results. 
Myrosinase always occurs in plant tissues, either isolated in idioblasts, stomatat 
guard cells or inside cells associated to cisterns of the endoplasmatic reticulum and 
mitochondria respectively, (29, 61). Whereas in idioblasts or Stomatal guard cells 
myrosinase activity depends on mechanical injury of the plant tissue, in a1l other 
cases an endogenaus regulation of myrosinase activity is possible (69, 78). 

Regulating jactors: The most important factor regulating the glucosinolate content 
in vegetative tissues and seeds obviously is the sulfur nutritional status of the plants 
(49, 56, 63, 68-70). Consequently very close linear relations between total sulfur 
concentration in younger fully differenciated leaves of Brassica napus (as an in
dicator of the nutritional status; X in mg/g total S) and glucosinolate content 
(Y in mol!g total glucosinolate) exist: younger leaves: 0-varieties: Y = 5.63X-11.3 
(r= 0.929), 00-varieties: Y =0.94X-0.70 (r=0.914); seeds, 0-varieties: Y =8.3X+ 37 
(r=0.747), 00-varieties: Y= 1.2X+ 12 (r=0.701) (69). 

A decreasing sulfur supply of the plants results in a decrcase in free sulfate and 
glucosinolate concentrations and an increase in myrosinase activity (Fig. 4; seealso 
78). This implicates that the increase in myrosinase activity during sulfur stress has 
the function of a remobilization of sulfate sulfur from glucosinolates, because sulfate 
and isothiocyanates can be utili.Zed as sulfur sources in the primary metabolism of 
the plants (43, 44). Apparently glucosinolates also function in storage of sulfur in 
cruciferous crops. 

Sulfur nutritional status and a comparative short time of glucosinolate transpoft 
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Fig. 4. Relativevalues of sulfate sulfur and total glucosinolate content and myrosinase activity in younger 
leaves of 0- and 00-oilseed rape as influenced by variations in sulfur supply in pot trials (69) (IOOO!o and 
[LSD 511Jo]: myrosinase activity = 6.8 (2.5] l'mol/min.; total glucosinolate (pmol/g) = 0-variety: 23.1 
[4.1}; 00-variety: 10.4 [1.8); S04-S = 405 [110) mg/kg). 

into single seeds (6-8 days) (16, 70, 87) help to explain the environmental variabilities 
in the glucosinolate content in Brassica seeds as reported by numerous authors (35, 
67, 77, 85, 86). 

Another significant, but at the time unexplained phenomenon is the considerable 
lower boron content in vegetative parts of 00-varieties of Brassica napus (69). 

Environmental aspects of glucosinolates 

Biologica/ interactions: Glucosinolates are powert'ul toots for plants with· regard to 
biological interactions. They can act as: 
- attractants, stimulating the attention of insects (2, 3, 18, 53-55) 
- repellents to insects and mammals (2, 3, 84) and 
- insecticides (27, 38, 42), fungicides and antimicrobial protectors (10, 13, 14, 23, 51, 
59, 60, 62, 74). 

Inhibition of germination of plants can be induced by cruciferous crops sawn be
fore and seems to be the result of breakdown products of indolglucosinolates, which 
are related to derivates of 3-indolyl acetic acid (l, 12, 25, 46, 48). The role of indol
glucosinolates in plant hormon metabolism is, however, not fully understood (11, 48, 
82). 

The typical glucosinolate content in Brassica napus species also prevents wild 
animals from an excessive uptake of these plants. Therefore, one side effect of start
ing growing double low Brassica varieties in F.R.G. in 1986 was the darnage of bares 
and roe deers due to an unphysiological high uptake of these plants (75). The symp
toms of illness, however, have been caused by action of S-methyl-cysteine-sulfoxide 
(SMCO) (28, 57). 
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Fig. 5. Relations between the total sulfur content in younger fully differenciated leaves of 0- and 
00-varieties of winter oilseed rape and the relative seed yield in pot trials (69). 

Sulfur balance: Another environmental aspect of 00-varieties is the up to 500Jo 
decreased removal of sulfur by seeds in comparison with 0-cultivars, because sulfur 
is enriched in the pods (65, 69). The meaning of these changes in the sulfur balance 
(in the F.R.G. this difference is estimated to 7000 t/ha S) is not yet clear. 

Agricultural aspects of glucosinolates 

Antinutritional effects: Glucosinolates cause the fiavour in spicy crops like mustard 
and radish (17) and moreover they are important inhibitors for an extensively use of 
rapeseed meal as a protein source (24). Typical side effects of feedinghigh glucosino
late rapeseeds are increased thyroid weight due to decomposition of progoitrine to 
vinyloxazolidine and toxic effects of nitriles on liver functions (4, 19, 22, 24, 33, 50, 
58). Indolglucosinolates seem also to have certain effects on the formation of cancer 
(48). 

G/ucosinolates as suljur storage in plants: In order to improve the use of rapeseed 
meal as a protein source cropping will be changed totally to new 00-varieties up to 
1992 in the EC. However, from the viewpoint of sulfur nutrition the new varieties 
are obviously quite more sensitive to an insufficient sulfur supply than the old varie
ties with a high glucosinolate content: symptoms of severe sulfur deficiency are ex
pected to occur in 0-varieties, when the total sulfur concentration in the leaves drops 
below 3 mg/g S, whereas deficiency symptoms in 00-varieties can be detected when 
the concentrations are lower than 3.5 mg/g S. Furthermore it can be stated, that the 
sensitivity to sulfur deficiency increases with decreasing glucosinolate contents (16, 
70). 
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The reaction of yields to a decreasing sulfur supply is stronger in 00-varieties, too 
(Fig. 5), but the maximum yield of both oilseed rape cultivars will be reached at the 
same nutritional sulfur Ievel. The role of glucosinolates in plant metabolism is there
fore not only restricted to biological interactions (see above), but they act as a vital 
storage for sulfur. The remobilization of sulfur via increased myrosinase activity, 
however, is only possible from intact glucosinolates and not from intermediary 
products, which are enriched in varieties low in glucosinolates. A further reduction 
of glucosinolate Ievels by breeding may therefore strongly affect the vital power of 
those plants. 
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DISCUSSION SECTION 2 

The discussion of the session 'Metabolism of Sulfur into Organic Sulfur Com
pounds' concentrated mainly on 4 topics, i.e. the natural role of glutathione-S
transferase, the compartmentation of glutathione, the possible dependency of the 
root on sulfur reduced in the leaves, and the chances for creating cereals with sulfur
rieb storage proteins by genetic engineering. 

In animal ceUs it is assumed that the natural function of glutathione-S-transferases 
is to detoxify aldehydes produced during the breakdown of Iipids by oxygen radicals. 
Such a function of glutathione-S-transferases has so far not been reported for the 
plant enzymes. In plants enzymatic conjugation of aldehydes with glutathione ap
pears tobe unlikely, as numerous secondary products that can accumulate up to 1 Oo/o 
of the plants' weight are aldehydates, but glutathione-conjugates of these com
pounds have never been found. Apparently these compounds are stored in the 
vacuole. However, there is evidence that plant glutathlone-S-transferases possess 
hydroperoxidase activity; this activity may be the natural function of glutathione-S
transferases in plants. 

Whereas high amounts of phytochelatins have been found in the vacuole, 
glutathione has not been demonstrated in thls organeUe. The Observation that the 
glutathione content of leaves can be rapidly increased in the presence of excess sulfur 
may be an indication of a vacuolar glutathione pool rapidly exchanged with the 
cytoplasm. StiU, glutathione transport at the chloroplast membrane is also uncertain. 
In pea it appears that isolated chJoroplasts do not take up glutathione, but cysteine; 
there are some indications for an efflux of glutathione from isolated chloroplasts, 
but this has tobe proven by future experiments. We know that between 40 and 70% 
of the glutathione in green tissue is located in tbe chloroplast, but the subcellular dis
tribution of the remaining 60 to 30% is unknown. 

There are several Observations indicating tbat glutathione synthesized in the leaves 
is used as a source of reduced sulfur in the roots. On the other band, both leaves and 
roots are capable to reduce sulfate and to incorporate it into cysteine and glutatbione. 
The observation that radiolabet of glutathione fed to the leaves is incorporated into 
tbe protein of tbe roots does not prove that tbe root is dependent on reduced sulfur 
produced in the leaves. The glutathione transported to the roots may enter a pool of 
glutatbione synthesized by the roots; the turnover of this pool will then generate 
radiolabeled cysteine that can be used for protein synthesis. The majorproblern is 
that from the experiments published the actual amount of glutathione transported 
to the root and, thus, tbe contribution of reduced sulfur transported to, vs. reduced 
sulfur synthesized in the root toprotein synthesis can not be estimated. However, the 
finding that sulfate can be reduced in root cells does not necessarily mean that such 
a reduction occurs in appreciable amounts in the intact plant. At least in the light it 
may be efficient to use the cheap energy produced during photosynthesis to reduce 
sulfate rather than the expensive energy generated in degradative processes. 

Transgenie tobacco containing and expressing the Iegurne gene of a sulfur-rich 
storage protein can be seen as a model system not only for creating cereals with high 
sulfur, but also with high Iysine content. Apparently, genes expressed in the endo-
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sperm of the dieotyledons aeting as the donor are also expressed in the endosperm 
of transgenie monocotyledons. The signal involved is still unknown. If there are a 
number of genes for storage proteins like in barley, it might not be suffieient to create 
a transgenic plant with one additional gene to achieve high sulfur eontent; it might 
be neeessary to engineer the promotor of the gene so that it ean be expressed at a 
higher Ievel. A major eoneern, however, is whether or not there will be sufficient 
preeursors, i.e. enough eysteine and methionine available for the synthesis of high 
amounts of sulfur rieb storage proteins. At present it ean not be taken for granted 
that the entire maehinery for sulfur reduetion, assimilation, and transport ean supply 
the amount of sulfur amino acids needed to obtain eereals high in sulfur rieb storage 
proteins. 



Section 3. 
Environmental and agricultural aspects of sulfur metabolism 



Contents 

3.1 L.J. De Kok, Sulfur metabolism in plants exposed to atmospheric sulfur 111 

3.2 W.H.O. Ernst, Ecological aspects of sulfur metabolism 131 

3.3 J.F. Thompson and J.T. Madison, The effect of sulfate and methionine 
on Iegurne proteins 145 

3.4 Discussion 159 



SULFUR METABOL18M IN PLANTS EXPOSED TO 
ATMOSPHERIC SULFUR 

Luit J. De Kok 
Department oj Plant Physiology, University oj Groningen, P.O. Box 14, 
9750 AA Horen, The Nether/ands 

Contents 

Introduction 111 

Foliar deposition of atmospheric sulfur gases 112 

Metabolism of deposited atmospheric sulfur 113 
- Accumulation of sulfate 114 
- Sulfhydryl accumulation 115 
- H2S emission 116 

Regulation of uptake and assimilation of sulfur in presence of excess foliar 
sulfur 117 
- Uptake and transport of sulfate 117 
- Sulfate reduction 118 
- Sulfur assimilation 118 

Phytotoxicity of S02 and H2S 120 

Concluding remarks 122 

Literature cited 122 

Introduction 

Sulfur is an essential element for plant growth; deficiency may result in reduced yield 
and quality of crops (54, 144, 186). The sulfur requirement of plants depends on the 
developmental stage and it varies between species (38, 54, 100, 185, 186). 

The sulfur content of plants varies between 0.1 to 1.5 OJo of dry weight (54, 100). 
In general sulfur deficient crops have a total sulfur levellower than 0.15 OJo. Crop 
plants, exposed to excess sulfur in the soil, show Ievels higher than 0.5 % and contain 
high Ievels of sulfate (100, 144). The N/S ratio of plants or seeds is often used as a 
measure for the sulfur status (32, 55, 65, 145, 178). At a sufficient sulfur supply the 
organic N/S ratio on a molar basis ofvarious species ranged from 30 to 40 (55). Even 
though various diagnostic testssuch as total sulfur content, sulfate content, Sulfate
sulfurtototal sulfur ratio, nitrogen to sulfur ratio, may be useful in order to obtain 
insight into the sulfur status of plants, the status of other essential elements and other 
nutritional factors that affect plant growth have to be considered (100). 

In many areas of the world sulfur deficiency of the soils has been demonstrated 
and sulfur fertilization is needed to optimize crop yield (190). On the other band 
plants which grow in gypsum and salt marsh soiJs have to deal with a supply in the 
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root environment, which far exceeds the requirements for optimal growth (31, 186). 
Plants which grow in areas with volcanic activity or close to sulfur springs have 

to cope with high Ievels of atmospheric sulfur deposition (S02, H 2S; 103, 136, 143). 
Also in industrialized areas plants are subjected to high Ievels of atmospheric sulfur 
deposition. In rural areas the atmospheric concentrations of S02 and H2S are gener
ally lower than 7 x 10-3 and 5 x 10-s p.l I-1, respectively (103, 169). However, in 
strongly industrialized areas the annual mean S02 concentration is greater than 
0.038 p.II-1 (6) and even peak Ievels up to 0.7 p.ll-1 occur (136). High Ievels of H 2S 
occur only locally. In the vicinity of geothermal wells Ievels up to 0.1 p.II-1 are meas
ured (134). lndustrial pollution may result in high local H 2S concentrations which 
exceed 0.25 p.II- 1 (49, 126). Dry and wet deposition of sulfurous air pollutants to 
natural vegetation and crops may be a significant factor in su1fur fertilization in in
dustrialized areas (75, 93, 103, 143). E.g. it has been estimated that about 23 OJo of 
the Western Europe area is subjected to an annual atmospheric S02 deposition 
greater than 38 kg ba-1 ( 6). For the agricultural areas in the U .K. even an annual dry 
deposition of 72 kg so2 ba-l has been estimated (63). Thesedepositions are greater 
than the sulfur requirements of most crops, which vary between 10 to 50 kg ha-1 per 
annum (38, 54). A high foliar sulfur deposition may result in darnage to vegetation 
and reduced crop yields (S02: 7, 8, 64, 112, 116, 120, 133, 204, and H2S: 48, 112, 
122, 123, 125, 134, 176, 177, 189). However, at low soil sulfur Ievels deposition of 
atmospheric sulfur compounds may be beneficial and serve as a source for plant 
nutrition (S02: 6, 21, 36, 37, 57, 58, 60, 61, 64, 117, 118, 139, 185, 186, and H2S: 
19, 57). 

The present paper reviews the response of sulfur metabolism of plants which have 
to cope with excess sulfur in the shoot environment. 

Foliar deposition of atmospheric sulfur gases 

Plants form a sink for atmospheric pollutants, which can directly be absorbed by the 
foliar tissue (94). The deposition velocity of air pollutants depends on both chemical 
and pbysical factors as adsorption to leaf surfaces, diffusive path length, solubility 
in cell sap, reactivity with cellular components, and physiological factors as regula
tion of stomatal opening and metabolism of the pollutant (12, 30, 68, 87, 92, 113, 
114, 182, 193, 194). 

Sulfur dioxide. Atmospheric S02 was rapidly absorbed by leaves and over a wide 
range its flux was nearly linear with concentration and duration of the exposure (94, 
181). In light, S02 flux to leaves generally predominantly proceeded via the sto
mates (63, 69, 138, 140, 181, 182), although S02 may be adsorbed by the leaf sur
face or pass through the cuticle (63, 69, 87, 119, 182). The deposition velocities for 
S02 differed strongly between species and depended on the experimental conditions; 
daytime deposition velocities ranged from 0.02 to 1.5 cm s-1 (35, 63, 89, 140, 181, 
182). The deposition velocities for S02 were often close to or even higher than those 
predicted from stomatal conductance for aqueous vapor efflux. It has been observed 
that the internal (mesophyll) resistance for so2 gas flux was low and that the diffu
sion through the stomates (stomatal conductance) limited the flux of so2 to leaves 
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high solubility and a rapid hydration of S02 in the cell sap, resulting in formation 
of sulfuric acid and an internal so2 vapor pressure approaching zero, rather than to 
an intracellular metabolism ofthe absorbed sulfite (114, 133, 140, 141, 142, 181, 182, 
187, 204). 

Hydrogen sulfide. Plant shoots rapidly absorbed atmospheric H2S. In cantrast to 
S02, H2S flux to shoots depended on the atmospheric H2S concentration. In light, 
H2S flux to shoots of various species was nearly linear with concentration up to an 
atmospheric Ievel of about 0.3 #111-1 (53). At higher H2S Ievels the flux of H2S to 
shoots reached a maximum Ievel (stomatal opening was unaffected). The H2S flux 
to shoots proceeded predominantly via the stomates (53, 181 ). In the light, the depo
sition velocity for H2S was close to that for aqueous vapor efflux at concentrations 
lower than 0.3 #111-1 for the species and under the conditions tested, which indicated 
a low internal (mesophyll) resistance for H2S (the internal H2S vapor pressure ap
proaching zero) and diffusion through the stomata as the limiting factor in the depo
sition of H2S (53). For the species and exposure conditions tested, the deposition ve
locities for H2S in the light ranged from 0.005 to 0.36 cm s-1 (35, 53, 182). Flux of 
H2S to shoots varied diurnally with stomatat opening, but was rather constant for 
several days (53). A high H2S deposition velocitywas only observed at a high meta
bolic activity of the tissue and only then stomatal conductances for H2S influx and 
aqueous vapor efflux were similar (35). It was suggested that in cantrast to S02, the 
metabolism of the absorbed H2S is the significant factor responsible for the low in
ternal (mesophyll) resistance for H 2S (35, 53). 

Metabolism of deposited atmospheric sulfur 

Atmospheric S02 and H2S may be used as a sulfur source for plants and at 1ow at
mospheric Ievels they may be beneficial and result in an increased yield when the sul
fur supply to the roots is limited, however, above a certain atmospheric concentra
tion, foliar deposition of S02 or H2S may exceed sulfur requirement for plant 
growth (6, 36, 37, 57, 58, 60, 61, 64, 117, 118, 139, 185, 186). 

Carbonyl sulfide (COS), which is thought tobe the predominant natural sulfur gas 
in the atmosphere (191) may also be rapidly absorbed by the plant (182) and metabo
lized, most likely, after hydrolysis to H2S and C02 (16). However, its atmospheric 
concentration is too low to contribute significantly to the sulfur nutrition of the 
plant. 

The possible significance of atmospheric sulfur deposition as a source for plant 
nutrition will be illustrated by the following example. For growth spinach plants re
quire about 10 #'mol sulfur g fresh weight-1 (124). Supposed that the estimated daily 
shoot conductance of spinach for aqueous vapor efflux is 0.08 cm s-1 (adapted from 
ref. 53) and the deposition velocities of S02 and H2S are close to shoot conductance 
for aqueous vapor efflux, then a continuous atmospheric concentration of S02 
and H2S of about 0.4 and 0.3 #111-1, respectively, would be required to cover the 
needs of a plant growing at 15 %, when solely the atmospheric sulfur would be uti
lized as source. However, inorganic and organic sulfur already accumulate in the 
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plant at lower atmospheric S02 and H2S Ievels, which indicates that metabolism of 
the absorbed atmospheric sulfur is for the greater part beyond direct regulatory 
control. 

Accumulation of sulfate 

Sulfur dioxide. Exposure of plants to S02 resulted in enhanced sulfur Ievels in the 
shoots, which already could be observed at relative low Ievels upon exposure (even 
at 0.04 ~tii-1) and which predominantly could be ascribed to an accumulation of sul
fate (21, 26, 42, 57, 58, 61, 69, 70, 83, 84, 85, 86, 97, 99, 107, 108, 123, 124, 125, 
187, 203). The Ievel of sulfur accumulation depended on the S02 concentration, du
ration of exposure, air temperature and the sulfur supply to the roots; it varied be
tween species (83, 84, 85, 86, 107, 108, 115, 117, 118, 123, 124, 125, 137, 138, 183, 
187, 192, 203). 

In general the sulfite content of leaf tissue exposed to S02 was below the detection 
Iimit (21 , 82, 99). Only at relatively high S02 Ievels (> 0.5 ~tll-1), significant in
traceUular sulfite concentrations occurred (62, 70, 99, 199). Thus, at realistic ambient 
concentrations, the absorbed S02 is rapidly oxidized to sulfate in the cell. The na
ture oftbis oxidation is still obscure. Enzymes as peroxidase and cytochrome oxidase 
are able to oxidize sulfite, but also several catalysts as metal ions and Superoxide radi
cals are known to stimulate sulfite oxidation (62, 87, 109, 133, 204). Until now there 
is no evidence that a specific 'sulfite oxidase' is involved in oxidation of sulfite. 

In studies with spinach, it was observed that the increase in sulfate content of 
shoots was linear for at least six days upon exposure to 0.25 ~tll- 1 (124). After two 
weeks of exposure the accumulation rate was reduced by 70 Ofo. The sulfate content 
of spinach shoots increased up to 20 ~tmol g fresh weight-1 upon prolonged ex
posure to 0.25 ~tii-1 so2, whereas it was aoout 3 ~tmol g fresh weight-1 in control 
plants. In spinach shoots the sulfate accumulation increased with temperature and 
did not reflect the solubility of S02 in water (124). The sulfate content of roots was 
not substantially affected by S02 exposure, even not after prolonged exposure (123, 
124). However, there is evidence that sulfate may be transported from the shoots to 
the roots (10, 11, 13, 67, 91). It has been also demonstrated that sulfur originating 
from absorbed atmospheric so2 was translocated to the roots and appeared in 
several sulfur fractions including sulfate (57, 58, 61). Furtbermore, part of the ab
sorbed S02 was excreted into the root environment (69, 71). However, the translo
cation of the accumulated sulfate from the shoot to the roots apparently was too low 
to obtain sulfate accumulation in the roots. Cessation of S02 exposure resulted in 
a decrease of the accumulated sulfatein spinach shoots, which was most likely due 
to metabolism and dilution of the accumulated sulfate by growth (124). 

Hydrogen sulfide. Similar to S02, exposure of plants to H2S (> 0.03 ~tll-1) also 
resulted in an increased sulfur content of the plants (19, 57, 176, 177, 189) which 
could be partially ascribed to enhanced Ievels of sulfate (19, 43, 123, 124, 125). 
However, in most species sulfate accumulation occurred less rapidly than that ob
served with S02 at equal concentrations (123, 124, 125). The origin of the accumu
lated sulfate is still unclear. Accumulation of sulfate may be due to a Iack of regula
tion of sulfate uptake by the root and translocation to the shoot, since H2S is 
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directly utilized as sulfur source. On the other band, it may originate from oxidation 
of absorbed atmospheric sulfide or the sulfide produced during degradation of 
reduced sulfur compounds such as cysteine (90, 154). It has been demonstrated that 
superoxide radicals, for example, produced during photosynthetic electron transport 
may initiate sulfide oxidation (47). In cantrast to S02, prolonged H2S exposure of 
spinach resulted in a substantial increase of sulfate content of the roots; a 2-fold 
increase after two weeks of exposure to 0.15 and 0.3 #1-11-1 (123). Whether the ac
cumulated sulfate in the roots originated from transport of sulfur compounds from 
the shoot to the root, or from a reduced translocation of sulfate from the root to the 
shoot is unclear (123}. 

Sulfhydryl accumulation 

Sulfur dioxide. A small part of S02 absorbe<l by foliar ussue was directly reduced 
and assimilated, and appeared in several organic sulfur fractions of the plant (47, 58, 
59,61,62,69, 70, 71,99,108,168, 175,187,188, 199,205).Enhancedlevelsofwater
soluble non-protein sulfuydryl compounds have commonly been observed in plants 
upon exposure to so2 (1, 26, 28, 33, 52, 70, 78, 79, 80, 81, 82, 123, 124, 125, 130, 
192). The Ievel of accumulation varied with the Ievel of S02 pollution, and also be
tween species (33, 80, 123). S02-induced accumulation of sulfhydryl compounds 
was rapid (1, 33, 52, 124, 125); after 24 h of exposure accumulation in spinach shoots 
bad reached the maximal Ievel (124). In spinach plants with open stomates an increase 
in sulfhydryl compounds in darkness comparable to that in light was noted, demon
strating that the absorbed S02 could be reduced and assimilated in darkness (52). 
Even though in most species S02-induced sulfhydryl accumulation has been 
ascribed to enhanced Ievels of GSH (1, 33, 80, 81, 82, 125), in spinach leaves high 
Ievels of cysteine were also observed (28, 52). In darkness there was hardly any in
crease in GSH content; the enhanced sulfhydryl content was due to increased Ievels 
of cysteine and y-glutamylcysteine; the latter was only present in trace amounts in 
untreated plants in the dark (28, 52). Part of the assimilated S02, as cysteine and 
GSH was transported to other parts of the plant (70). 
Grill et al. (81, 82) also observed enhanced protein-sulfhydryllevels in needles of 

Picea abies collected from trees in strongly S02 polluted areas. 
Hydrogen su/fide. H2S can be directly incorporated into reduced sulfur com

pounds as cysteine (20). Crop plants rapidly accumulated water-soluble sulfhydryl 
compounds in the shoots upon exposure to H2S at the concentration of 0.03 JLll-1 

or higher (48, 122, 123). Already after one hour of exposure of spinach to 0.25 ILl 
l-1 H2S, a significant increase in sulfhydryl content was detected (49, 124). Maxi
mum accumulation at this concentration, 3- to 4-fold ofthat in control plants, was 
observed after 24 h of exposure (49, 123). 

The Ievel of sulfhydryl accumulation in shoots depended on the H2S concentra
tion and it varied between species (48, 123, 124, 125). For spinach shoots it was max
imal (5-fold ofthat of untreated plants) at 1/Lll-1 after 24 h of exposure (124). The 
Ievel of H2S-induced sulfhydryl accumulation in spinach shoots was affected by 
temperature during the exposure (123, 124). At 15°C the sulfhydryllevel was 1.6-fold 
higher than that at 25°C after 48 h of exposure to 0.25 ILII-1 H2S (124). However, 
also in untreated plants the Ievel of sulfhydryl compounds increased at a lower tem-
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perature; relative ratio of sulfhydryl compounds in percentage upon H2S exposure 
was independent of temperature (124). The duration and the intensity of irradiation 
during the H2S exposure did not affect the Ievel of sulfhydryl accumulation in 
spinach shoots (49, 124). Young spinach leaf tissue accumulated more sulfhydryl 
compounds than older tissue, however, relative ratio of sulfhydryl compounds in 
percentage upon H2S exposure was comparable for all leaves (43). Exposure of 
spinach to 0.25 ~tii-1 H2S resulted an increase in the Ievel of sulfhydryl compounds 
in darkness comparable tothat in light (49, 52}. Sulfhydryl accumulation in spinach 
shoots upon H 2S exposure was due to enhanced Ievels of cysteine and GSH in the 
light (2-8, 43, 52). Upon dark exposure substantial quantities of ')'-glutamylcysteine 
also accumulated (28). Glutathione was predominantly present in its reduced form, 
even after H 2S exposure (> 85 OJo} and the glutathione reductase activity was not 
substantially affected by short-term H2S exposure to 0.25 ~tll- 1 (50}. 

Short-term H2S exposure did not affect the water-soluble protein sulfhydryl con
tent (49). 

From H2S flux measurements it was calculated that, after an exposure to 0.2 or 
0.8 ~tll- 1 H2S for 3 days, 25 Ofo of the total H2S taken up by spinach shoots could 
be revealed in the water- soluble non-protein sulfhydryl compounds (53). These data 
indicated that during the first 24 h of exposure the greater part of the H 2S taken up 
by the shoots was incorporated into sulfhydryl compounds, since maximum accumu
lation ofthese compounds was reached after 24 h (49, 124}. In addition, the Observa
tion that the HzS flux to shoots was rather constant up to 4 days of exposure, indi
cated that the rate of accumulation of sulfhydryl compounds in the shoots did not 
reflect the H 2S uptake by plants (53). The fate of the remaining fraction of H 2S 
taken up by the plant was unclear. Part of the reduced sulfur could be utilized for 
plant growth (53, 125) or oxidized to sulfate and be responsible for the increased sul
fate content upon prolonged H2S exposure (43, 122, 123, 124, 125). Finally part of 
the absorbed sulfur could be translocated to other parts of the plant (14, 57, 58, 61). 
A two days exposure of spinach to 0.25 ~tii-1 H2S resulted in a two-fold increase in 
GSH content in the roots, which indicated that part of the accumulated GSH in the 
shoots upon exposure was transported to the roots (F. Buwalda & W. Visser, per
sonal communication). 

From the observed high H2S fluxes to shoots and the rapid incorporation of H2S 
into the compounds of the sulfur assimilatory pathway, cysteine, ')'-glutamylcysteine 
and GSH, it was suggested that rapid metabolism of the absorbed H2S directly into 
cysteine was significant for the high deposition velocity of H2S at concentrations 
lower than 0.3 ~tl I- 1 (53}. In addition, it was concluded that 0-acetylserine sulf
hydrylase has a very high affinity for H2S in vivo (53). 

Hydrogen sulfide emission 

Even though plants act as a sink for H2S, part of the absorbed S02 is re-emitted as 
H2S after reduction. Materna (129) reported emission of volatile sulfur by spruce 
needles which had been previously exposed to S02• De Cormis (42) demonstrated 
that S02-induced emission of volatile sulfurwas a light dependent process and that 
H 2S was emitted by the leaves. Plants grown under normal sulfur conditions also 



Metabolism oj atmospheric suljur 117 

emitted small quantities of H2S (62, 201, 158). At a sulfate concentration in the root 
environment of 1 mM, which is adequate for growth of crop plants, Glycine max 
plants emitted about 0.007 J.LIDOl H2S (g dry weight)-1 h-1 in the light (201). Spruce 
branches continuously emitted H2S, at high rates in the light and at low rates in 
darkness; there was a direct relation between the aqueous vapor efflux from the nee
dles and the rate of H2S emission (1 nmol H2S mol H20-1; 158). 

Upon S02 exposure the rate of H2S emission may be substantial in the light; up 
to 15 OJo of the deposited sulfur by the leaves was found tobe re-emitted (62, 164, 
181). At concentrations higher than 0.5 J.LII-1 S02, the H2S emission of Geranium 
leaves exceeded a rate of 0.8 JLffiOl (g dry weight)-1 h-1 (181). H2S emission upon 
S02 exposure may result in an underestimation of the actual foliar S02 deposition 
(179, 181). There is a threshold S02 concentration required before substantial H2S 
emission by leaves could be detected (88, 181). Taylor and Tingey (181) calculated 
a threshold Ievel for Geranium of 5 nmol cm-2 over 15 min period. The rate of H2S 
emission depended on leaf age and S02 concentration; it varied strongly between 
species (62, 88, 164, 181). 

Application of sulfite or high Ievels of sulfate to the roots or incubation of leaf 
tissue with sulfite, sulfate or cysteine also resulted in high rates of H2S emission 
(111, 148,150,151,152,154,155,156,165,166,167,174, 180,200). Incontrastto 
that induced by sulfate, sulfite or S02, cysteine-induced H2S emission was light in
dependent. H2S was directly derived from cysteine by enzymatic degradation by cys
teine desulfhydrase (104, 151, 154, 156, 165). The presence of separate cysteine 
desulfhydrases for L-cysteine and D-cysteine have been demonstrated in leaf tissue, 
but the physiological role of the latter enzyme is obscure, since its Substrate D
cysteine is unknown in plant tissue (156, 162). 

Regulation of uptake and assimilation of sulfur in presence of excess foliar sulfur 

Uptake and Iransport oj su/jate 

Uptake and transport of sulfate is affected by the suuur status of the plant. Plants 
with a high sulfur status generally have less efficient sulfate uptake by the roots than 
plants with a low sulfur status (34, 95). This was also found for sulfur transport into 
cell suspensions (101, 170, 171). Uptake and transport of sulfatein the plant is regu
lated by negative feedback from sulfate itself (39, 40, 161) and by repression of the 
uptake system (especially in root type cells) by reduced sulfur compounds as GSH 
(153, 157). Littleis known of the effect of foliar deposition of S02 and H2S on the 
sulfate uptake by the roots. It has been demonstrated that at high Ievels of at
mospheric S02 (0.5 JLll- 1, tobacco; 58) or H2S (18 J.Lll-1, duckweed; 19) the sulfate 
uptake by the roots was reduced. In order to obtain more insight into the regulatory 
aspects of sulfur metabolism, the significance of negative feedback control of sulfate 
uptake by roots at low Ievels of foliar deposition of atmospheric sulfur needs further 
study. 
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Sulfate reduction 

The activities of the enzymes of the assimilatory suUate reduction in leaves depend 
on the developmental stage (2, 18, 66, 163, 198, 202), and on nitrogen and sulfur 
nutrition (3, 4, 5, 9, 24, 27, 29, 72, 159, 160). Feedbackregulation of assimilatory 
sulfate reduction predominantly occurs at the site of adenosine 5' ~ phosphosulfate 
sulfotransferase (APSSTase), cysteine being the most likely regulator (17, 22, 23, 25, 
27, 196, 198). Feedbackregulation of APSSTase is due to both inactivation/degrada~ 
tion and repression of the enzyme (17, 196). The ferredoxin-dependent sulfite reduc
tase of Pisum sativum may also be subject to feedback regulation: in vitro it was inac
tivated by sulfide (100 OJo at 0.1 mM; 197). There was no feedback regulation ofthe 
activities of A TP sulfurylase and 0-acetylserine sulfhydrylase by low Ievels of 
reduced sulfur compounds (23, 25, 56, 135, 196, 198). 

The activity of ATP sulfurylase was not (or only slightly) reduced upon exposure 
to S02 (0.025 to 0.075 p.l I-1; 26, 192). Exposure of plants to S02 resulted in a 
decrease in APSSTase activity (26, 192, 203). Even at low Ievels of S02 the lass of 
APSSTase may be substantial. Exposure of Fagus sylvatica to 0.025 ~tl I-1 S02 
resulted in a 70 o/o loss of this enzyme within three days of exposure (26). This 
decrease occurred before a significant increase of sulfate was observed (26). 0-
acetylserine sulfhydrylase activity was not affected by S02 exposure (1.2 ~tll- 1 ; 203). 

Exposure of Lemna minor to high H2S Ievels (12 ~tll-1) for 6 days did not affect 
ATP sulfurylase activity (22). However, H2S exposure (1.5 p.l 1-1) during the de
velopment of leaves of Pisum sativum, repressed ATP sulfurylase activity during the 
first days of exposure (198). H 2S exposure resulted in a lass of APSSTase activity of 
leaves or cell Suspensions (22, 25, 196, 198, 202), however, only relatively high Ievels 
(> 1.5 ~tll-1) of this sulfur gas were used. 0-Acetylserine sulfhydrylase was not af
fected upon H 2S exposure (17, 22, 196, 198, 202). 

In conclusion, there is evidence that exposure of plants to S02 or H2S may reduce 
assimilatory sulfate reduction in the shoots, due to repression of the APSSTase ac
tivity, most likely mediated by the enhanced Ievels of cysteine upon exposure. More 
research is needed in order to understand the significance of the feedback control of 
sulfate reduCtion in the regulation of sulfur metabolism in presence of excess sulfur. 

Sulfur assimilation 

Accumulation of sulfhydryl compounds in lear tissue is characteristic under condi
tions where the reduced sulfur supply exceeds the metabolic needs (44, 45, 46, 50, 
147, 149). Inhibition of sulfate reduction by selenate, strongly reduced sulfhydryl ac
cumulation in leaf tissue exposed to excess sulfur (43, 44). 

A combined exposure of leaf discs to 25 mM Na2S04 and 0.5 ~tll- 1 H2S for 24 h 
in the light demonstrated that the content of sulfhydryl compounds was not the sum 
of those induced by H 2S and sulfate (43). The combined exposure resulted in an 
intermediate sulfhydryl Ievel, indicating that sulfide from both sulfur sources com
peted for the same substrates utilized for synthesis of sulfhydryl compounds. 

The increase in sulfhydryl content upon exposure of spinach leaf tissue to S02 
and H2S could be ascribed to enhanced Ievels of GSH and cysteine in light and cys
teine and "(-glutamylcysteine in darkness (28, 52). Incubation of spinach leaf tissue 
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with sulfatealso resulted in similar enhanced Ievels of both cysteine and GSH in light, 
and of -y-glutamylcysteine in darkness (28, 52). This indicated that the regulation of 
the cysteine pool was rather poor in the presence of excess sulfur, even when sulfate 
reduction was limiting synthesis of the sulfhydryl compounds. This Observation is in 
contrast with earlier suggestions that the cysteine pool is carefully regulated and that 
GSH functions as storageform of cysteine (50, 62, 147, 149). Even after two weeks 
exposure of spinach to H 2S, high Ievels of both cysteine and GSH were still present; 
regulation ofthe intracellular sulfhydryl compounds was not altered after prolonged 
exposure in such a way that low cysteine Ievels were obtained (43). 

Incubation of spinach leaf discs with 1 mM buthionine sulfoximine (BSO), a selec
tive inhibitor of -y-glutamylcysteine synthetase (131) only slightly decreased the sulf
hydryl content. This was also the case for H2S-induced sulfhydryl accumulation (0.5 
J.Ll t-• H 2S; 43). The cysteine fraction was strongly enriched after BSO incuba
tion,from 8 to 76% in controlleaf discs and from 43 to 70 O!o in H2S-fumigated leaf 
discs (43). These results demonstrated a rapid turnover of GSH in non-fumigated leaf 
discs and again a relatively poor regulation of the cysteine pool, when GSH synthesis 
was prevented. In addition, it was shown that H 2S-induced sulfhydryl accumulation 
was hardly affected under conditions where -y-glutamylcysteine and GSH synthesis 
were inhibited, indicating metabolism of absorbed atmospheric H 2S was not subject 
to feedback regulation by cysteine. 

The occurrence of high Ievels of -y-glutamylcysteine in spinach leaf tissue in dark
ness after exposure to excess sulfurwas not due to a light dependency of glutathione 
synthetase, but due to Iimit of glycine needed for GSH synthesis. Accumulation of 
-y-glutamylcysteine could be prevented by addition of glycine to the leaves and GSH 
instead of -y-glutamylcysteine accumulated (Buwalda, F., Stulen, I. and De Kok, 
L. J., in preparation). 

There is little information on the subcellular distribution of the sulfhydryl com
pounds. Smith et al. (173) reported that GSH was predominantly present in the chlo
roplast (> 500Jo), however, Gillham and Dodge (73) and Klapheck et al. (105) report
ed that less than 350Jo of GSH was present in the chloroplasts. Smith (172) suggested 
that excess reduced sulfur compounds are stored in the vacuole. The subcellular 
localization of the accumulated sulfhydryl compounds in leaf tissue upon exposure 
to excess sulfur also needs further investigation. 

In most species tested the Ievel of sulfhydryl accumulation upon S02 exposure 
was much lower than that upon H2S exposure (123, 124, 125). This can be explained 
by the fact that the greater part of the absorbed S02 was oxidized and thus revealed 
as increased sulfate Ievels and only a small proportionwas reduced to sulfide and sub
sequently incorporated into sulfhydryl compounds. Grillet al. (80) suggested that the 
increased GSH Ievels in leaves of S02-exposed plants were due to chronically en
hanced sulfate Ievels. lncubation of leaf tissue with high sulfate Ievels resulted in a 
strongly increased intracellular sulfate content and in enhanced Ievels of water
soluble non-protein sulfhydryl compounds (44, 46, 52, 80, 82). The Ievel of sulf
hydryl accumulation depended on the supplied sulfate concentration (46). In cantrast 
to the above Observations of sulfate incubation of leaf tissue, in S02-exposed plants 
sulfhydryl accurnulation was not directly related to the sulfate content in the leaves. 
The sulfhydryl accumulation already reached a maximurn Ievel after one day of ex
posure and the sulfate content increased linearly for at least six days of exposure (123, 
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124, 125). These results indicated that the sulfate accumulating upon S02 exposure 
was not localized at the site where sulfate reduction took place, but it was more likely 
stored in the vacuole (124). The latter conclusion was supported by the observation 
that the vacuole is the major storage site of sulfate (102, 172, 184). 

Sulfhydryl accumulation in shoots upon exposure to S02 and H 2S was rapid dur
ing the first hours of exposure and accumulation reached a maximum Ievel after 24 
to 48 h of exposure (49, 124). However, deposition of so2 (illustrated by the Sulfate 
accumulation in the shoots; 124) or H 2S (53) continued unaltered after this period. 
Inhibition of sulfate reduction may explain the occurrence of such a steady state Ievel 
of sulfhydryl accumulation. In this case the plant would use the absorbed atmospher
ic sulfur as a sulfur source instead of sulfate taken up by the root. 

When the exposure of leaves to excess sulfurwas ceased then the accumulated sulf
hydryl compounds were most likely metabolized or partially transported to the roots. 
Termination of the H 2S exposure resulted in a rapid loss of the accumulated sulf
hydryl compounds within two days (49, 50, 124). The oxidized glutathione content 
also decreased and no detectable emission of H2S by shoots was noticed after termi
nation of the H2S exposure, indicating that desulfhydration of cysteine was not sig
nificantly involved in the loss of the accumulated sulfhydryl compounds (50). It was 
proposed that the accumulated sulfhydryl compounds were metabolized after cessa
tion of the fumigation and used for e.g. protein synthesis (50, 124). The loss of sulf
hydryl compounds was not significantly affected by temperature (15, 20 and 25°C), 
photon fluence rate (60 and 170 ILmol m- 2 s- 1) or H 2S pre-exposure concentration 
(0.25 and 0.5 ILit- 1; 124). However, it was calculated that the rate of decrease of the 
accumulated sulfhydryl compounds was insufficient to meet the organic sulfur de
mand needed for plant growth under the different conditions (124). 

The methionine Ievel is subject to strong feedback control (Giovanelli, this 
volume; 74). Its content was not substantially affected by sulfur nutrition (41), S02 
exposure (76, 128) and H2S (195). 

In conclusion, in the presence of excess reduced sulfur the Ievels of water-soluble 
non-protein sulfhydryl compounds, cysteine, -y-glutamylcysteine, GSH are very 
poorly regulated. lt is questionable whether the accumulation ofthe sulfhydryl com
pounds upon exposure to excess sulfur has a function in temporary storage of re
duced sulfur in the shoot, or reflects a disturbed regulation of sulfur assimilation. 

Pbytotoxicity of S01 and H2S 

S02 and H 2S are phytotoxic gasses, which, above a certain threshold Ievel, may 
negatively affect plant growth; at acute Ievels exposure may result in visible injury 
(7, 8, 48, 64, 77, 112, 120, 122, 123, 125, 133, 134, 177, 189, 204). Sulfiteand sulfide 
are very reactive compounds and part of the phytotoxicity of S02 and H2S very like
ly is due to a reaction of these compounds with cellular components as enzymes or 
membranes, resulting in a disturbed metabolism (51, 68, 92, 96, 110, 121, 126, 127, 
133). The question arises whether part of the phytotoxicity of the sulfuraus air pollu
tants can be attributed to a disturbed sulfur metabolism. 

The relation between the sulfur Status of the plant and the phytotoxicity of S02 
has been intensively studied. Deposition of atmospheric sulfur may be beneficial 
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when the sulfur supply to the roots was limited (6, 36, 37, 57, 58, 64, 117, 118, 139, 
185, 186). For some species exposure to low Ievels of H2S (0.03 to 0. 1 JLll- 1) resulted 
in enhanced yields, even under normal sulfur fertilization of the soil (48, 189). The 
cause of the H2S-induced growth stimulation is still unclear. 

It has been demonstrated that so2 was less toxic when the sulfur Status of the 
plant was low (98, 106, 108, 117, 118). This indicated that metabolism of the ab
sorbed sulfur, at least partially, plays a role in detoxification of S02• It was demon
strated that genetic variation in susceptibility of Cucurbitaceae to acute injury could 
be attributed to differences in the rate of absorption of so2 by the plant (15, 62). 
Similar results were obtained with regard to the sensitivity of different species 
towards S02 (71, 108). However, upon H 2S exposure, there was no direct relation 
between the H2S absorption by shoots and the sensitivity (yield reduction) of species 
to H2S (53). In some sturlies the resident time of sulfitein the plant cell was related 
to the sensitivity of different species towards S02 (99, 109, 132). However, in these 
experiments unrealistic high Ievels of sulfite were used and the physiological sig
nificance is unclear. In addition, it has been demonstrated that there was no direct 
relation between the extent of oxidation and the sensitivity of the leaf tissue (62). 

There was a positive correlation between the susceptibility of leaves of Cucur
bitaceae to acute injury and the capacity of re-emission of the absorbed sulfur as 
H 2S emission and it was suggested that this reaction was involved in detoxification 
of S02 by the plant (62, 164). However, also in thesesturlies high sublethallevels of 
S02 were used. It is questionable whether H 2S emission is significantly involved in 
detoxification at low Ievels of 802, since here the plant may have sufficient capacity 
to incorporate the greater part of the reduced sulfur into cysteine and glutathione, 
as demonstrated in H2S exposure experiments (124). 

Sulfate is the major sulfur compound which accumulates in plants upon S02 and 
(prolonged) H 2S exposures. At present there is no evidence that elevated intracellu
lar sulfate Ievels (most likely stored in the vacuole; 102, 124) are of great importance 
for the phytotoxic effects of S02 and H2S. There was no direct relation between the 
Ievel of sulfate accumulation and the phytotoxicity of S02 or H 2S (123, 124, 125). 

It has been suggested that chronically enhanced levels of sulfhydryl compounds in 
the cell may result in a deregulated intracellular metabolism (62, 80, 81, 82). Especial
ly, high intracellular cysteine levels are considered tobe toxic (62, 146). Even though 
plants contain cysteine degrading enzymes as cysteine desulfhydrase (151, 154, 156, 
162, 165}, high Ievels of cysteine apparently occur upon exposure to excess sulfur. 
Many species (especially monocotyledons upon H2S exposure; I. Stulen and F.S. 
Posthumus, personal communication) tolerate high Ievels of both glutathione and 
cysteine in the presence of S02 or H2S without any pbytotoxic effects, even after 
prolonged exposure (125). The localization of the accumulated sulfhydryl com
pounds upon excess sulfur and the physiological significance of cysteine desulfhy
drase in regulation of the intracellular cysteine Ievels needs further study. 

In conclusion, it is questionable whether a disturbed regulation of sulfur assimila
tion is a significant factor responsible for the phytotoxicity of S02 and H 2S. 
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Concluding remarks 

Plant shoots rapidly absorb S02 and H2S and in generat the diffusion through the 
stomates Iimits the flux of these gasses to the shoots. The internal (mesophyll) 
resistance for S02 and H2S is low; for S02 it can be attributed to a high solubility 
of this gas in the cell sap, but for H 2S it is ascribed to its rapid metabolism. It is evi
dent that already low atmospheric Ievels of S02 or H2S affect sulfur metabolism in 
plant shoots, which is illustrated by enhanced Ievels of sulfate and sulfhydryl com
pounds. There are indications that uptake of sulfate by the roots and regulation of 
sulfate reduction in the shoots may respond to foliar sulfur deposition. Thus, fumi
gation experiments may be used as a tool in order to obtain more insight into the 
regulatory aspects of sulfur metabolism in intact plants. In addition, the genetic 
differences in sulfur utilization between species in relation to their responses to at
mospheric sulfur deposition, including evolutionary responses need further investi
gation. 
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lntroduction 

Sulfur, a macronutrient for all plants, is not uniformly distributed in the environ
ment and soils can show a wide range of concentrations. In addition to the variability 
of the total sulfur concentration, the chemical form of sulfur can vary from the high
ly oxygenated state sulfate to the reduced state of sulfide, so that plants surviving and 
reproducing at the different sites have to have become adapted to the concentration 
and the speciation of sulfur. Sites with high sulfur availability via the pedosphere are 
the solfataras (106), gypsum-bearing soils (8, 25), soils on ore outcrops (27, 30) and 
waterlogged soils (53); the latter will also affect the availability of other nutrients (82, 
96). Sulfur enrichment in the hydrosphere occurs in all saline environments (4, 29) 
and in the atmosphere, either naturally in the vicinity of volcanoes and burning Iig
nite deposits (50), or man-made in all industrialized areas (101). Except for sulfur
deficient crops (5), plants in all other ecosystems seem tobe adequately supplied with 
sulfur or have to cope with an excess. Therefore, the natural concentration of total 
sulfur in plant leaves, the most useful indicator of sulfur supply, ranges from 0.30fo 
to 7.6%, the latter value found in plants on gypsum soils (25) and nearly 1% higher 
than the maximum nitrogen concentration in the nitrophilaus herb Anthriscus sylves
tris (55). Therefore, agriculturally defined determinations of the sulfur nutrition sta
tus of a plant, i.e. total sulfur concentration x 0.025 total nitrogen concentration (22) 
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are not relevant for most wild plants. The same statement can be made for estima
tions of the sulfur status of soils (5). 

In addition to the function of sulfur in biomembranes, protein structures and 
enzyme-catalyzed reactions (see the other contributions in this book), ecological 
aspects of sulfur range from its role in the water economy of the plant's vacuole (10, 
47, 84, 93), in the regulation of pollen incompatibility (19), in aspecific stress reac
tions to meta! surplus (41, 65, 104, 114, 115) to its function in deterrent compounds 
against herbivores and pathogens (77, 89). As a consequence of a high exposure to 
certain sulfur forms, plant species may evolve sulfur-resistant genotypes, which can 
cope with the surplus either by avoidance (24, 66, 101-103) or real tolerance (31). 

Accumulation of sulfates 

The seasonal variation of sulfate mineralization from organic matter in aerated soils 
(15, 80, 99) and varying availability of nitrogen, phosphorus and sulfur independent
ly, to plants (74) may hamper a regular balanced supply of nutrients to the plants. 
Therefore, storage of these nutrients in the plant may help to avoid short-term short
age, if appropriately compartmentalized. In many ecosystems, sulfate is the common 
form of sulfur storage in the plant's vacuole. In Centrat European forests as weil as 
in Mrican miombo woodland, the sulfate uptake by plants appears to be sufficient 
for requirement, as the sulfate concentration in vacuoles increases from the young 
leaf stage in spring up to senescence in summer and autumn (28, 84). In contrast to 
the retranslocation of phosphorus and nitrogen from senescent leaves to living or
gans, sulfate like chloride remains in the senescent leaves. When glycophytes and 
halophytes are exposed to sulfate in the rooting medium, sulfate concentrations re
main low in the vacuole (2-140fo of total sulfur content) as long as the supply is low, 
but strongly increase at high external supply, in coastal halophytes up to 9311Jo oftotal 
sulfur (18 g S kg-1 dry wt.) (93, 111). Sulfate can contribute to tbe maintenance of 
the osmotic potential in plants of coastal dunes and salt marshes by 4211Jo under field 
conditions (47) and up to 650Jo under Iabaratory conditions (93). In the extreme 
sulfur-enriched environment of gypsum-bearing soils, more than 5011Jo of the sulfur 
is stored in the plants as sulfate, if the total sulfur concentration exceeds 311Jo (7, 9). 
In the gypsophilous plant Moricandia arvensis (Brassicaceae) even 92% of total plant 
sulfur has been found as sulfate. Such a preference for sulfate storage occurs even 
in glucosinolate-synthesizing plants. Up to now, two exceptions have been found to 
this rule: Launeo angustifo/ia (Asteraceae) with more than 2511Jo of its sulfur as organ
ic sulfur compound, probably flavonoid-sulfate {9) and the saltmarsh grass Spartina 
anglica with up to 50% of its total sulfur as dimethylsulfoniopropionate (110). 

Ecologically very interesting compounds are the flavonoid sulfates (45, 46). With 
the exception of the sulfated cinnamic glucosides in many ferns belonging to the 
genera Adiantum as well as Ceterach ojjicinarum and Pteridium aquilinum (16, 52), 
it is obvious that the occurrence of flavonoid sulfates is frequently related to saline 
habitats or wetlands, i.e. sulfur-enriched environments (46, 105). As demonstrated 
for Zostera, plants supplied with radioactive sulfate can allocate 50% of it to 4 flavo
noid monosulfates and one flavonoid disulfate within 36 hours (46). Consequently, 
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Harborne (46) has suggested that flavonoid sulfate is a possible reute for inactiva
tion or storage of excessive sulfate. There is another ecologically interesting aspect 
involved. Flavonoid sulfates occur in nearly all salt-excreting dicotyledonous halo
phytes, i.e. Armeria, Frankenia, Limonium, and Tamarix. The balance between sul
fate accumulation and sulfate secretion may possibly be more readily achieved meta
bolically if the sulfate destined for the vacuoles is bound to a larger molecule via 
phenol sulfotransferase (113). Additionalexperiments with salt-secreting halophytes 
may help to elucidate the diversification of the accumulation and secretion reute and · 
may establish quantitative data for the ratio between sulfate ions and flavonoid sul
fates. Another ecological function of flavonoid sulfates may be their involvement in 
the absorption of UV-B radiation, which is very high in coastal environments. 

Avoidance of sulfur accumulation by elimination of the sulfur compound 

Due to the Iimitation of cellular storage capacity (7, 27) the cell can either expert sul
fur to other cells and plant parts or try to eliminate it by excretion via glandular sys
tems, by volatization or by root exudation. The latter aspect has scarcely been inves
tigated, although excretion of sulfated thioglucosides by crucifer roots (112) and 
propenylcysteine sulfoxide by onion roots (51) possibly indicate an ecological func
tion as a deterrent to phytophagaus nematodes and other soil inhabiting hetero
trophs. 

Sulfur elimination by satt glands 

Although salt glands have a very restricted distribution in higher plants, there is an 
aggregation of salt-secreting species in saline environments. The analysis of the 
secreted salts has not usually included the sulfates (60, 91) or this has only been car
ried out in a qualitative manner (117). Salts excreted by Limonium and Tamarix spe
cies can contain up to 56% sulfate (6, 20). In experiments with Limonium vulgare 
and Spartina anglica it has been demonstrated that an increase of the external sulfate 
concentration (up to 20 mmol N~S04 I- 1) can stimulate tbe sulfate secretion up to 
24-fold (111). The daily excretion of sulfate may be as high as 0.150Jo of totalleaf 
sulfur. With a further increase of external sulfate however, salt secretion remains at 
the same Ievel (12 nmol S04 

2
- per cm2 leaf per day) in Limonium vulgare or does 

not increase with external exposure in the case of Spartina ang/ica (56 nmol SO/
per cm2 Ieaf per day). These values are a factor of 6 (S. anglica) and 14 (L. vulgare) 
lower than the data for the NaCI-secretion of these halophytes (91) and are achieved 
at lower external salt concentrations. 

Biogenie suljur emission 

Emission of volatile sulfur compounds has been a well-known phenomenon in plant 
ecology for more than a century. The identification of the compounds concerned, 
quantification of the process and metabolic pathways involved, however, result from 
research during the last two decades. Since tbe first observation of hydrogen sulfide 
emission by bigher plants after exposure to sulfur dioxide (18) and of dimethyl sulfide 
by marine algae (13) it became evident that plant species can use volatile sulfur com-
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pounds in the regulation of their sulfur budget, irrespective of the external sulfur 
speciation. 

When considering the emission of hydrogen sulfide, a light dependent process 
(119), it should be noted that the present information is based on a lirnited selection 
of plant species: the cereal Zea mays ( 119), the herbs Cucumis spp., Cucurbita pepo, 
G/ycine max, Gossypium hirsutum, Lemna spp., Spinacia oleracea and Spirodela 
polyrrhiza (34, 86, 88, 94, 95, 100, 119), and the coniferous trees Picea abies and Pi
nus sy/vestris (18, 44, 97). The concentrations emitted range from 0.06 up to 2530 
~tmol H2S kg-1 dry wt. h-1 (Table 1). When the experimental conditions are reduced 
to ecologically realistic Situations, the upper range is drastically reduced to 8.5 ~tmol 
H2S kg- 1 dry wt. h- 1• A comparison of these data with those from a number of 
crops under field conditions demonstrates that the emission rate under natural condi
tions is diminished to 1 °/oo from that of mature cucumber leaves under Iabaratory 
conditions, with a range from 0.08 to 0.2 J'IDOI H2S kg-1 dry wt. h-1• The Iack of 
information of the total sulfur content, however, makes it impossible to judge the 
efficiency of the system. 

Although a number of authors (34, 120) have related these Iabaratory data to a 
global sulfur budget, it has no ecological relevance. There is no data at all from the 
dominant vegetation types of the world such as (a) broad-leaved trees from all cli
matic regions, (b) C3-grasses and sedges (either wild or cultivated) and (c) plant spe
cies with other sulfur sinks such as glucosinolates and sulfoxides. Due to the impact 
of the environmental sulfur concentration on the H2S emission rate, it is very impor
tant to investigate those plant species which grow in partly or permanently water
logged soils, e.g. rice and sedges, and to relate the H2S emission rates to the varia
tion of sulfur availability in non-waterlogged temperate and tropical soils (15, 73, 
80). At present the data set is too small to estimate the importance of H2S emissions 
for both the individual plant (Iack of data on total sulfur concentration and sulfur 
flux) and for the global sulfur budget. 

Another emission compound is dimethyl sulfide (DMS), derived from various 
sources of organic sulfur metabolites. In marine ecosystems dimethylsulfoniopropi
onate (DMSP) was the first sulfonium compound isolated from the marine alga Po/y
siphoniajastigiata (13), but was later found tobe widespread in marine plankton and 
macro-algae (1, 11, 22, 27, 85, 118). DMSP seems to be the most important S
emission source (98). In higher plants, however, this compound seems tobe restricted 
to the salt marsh grass species Spartina anglica and S. alternijlora (64, 108, 111). Its 
reported occurrence in Zostera marina (39) can not be confirmed (109) and should 
be attributed to material contaminated with marine epiphytic algae (J. Gorharn in 
108). The roJe of DMSP may be that of a compatible solute (121) and/or that of a 
storage compound for excessive sulfur (49). A critical reexamination of these func
tions by V an DiggeJen (111) has demonstrated that DMSP in Spartina anglica makes 
up between 15 and 360Jo of the total leaf sulfur, even under non-saline conditions. 
Increasing concentrations of sodium chloride (up to 500 mmoll- 1 solution) or sodi
um sulfate (up to 50 mmoJJ-1) could not influence the DMSP concentration. Thus, 
these data provide little evidence for the theory that DMSP operates as a compatible 
compound in the cytoplasma of this halophyte. The claim for this function as a long
term adaptation to osmotic stress in Enteromorpha intestinalis (27) is biased by its 
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Tab/e I. Emission of hydrogen sulfide by plants under experimental conditions and thei! ecological 
relevance. 

Plant species Emission rate Sulfur concentration Sulfur Ref. Ecological 
{l!mol H2S/kg/h) in test condition speciation relevance 

Cucumis sativus 
young Ieaf 253()& maximum estimation sulfur dioxide 94 unrealistic 
mature leaf 235• of 1000 ~ol m-3 air 

umnagibba 0.06-0.39 10-20 mmol water sulfite 100 present, if anoxic 
Lemna va/diviana 0.32-0.94 water 
Glycine max 2.11-8.45 0.04-1 p.mol water Na-sulfate 120 present 
Piceo abies 0.07 250 mmol water K-sulfate 97 unrealistic 

3yr seedling 
Pinus sy/vestris 0.79 29.7 pmol m-3 air sulfur dioxide 44 unrealistic 

3yr seedling 
Pinus sylvestris 5.28-21.1 1.6-6.2p.mol m-3 air sulfur dioxide 44 present only in 

15-25yr trees polluted areas 
Phaseolus sp. 0.08-0.2 unknown probably 34 unrealistic 

sulfate 

a assuming 900fo water content in fresh material. 

determination on a fresh weight basis, which is not a reliable parameter if the plant 
is water-stressed. The strong accumulation of DMSP by Spartina anglica under 
reduced sulfur conditions (108), together with an increase in total sulfur content, sup
ports evidence that (a) DMSP may indeed serve as a sulfur storage at sulfur excess 
and (b) the uptake of sulfide (12) is essentially higher than that of metabolically regu
lated sulfate. This high uptake of sulfide questions the efficiency of the radial oxygen 
loss of the roots (2). 

DMSP is not thought tobe a very stable form of sulfur storage, but may contribute 
to sulfur resistance by volatilization with a turnever of 0.8'7o totalleaf DMSP per 
day (17). It may degrade by an enzymatically catalyzed cleavage of DMSP into 
dimethyl sulfide and acrylate (11, 17), mainly in the leaves from which DMS is emit
ted (17). Therefore, sites on which Spartina alterniflora grow have the highest bio
geDie sulfur emission, a factor 10 to 100 greater than emissions from inland soils and 
from oceans (98). Unvegetated salt marsh soils, however, have no evolution of DMS 
(17), or lose their DMS emission within 1 to 3 days afterremoval of the vegetation 
(32). The 60-fold increase of summer DMS flux over winter flux (107) indicates that 
volatilization of DMSP by Spartina species and marine algae may be an efficient 
mechanism of sulfur tolerance via cellular avoidance. Whether or not the recently 
proposed second degradation route of DMSP via sequential demethylation to 
3-mercaptopropionate (57) also occurs in Spartina or is only a small bypass of the 
methionine-DMSP route (72), will demand further research. 

Emission of DMS is not restricted to the saline environment. It can also be released 
from leaves of Allium cepa, with 5-methyl-methionine as precursor (48). lf this ap
plies to other Allium species as weil, woodlands in which Allium ursinum predomi
nates in the herb layer may then be ecosystems with an important DMS emission. 
Furthermore, in remote areas of Canada, DMS from boreal wetlands can ac-
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count for up to 30 percent ofthe acidifying sulfurburden (81). 1ftbis DMS is emitted 
by higher plants, it will indicate that regulation of the sulfur budget in wetland plants, 
invariably growing under strongly reduced sulfur conditions and thus at high H2S 
conditions (122), may occur via volatilization (58). 

SuHur compounds as a defeoce against beterotropbic orgaoism 

Of the various organic sulfur compounds in plants (58) which play a role in plant
heterotroph relationships, most attention has been paid to the glucosinolates, which 
are widespread throughout the plant families Brassicaceae, Capparaceae, Morin
gaceae and Resedaceae and restricted to a number of species of the Amaryllidaceae, 
Caricaceae, Limnanthaceae, Mimosaceae and Tropaeolaceae (36, 58, 59). As in other 
plant defense systems against heterotrophs, e.g. cyanogenic glucosides (56), the 
defense system comes into operation following tissue damage, so that the glucosino
lates can be hydrolyzed by the endogenaus enzyme, thioglucoside glucohydrolase 
(EC 3.2.3.1., myrosinase) yielding mainly nitrile, isothiocyanate, and thiocyanate 
(70). Therefore it is quite reasonable to suppose that the substrate and enzyme are 
located in different cell compartments. By analogy with the compartmentalisation of 
alliin alkyl sulfonate Iyase (EC 4.4.1.4.) in the vacuole and alkyl cystein sulfoxides 
in the cytoplasm of bulbs of Allium cepa (62), a similar distribution may be present 
for the glucosinolate defense system (54, 83), although this has yet to be proven. 
From an evolutionary point of view it is very interesting to note that substrate and 
enzyme may occur in neighbouring compartrnents, whereas in the cyanogenic defense 
system the substrate (linamarin) is located in the vacuole and the enzyme (linamarase, 
EC 3.2.1.21) in the matrix of the cell wall (56). 

Resistance to pathogenic jungi 

Plant species of the Brassicaceae are frequently hosts to phytopathogenic fungi, espe
cially those affecting roots and leaves. Although the antifungal activity of volatile 
isothiocyanate had already been elaborated by the late 1960s (23), it was demonstrat
ed only a decade ago that glucosinolates are used by higher plants as defense com
pounds against pathogens. It turned out that only those seedlings of wild cabbage 
(Brassica oleraceae ssp. oleracea) and cabbage cultivars which surpassed a threshold 
Ievel of 450 p.g allyl isothiocyanate per g dry weight (40) were resistant to cabbage 
downy mildew (Peronosporaparasitica). Recently another effective plant-pathogen
defense system has been found for oilseed rape (Brassica napus ssp. oleifera) and the 
stem cancer disease, caused by Leptosphaeria macu/ans (77, 78). In this case, resis
tent plants also had a high Ievel of alkenyl glucosinolate. Such a defense system based 
on the quantity of the compound can only remain in a population if a high degree 
of genetic variability is present, and the metabolic costs are compensated by increased 
survival and reproductive fitness. 

Sulfur compounds as repellants and attractants oj herbivores 

Glucosinolate may act as a repellant to herbivores if the concentration is sufficiently 
high. In the case of Brassica oleracea ssp. oleracea, it has been shown that a high con-
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Tab/e 2. Biosynthetic costs of various defense substrates in higher plants. Data condensed from (14). 

Defense system ATP NADH2 Glucose ~ain occurrence 

~HA (2-amino4-methylhex- 0 o.s Hippocastanaceae 
4-enoic acid) 

Cyanogenic glucosides 2 I Fabaceae 
Glucosinolates 12 s Brassicaceae 

centration of allyl-isothiocyanate is necessary for the protection of seedlings against 
the mollusc Arion ater and Agriolimax reticulatus (15). Livestock, however, does not 
seem tobe repelled by the taste although darnage to thyroid, liver, and kidney is com
mon after consumption of food containing large quantities of glucosinolate (112). 
As in most ecological defense systems, there arealso organisms which have coe
volved. Volatile sulfur compounds can consequently act as attractants for phytopha
geaus insects {116). Allyl isothiocyanate attracts a number of crucifer-feeding insect 
species, e.g. the flea beetles Phyllotreta (33), the cabbage root fly Delia brassicae (35), 
the diamond back moth P/utella maculipennis, the pollen predating beetle Megi
lothes aeneus (37, 43) and the white butterflies Pieris brassicae and P. napae (76). 
In the case of Pieris species, butterflies evidently select those plants for oviposition 
which release the highest quantity of allyl-nitrile. The most remarkable aspect of this 
coevolution is the Iack of any benefit for the plant, because none of the above
mentioned species is involved in flower pollination. 

A similar coevolution is reported for onions, where the formation of sulfides from 
S-propenylcysteine sulfoxide attracts damaging insects such as the onion maggot De
lia antiqua (51). The maintenance of such a weak defense system has been explained 
by Rhoadesand Cates (89) as having a dual function. They argued that glucosinolates 
operate as a qualitative defense against unadapted herbivores and as quantitative 
defenses against adapted insect herbivores. Glucosinolate proflies and concentra
tions in crucifer plants may be an excellent experimental system to indicate how selec
tion is balancing. 

A comparison of the biosynthetic costs of various defense substrates (14) revealed 
that glucosinolates synthesis costs the most (Table 2). Scaling benefit against the costs 
demands a comparison of the fitness of plants being polymorphic for glucosinolates, 
so that the chemical variation between individuals in a population and between popu
lations can be related to variability in susceptibility to heterotroph attack. Variation 
of glucosinolate concentration between populations can vary two- to three-fold (68, 
69, 79, 90). In addition to the total concentration, neighbouring populations of Bras
sica napa in Algeria differed in the various glucosinolate compounds varying from 
a dominance of gluconapin (88% of all glucosinolates) to a nearly equal proportion 
of gluconapin and glucobrassicin (79). In the Rocky Mountain bittercress Cordamine 
cordifolia, glucosinolate concentrations proved to be sensitive to environmental 
stress (flooding, irradiance, temperature) and to developmental changes (67-69). The 
latter aspect has also been shown for sulfoxides in onions (63). Phenotypic plasticity 
and genetic variability are the preconditions for a balancing selection. It will be the 
local environment including the heterotrophic species assemblage which will govern 
the outcome of this selection (Table 3). Therefore, I do not agree with the Statement 
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Tobte J. Evolutionary balance of glucosinolate content in plants. 

Glucosinolate content 

High 

Low 

Advantage 

Defense against pathogens 
Repellent of non-adapted 
herbivores 

Feeding repellent of adapted 
herbivores 
VAM (?) 

W.H.O. Ernst 

Disadvantage 

Feeding attractant and stimulant 
to adapted insects 
no vesicular-arbuscular 
mycorrhiza (V AM) 

Sensitivity to pathogens 
Sensitivity to non-adapted 
herbivores 

made by Mitben et al. (79) that per se "the current policy of eliminating glucosino
lates from oil seed rape is unwise". 

Sulfur compounds and heavy metals 

The remaining question concems the role of sulfur in the contribution to metal 
resistance in plants, differentiated in the compartmentation of zinc and nicket in the 
vacuoles (27, 71, 92) and of copper and cadmium in the cytoplasm (65, 114, 115). 
Zinc-tolerant populations of Th/aspi alpestre ( = T. coerulescens) at Le Bleymard 
(Cevennen, F) and at Silberberg (FRG) contained 5011lo to 250'/o more glucosinolates 
than the zinc-sensitive populations of the Vosges (71); a similar difference was found 
between the nickel-tolerant Alyssum bertolonii and the nickel-sensitive Alyssum ar
genteum (Table 4). In all species and populations, however, the glucosinolate concen
tration decreased by 2007o with an increase of the metal concentration in the nutrient 
solution (92). This decrease is in good agreement with results reported from cell-free 
extracts of Lepidium sativum showing an inhibition of sulfotransferase activity by 
6311!o at the presence of 1 mM Zn concentration (38). Therefore, it should not be relat
ed to a mobilization of the glucosinolate pool for nickel-complexing agents, as sug
gested by Sasse (92). The high concentration of glucosinolates in metallophytes be
longing to the Brassicaceae may not primarily function against leaf herbivores, being 
already killed by the high metal concentration (30), but as defense against pathogenic 
fungi. 

Phytochelatins (41) were primarily suggested tobe an important compound for the 
detoxification of all heavy metals. Recent findings, however, show that the synthesis 
of phytochelatins (41, 104) and other meta! binding peptides (65, 114, 115) are only 
significantly stimulated by cadrnium and copper. In the case of copper resistance, the 
resistance of the biomembrane of copper tolerant plants is more efficient than the 
small amount of copper bound to phytochelatins (115). It seems that the increase of 
phytochelatins at whatever metal supply, will not be related to real metal tolerance 
and may be a primary aspecific metabolic reaction to increased metal supply, com
parable to the increase of proline as a first reaction to water stress (29). 
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Tab/e 4. Glucosinolate content (llmol g-1 fresh wt.) in leaves of metal-resistant and metal-sensitive plant 
species. Data from (71) and (92). 

Plant species Metal Glucosinolate content Reference 

Thlaspi alpestre 
ssp. calaminare zinc-resistant (Si) 46.3 ± 10.0 (71) 

zinc-resistant (Ce) 27.2 ± 5.6 (71) 
Thlaspi alpestre zlnc-sensitive (Ho) 18.4 ± 15.3 (71) 
Alyssum berto/onii nickel-resistant 

at O.OmM Ni 97.1 ± 10.1 (92) 
0.1 rnM Ni. 77.1 ± 7.2 (92) 

Alyssum orgenteum nickel-sensitive 
at O.OmM Ni 71.6 ± 12.2 (92) 
0.1 mM Ni 54.4 ± 15.5 (92) 

CoocJusion 

At the moment, there are a many gaps in kwowledge which hamper a real judgement 
on the ecological role of sulfur in ecosystems. With regard to sulfur uptake from the 
hydrosphere and pedosphere, the question to be answered is whether the efficiency 
of radial oxygen loss by aerenchyma is too small so that sulfide uptake preferred to 
sulfate in anoxic environments, or if Spartina species are an exception to the rule. 
If plants emit various sulfur compounds into the atmosphere, the question remains 
whether foliar uptake is restricted to sulfur dioxide and hydrogen sulfide, or may be 
broadened to dimethylsulfide and the various sulfoxides. Can volatile sulfur com
pounds explain the existence of near-monocultures of Allium ursinum and other Al/i
um species in forested ecosystems in the Northern hemisphere? After satisfying the 
sulfur requirement of normal cell metabolism, is accumulation of sulfate and flavo
noid sulfates in the vacuoles only an alternative regulation of excessive sulfur instead 
of H2S and DMS emission, or does sulfate play a similar rote in the regulation of the 
hydrature ofthe plants as does sodium chloride? Aresulfur compound-based defense 
systems completely compensated by increased fitness, thus explaining the success of 
Brassicaceae in the colonisation of open sites? How strong is the genetic background 
of all postulated sulfur resistance mecbanisms, or are all these suggestions only a one
sided interpretation of wishful thinking? 
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lntroduction 

Over the years, there has been a great deal of interest in the nutritional quality of le
gume seed proteins because Iegurne seeds are a major source of essential amino acids 
in the diets of humans and monogastric animals (61). The need for better plant pro
teinswill grow as the population increases and the amount of arable land declines. 
Unfortunately, the essential amino acid balance of Iegurne seed proteins is not ap
propriate for the optimum utilization of these proteins by monogastric animals (30, 
33, 61). Hence, there has been substantial interest in improving the nutritional quality 
of Iegurne proteins by raising the Ievel of the sulfur amino acids (45}, the firstlimiting 
amino acids (30, 33). 

There are several potential ways to increase the sulfur amino acid content of 
Iegurne seed proteins. First, select cultivars with higher methionine and cyst(e)ine 
Ievels. Second, change the relative amount of storage proteins. Third, intro
duce a foreign gene coding for more metbionine and cyst(e)ine into the genome. 
Fourth, modify the soybean storage protein genes to code for more methionine 
and cyst(e)ine. Because of the desire to increase sulfur amino acids and because, 
after nitrogen, sulfur is the most important protein element supplied from the 
soil, the effect of sulfur supply on Iegurne proteins has been extensively investigated 
(65). 

The majority of the Iegurne storage proteins are globulins commonly of two dass
es. Both classes are comprised of unusually large proteins having a number of 
subunits. The smaller of the two classes has a molecular weight of 150-200 kDa and 
is often termed a 7S protein. This protein is given different names depending on the 
plant [e.g., vicilin in peas (Pisum sativum); conglycinin in soybeans (Giycine max); 
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phaseolin in the common bean (Phaseolus vulgaris); conglutin in European blue Iu
pine (Lupinus angustifolius)] and is commonly glycosylated. The !arger storage pro
tein has a molecular weight of 300-400 kDa and, because it has a Sedimentation 
coefficient of ll-13S (27), it is commonly referred to as the llS protein. Examples 
of the 11S protein are Iegumin in pea, glycinin in soybean and glutinin in Iupine. 

Effect of sulfur defic:iency on Iegurne seed storage proteins 

The earliest investigators deterrnined the effects of sulfur Ievel supplied on the growth 
of legumes and their yield of seed (65). Then investigators became more concerned 
with the nutritional quality ofvegetative parts and the seeds (e.g., 31). The next phase 
of work measured the Ievels of methionine and cyst(e)ine in seeds (5 1 70). 

In more recent times1 investigators looked at the individual proteins and subunits 
and the mechanisms by which sulfur Ievels can cause changes. Most of the work has 
been with the storage proteins because they make up the majority of the protein in 
the seed and because the other proteins are essential for normal functioning of the 
seed and are therefore more likely to be 'protected' from fluctuations in the sulfur 
supply. 

In one of the first studies that included Iegurne storage proteins and their subunits, 
Blagrove et al. (11) found that sulfur deficient European blue Iupine seed had a nitro
gen to sulfur ratio of 80 whereas in normal plants tbis ratiowas only 18 to 22. In seeds 
supplied with an abnormally high supply of sulfur 1 the ratiowas reduced even further 
to 13 to 16. Tbis latter finding is typical of other work where the difference between 
normal and supranormal sulfur supply has minor effects on proteins (64). Blagrove 
et a/. (11) also found that the total cyst(e)ine Ievel in the seed of sulfur deficient Iupine 
was about 25% ofthat of normal plants but the methionine Ievel was not affected 
as much. Some of this difference in cyst(e)ine and methionine content could have 
been in the non-protein fraction1 since Macnicol (52) observed that the uncombined 
methionine Ievel is more constant than the cyst(e)ine Ievel in peas at different sulfur 
nutrition Ievels. In the Iupine, there was also a marked change in the subunit compo
sition of the storage proteins. The conglutin ß-subunit, with a lower Ievel of sulfur 
amino acids1 was increased while the a- and -y-subunits of conglutins were decreased 
in sulfur deficient plants (the electrophoretograms indicated at least a ten fold 
decrease in a and -y). 

In soybeans1 Gayler and Sykes (38) observed a similar response. Sulfur sufficient 
seed contained 18.3 mg glycinin/g defatted meal and 13.3 mg conglycinin/g. Under 
sulfur deficiency1 the glycinin Ievel was lowered to 10.3 mg/g while conglycinin in
creased to 23.3 mg/ g. Since glycinin contains a higher Ievel of sulfur than conglyci
nin, these results indicate that, in the absence of a sufficient amount of sulfur 1 pro
tcins with a lower sulfur content are preferentially synthesized. At the sametime the 
total amount of storage protein was maintained at about the same Ievel. 

The work with Iupine (11) has been repeated and extended in studies on the effect 
of sulfur deficiency on the storage proteins of pea seeds. Sulfur deficient plants yield
ed seeds with a decreased Ievel of Iegumin (10o/o of normal) and of one vicilin subunit 
that was accompanied by an increase in a major vicilin subunit (64). As with the soy
beanl the llS protein of peas (Iegumin) contains more sulfur than the 7S protein (vici-
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Fig. 1. Vicilin synthesis during development of sulfur deficient (-S) and normal pea plants ( + ). Seeds were 
removed from plants at various intervals and then pulse labeled with a mixture of Courteen radioactive 
amino acids. From Chandler et al., (16) with permission of authors and publisher. 

lin)(27). Tbe more drastic decrease in tbe llS protein of peas as compared to soy
beans (38) could bave been due to a difference in tbe severity of the sulfur deficiency 
and/ or tbe species. Tben it was found that the vicilin polypeptide chain which 
decreased, contained more sulfur than the major vicilin subunit that increased (55). 
Legumin and vicilin aresalt-soluble globulins. Among tbe water-soluble albumins, 
the sulfur-rich ones were more depressed than otber albumins in sulfur deficient 
plants, but the total albumin fraction, which is relatively sulfur-rieb, was 30lllo less 
in sulfur deficient seeds (66). Interestingly, among a wide range ofpea lines, the Iegu
min fraction varied inversely with the albumin fraction. If the latter finding extends 
to other Situations, tbe ability to raise pea seed sulfur amino acid content by increas
ing sulfur-rieb albumins (42, 46) may be difficult. 

In an effort to establish tbe mecbanism for tbe effect of sulfur nutrition on the 
storage protein profile, Macnicol (52) determined the Ievel of free cyst(e)ine and 
methionine as well as the aminoacyl-tRNA pool in seeds at an active stage of vicilin 
and Iegumin syntbesis. Free cyst(e)ine was severely depressed by sulfur deficiency 
(17o/o of normal) but free metbionine was unaffected. Altbougb tbe total aminoacyl
tRNA pool in sulfur-deficient plants was only one third tbat of normal plants (2.1 
vs 6.4 nmole/cotyledon), tbe relative Ievels of cyst(e)ine and methionine aminoacyl
tRNAs were unchanged, indicating that Iegumin syntbesis was not limited by availa
bility of tbe sulfur amino acids. 

lt is possible tbat tbe effect of sulfur deficiency on the Iegumin Ievel is due to either 
a reduction in transcription of the Iegumin gene or an accelerated degradation of 
Iegumin. Pulse-cbase experiments (15) revealed tbat tbere is no accelerated degrada
tion of Iegumin in sulfur deficient plants as sbown by the fact that tbe labeling of 
Iegumin by radioactive amino acids is tbe same percent of the total protein labeled 
at 20 hrs (1.6lllo) after tbe pulse as after 10 min. (l.Olllo). The corresponding values 
for sulfur-sufficient plants are 10.5 o/o and 8.3%, respectively. Sulfur deficiency ap
parently acts by decreasing tbe transcription of the legumin gene since Iegumin 
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Fig. 2. A comparison of the transcription rate and mRNA accumulation for Iegumin and vicilin during 
recovery from sulfur deficiency with the initial values (+SI -S). Transcription was measured by hybridiza
tion of total transcripts from lnuclei to specific cDNA clones. From Beach et al., (8) with permission of 
authors and publisher. 

mRNA was reduced by 60-700Jo in sulfur-deficient pea plants (15, 16). 'fhe increased 
level of vicilin in sulfur deficient plants was engendered by prolonged synthesis relat
ed to a continued high mRNA Ievel as compared to normal plants (Fig. 1) since vicilin 
normally appears before Iegumin and ceases accumulating sooner (34, 35). The 
decline in vicilin may be due to spedfic proteolysis (36). This effect could be related 
to the effect of hormones since abscisic acid increases the rate of storage protein ac
cumulation in the common bean (73) where a vicilin-like protein is predominant (25). 
A similar effect of sulfur deficiency on the formation of conglycinin and its ß
subunit, and glycinin was observed in soybeans (38, 44). 

A rapid change in Iegumin and vicilin Ievels on the addition of sulfur to deficient 
plants, indicates that the effects are readily reversible (15). In soybeans, the effect 
of methionine on the ß-subunit is also readily reversed (43). These results could mean 
that sulfur deficiency has a pronounced effect on transcription of storage protein 
genesthat is mediated by transcription factors. Consistent with this idea are the find
ings of Beach et al. (8) and of Higgins et al. (42) who concluded that the effect of 
sulfur deficiency on both storage globulins and albumins was due to both transcrip
tional and post-transcriptional processes even though normal developmental control 
of these proteinswas thought tobe only transcriptional. This conclusion was reached 
when they observed that, in recovery from a sulfur deficient condition, Iegumin 
mRNA increased more rapidly than the rate of transcription while vicilin mRNA was 
unchanged (Fig 2)(8). A similar behavior was manifest with the pea seed albumins 
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(42). Thus, sulfur deficiency could conceivably aceeierate the degradation of Iegumin 
mRNA. 

Since vicilin subunits are glycosylated, it is possible that sulfur deficiency affects 
glycosylation. However, there is no evidence that sulfur deficiency has any effect on 
glycosylation of the vicilin polypeptides since inhibition of glycosylation by 
tunicamycin appears to have little, if any, effect on the synthesis and maturation of 
vicilin polypeptides (6). 

Further investigation into the mechanisms involved in experiments with sulfur 
deficient legumes may make it possible to increase the sulfur amino acid content of 
Iegurne seeds. 

Effect of methionine on legume seed proteins and expression of their genes 

The above studies demoostrate that sulfur deficiency markedly affects the storage 
proteins of Iegurne seeds, but that a supraoptimal supply of sulfate has a negligible 
effect on the storage proteins. In our research, we have found that exogenaus methio
nine can have a specific effect on the expression of storage protein genes and on the 
sulfur amino acid content of soybean seeds. Protein methionine has been empha
sized, since the majority of methionine (and cyst(e)ine) in Iegurne seeds occurs in pro
teins. Soybean seeds were selected for study because they have such a high Ievel of 
protein and because they are such an important source of protein for both humans 
and animals (82). Wehave focused on increasing methionine rather than cyst(e)ine 
because altering cyst(e)ine might have a more adverse effect on protein structure and 
hence on the seed. Emphasis was placed on the seed storage proteins because changes 
in the structure of storage proteins should not have the adverse effect on the plant 
that a structural change in enzymes or membrane proteins would have and because 
they constitute a majority of the seed proteins. In order to study the development of 
storage proteins under controlled conditions, a technique for growing immature soy
bean seeds in culture was developed (78). With this culture system, the seeds grow 
faster tban on the plant ( l, 78), but the storage proteins develop as they do on an 
intact plant (44). When seeds were cultured on a medium supplemented with methio
nine, the growth as measured by dry weight ofthe seeds was increased by 23.60Jo and 
the methionine content of the proteinwas increased by 21.90Jo (79). Thein vitro effect 
on protein methionine has been confirmed by stem infusion of methionine into whole 
plants (39). No other protein amino acid gave the same growth effect (79). The 
growth effect due to metbionine apparently was due to the fact that the cultured seed 
could not synthesize methionine rapidly enough since seeds cultured with metbionine 
had about 200Jo more methionine attached to methionyl-tRNA than seeds cultured 
on basal medium (79). Furthermore, several non-protein amino acid precursors of 
methionine did not give the same growth effect as methionine indicating tbat the 
regulation of methionine biosynthesis might be at tbe step of bomocysteine methyla
tion. 

Examination of tbe storage protein of seeds cultured without and with methionine 
revealed that methionine-supplemented seeds contained about SOOJo more glycinin 
than unsupplemented seeds (32 vs 21 mg/ g). This effect of methionine was unique 
since no other protein amino acid manifested it (43). Concomitant with tbis increase 
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Table J. Storageprotein content of soybean cotyledons cultured with and without added methionine. 

Methionine 
Protein fraction Minus Plus 

mg/g wet weight 

7S 26 18 
a' -subunit 5.8 6.6 
a -subunit 10.3 11.4 
ß-subunit 10.2 0 

llS 21 32 
llS + 7S 47 so 
11S/7S 0.8 1.8 

in glycinin was a corresponding decrease in conglycinin (18 vs 26 mg!g). Thus the 
totallevel of the two principal storage proteins was nearly the same, indicating that 
there is some mechanism for maintaining a more or less constant Ievel of storage pro
tein as with Iupine (11). Further evidence for this regulation derives from the work 
with peas where vicilin synthesis was prolonged when Iegumin synthesis was limited 
by a sulfur deficiency, as noted above (Fig. 1)(16). Since both of these storage pro
tcins occur in protein bodies (22), there may be some control on the total Ievel of pro
tein in a protein body or on the transport to the protein body (20). In any event, the 
increased methionine in the protein from seeds cultured with supplemental methio
nine can be mostly explained by the shift from conglycinin to glycinin since glycinin 
contains more methionine (27). However, this simple explanation does not deal with 
a possible mechanism. 

Further investigation showed that the supplemental methionine changed the rela
tive amount of subunits in conglycinin (44). Specifically, the ß-subunit of conglyci
nin, which contains no methionine (44, 76), was markedly decreased while the a- and 
a' -subunits were about the same (Table 1)(44). This finding could be explained in 
the following way. The current model for conglycinin isthat it is made up primarily 
of three different subunits, a, a 1 and ß, aggregated in trimers with diverse combina
tions of the three different subunits (e.g ., ~a1 , a 3, aß2, etc.)(77). When the ß
subunit is missing, the conglycinin trimers are made up of the other subunits, a and 
a 1

, and the a- and a '-subunits do not make up as much 7S protein. The seed is appar
eotly programmed to make a set amount of the a- and a' -subunits and, when the 
ß-subunit is lacking, the a-and a' -subunits assemble into trimers in the same propor
tion and amount as when the ß-subunit is present. 

One possible explanation for the absence of the ß-subunit is that exogenaus 
methionine accelerated the degradation of the ß-subunit, but this is not the case (43) 
(Fig. 3). When seeds are grown on basal medium to allow an accumulation of the 
ß-subunit prior to the addition of methionine to the medium, the ß-subunit increases 
until the added methionine had penetrated into the seed. After that, the amount of 
ß-subunit remains Ievel with no sign of degradation. Since the ß-subunit contains no 
methionine (44, 76), another possible explanation for these results is that, in the basal 
medium, the seed cannot make methionine fast enough and that, in the absence of 
adequate methionine, the synthesis of the ß-subunit continues unabated while synthe
sis of the a- and a ' -subunits is restricted. Then, when there is adequate methionine, 
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Fig. 3. 13-Subunit Ievels in cultured soybean seeds grown for 16 days with or without supplemental methio
nine (8 mM). Seeds were cultured for four days without (open circles) or with added methionine (closed 
circles). After four days, the medium was replaced with fresh medium without or with methionine. Curve 
I presents the 13-subunit content of seeds grown 4 days without methionine and then transferred to medium 
without methionine. Curve 2 presents the ß-subunit content of seeds grown 4 days with methionine and 
then transferred to medium without methionine. Curve 3 presents the ß-subunit content of seeds cultured 
4 days without methionine and then transferred to medium with methionine. Curve 4 presents the ß· 
subunit content of seeds cultured 4 days in medium containing methionine and transferred to medium con
taining methionine. From Holowach et al. (43) with perrnission of authors and publisher. 

the a- and a' -subunits are made in preference to the ß-subunit. One difficulty with 
this explanation is that it assumes that the plant is normally methionine deficient, 
since seeds formed in vivo contain the ß-subunit. A second difficulty with this expla
nationisthat there is no translatable ß-subunit messenger RNA in seeds cultured with 
methionine (23) nor is there evidence for untranslatable ß-mRNA from a first tran
script (43). However, it is possible that the methionine is hastening the degradation 
of ß-mRNA or a precursor, but we Iack good evidence on this possibility. Wehave 
evidence that methionine has Iess of an adverse effect on the transcription of the ß
gene than on the post transcriptional formation of the ß-mRNA (Singer-unpublished 
data) and this evidence is consistent with other work (32, 81), where it was concluded 
that post transcriptional processing is a significant factor in controlling Storage pro
teins mRNA Ievels in seeds. 

The possibility that exogenaus methionine is acting by methylating the ß-gene was 
considered because methylation of genes can regulate gene expression (14). Methyla
tion of plastid genes is inversely correlated with gene expression (57). However, the 
evidence in relation to storage protein genes is mixed. In developing soybeans, it was 
concluded that DNA methylation was not involved in storage protein gene expression 
(81) whereas in maize, DNA methylation appeared tobe related to, if not responsible 
for, the absence of transcription of these genes in vegetative tissues (10). By the use 
of methionine analogs, it was found that the ß-subunit could be completely sup
pressed without any increase in S-adenosylmethionine (24) indicating that, if there 
is any methylation of the ß-gene, it is not a result of an increase in S-adenosyl-
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methionine, the normal methyl donor. Furthermore, S-ethylcysteine, an analog of 
methionine, suppresses the expression of the ß·gene, as does methionine (24). S-ethyl 
cysteine could not act by methylation of the ß-subunit gene, although it could theo
retically 'ethylate' the ß-gene. However, ethylation of a gene seems unlikely. Another 
point that should be made isthat methylation of the ß-gene should hamper transcrip
tion more than post-transcriptional processes but methionine has less effect on tran
scription than on post-transcriptional processes, as mentioned above (Singer
unpublished data). 

The ß-subunit not only reacts düferently to the presence of methionine but also 
behaves differently during development on the plant. Gayler and Sykes (37) observed 
that the ß-subunit appears later in development in the soybean seed than the a- and 
a '-subunits. In general, the appearance of the subunits during development parallels 
the Ievel of the corresponding mRNAs, indicating that the developmental regulation 
depends on pre-translational processes (50, 54). However, the appearance of con
glycinin mRNAs does not coincide with appearance of the subunits and this Iack of 
coincidence was found to be due to protein turnover, particularly during the early 
phase of soybean maturation (71). Although this finding disagrees with those of 
Madison et al. (53), who observed Iittle protein turnover du ring culture of immature 
soybean seeds, this disagreement was thought to be related to turnover of the ß
subunit during the early phases but not during the late phases of seed maturation 
(71}. Regulation of the appearance ofthe ß-subunit after the a- and a' -subunits dur
ing soybean seed ontogeny depends on the DNA sequence 200-300 nucleotides up
stream of the transcriptional start site (18). When the genomic clones of a'- and ß
subunits are introduced into petunia (Petunia hybrida) in either parallel or opposite 
orientation, the temporal appearance of the a'- and ß-subunits in the petunia seed 
is similar to that in vivo indicating that the inserted genes included the required 
regulatory regions (60). 

As part of the work with methionine analogs, the effect of methionine concentra
tions on the amount of ß-subunit in cultured seeds (24) and the Ievel of free methio
nine in developing seeds on the plant was determined. When the concentration of 
methionine added to the culture medium is below about 0.1 mM, the ß-subunit is 
formed whereas when the methionine concentration is above about 0.2 mM, no ß
subunit is present. The free methionine concentration in the developing seed on the 
plant declines from about 0.3 mM to less than 0.05 mM (assuming the fresh tissue 
is all water). The ß-subunit appears during development at the time when the free 
methionine concentration falls below the threshold Ievel for the appearance of the 
ß-subunit in cultured seeds. This result suggests the possibility that free methionine 
may be involved in regulating the normal developmental processes in the soybean. 

Another consideration is that abscisic acid enhances growth and protein accumula
tion of cultured soybean embryos du ring the early stages of development (1 }, a period 
when soybeans accumulate abscisic acid (62). Unfortunately, Ackerson (1) did not 
measure either the Storageproteins or their subunits. Subsequent work (12) showed 
that abscisic acid increases the Ievel of the ß-subunit, but not a- and a' -subunits, in 
cultured seeds under special conditions. In addition, when abscisic acid level is lo
wered by inhibition of its synthesis (by fluoridone), the ß-subunit is decreased. These 
changes in the amounts of the conglycinin subunits are also reflected in the Ievel of 
their mRNAs (12). Since methionineisnot known to have any effect on abscisic acid 
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Ievels, the effect of methionine and abscisic acid are presumably completely indepen
dent phenomena. The abscisic acid effect further emphasizes the behavioral differ
ence between the ß-subunit and the a- and a 1 -subunits. 

The ß-subunit gene shares considerable homology with those for the a- and 
a' -subunits (67, 80). The major difference is that the a- and a 1 -subunits have an in
sert in the first exon (29, 67, 68). However, there is considerable difference in the 
nucleotide sequence of the introns (29). There is no reason to believe that the differ
ence in expression between the a- and a' -subunit genes as compared to the ß-subunit 
genes is due to intron variation. To date, control of gene expression has not been 
shown to reside in the introns, but in the 5'-untranslated regions (49). There is good 
evidence that regulation of the tissue specific expression of the a- and a' -genes re
sides between 159 and 257 base pairs upstream of the transcription of the start site 
(18). Unfortunately, no comparison of this region of the ß-subunit gene is available 
so that at this time it remains to be seen whether this region is also involved in the 
differential regulation of the ß-gene as compared to the a- and a' -genes. 

Another possible regulator of gene expression could be a DNA binding protein 
(49). There is evidence that nuclear proteinsbind to upstream region of a' -gene of 
soybean 7S protein and regulate formation of the a' -subunit (2) and that a soybean 
Ieetin gene (seed specific) is regulated by a DNA binding protein from the nuclei (47). 
Perhaps, the methionine effects operate through a binding protein. 

In order to isolate the ß-subunit gene, we isolated mRNA from seeds cultured 
without and with added methionine (de Banzie-unpublished data). When those 
mRNAs were translated in vitro, it was found that there were mRNAs present in the 
seeds grown with methionine which were not present in the seeds cultured without 
methionine. cDNA was prepared from these mRNAs, cloned and sequenced. Three 
of four clones isolated were identical except for length and position of the poly(A) 
region. A comparison of these sequences to the soybean sequences in the NIH Gen
Bank database revealed that the derived amino acid sequence matched that of the 
Bowman-Birk proteinase inhibitor (59) except for an additional tyrosine residue at 
the C-terminal end. The nucleotide sequence of the clone contained 122 bases in the 
amino acid coding region. All but eight of these bases were identical to the published 
DNA sequence of a Bowman-Birk protease inhibitor (40), but none ofthe differences 
had an "effect on the amino acid sequence since they were in the 'wobble' position. 
It is clear that Harnmond et al. (40) sequenced a cDNA from a different gene and 
yet they have the same amino acid sequence as our cDNA sequence. Using the cDNA 
clone, it was found that methionine increased the mRNA for the Bowman-Birk pro
lease inhibitor by more than 10 fold. In addition, methionine supplied to cultured 
seeds increased the Bowman-Birk protease inhibitor activity, though the presence of 
some sulfatewas necessary for a pronounced effect. These results showed that sulfur 
compounds had a marked effect on Bowman-Birk protease inhibitor Ievel. This rela
tionship was further examined by growing soybean plants on different sulfate Ievels. 
It was found that at higher sulfate supply Ievels, the inhibitor was higher, but not 
proportional to the sulfur supplied. Hence it appeared that, above a certain sulfur 
Ievel, protease inhibitor was not increased further (Biermann et al., unpublished). 

These results leave the identity of the effector molecule in doubt. There is no obvi
ous reason why methionine should induce the Bowman-Birk protease inhibitor that 
contains 20 mole percent cyst(e)ine and one methionine. In an effort to get a clue, ad-
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vantage was taken of the fact that Bowman-Birk prolease inhibitors increase in the 
soybean seed during development (75). Soybean seeds of different ages were analyzed 
for uncombined cyst(e)ine and Bowman-Birk protease inhibitors and a negative 
correlation was found. This result clearly indicates that cyst(e)ine is not inducing the 
inhibitors although it could be argued that cyst(e)ine can reduce inhibitor Ievel. More 
direct evidence against cyst(e)ine acting as an effector was that the cyst(e)ine content 
of seeds cultured with various Ievels of sulfate and methionine showed a poor correla
tion between free cyst(e)ine Ievel and inhibitor content. Adding cyst(e)ine to the cul
ture medium did not answer the question because the cyst(e)ine was not absorbed. 

Attempts to implicate glutathione in the induction of inhibitors by either feeding 
glutathione to or by measuring glutathione in cultured seeds or by adding a 
glutathione synthesis inhibitor (buthionine sulfoximine) gave no evidence of the in
volvement of glutathione (unpublished results). It would be highly desirable to un
derstand the underlying mechanism that governs the Ievel of Bowman-Birk protease 
inhibitors because they contain 20 mol % cysteine and can contribute a substantial 
percentage of the seed cyst(e)ine. Ability to increase these protease inhibitors in the 
soybean would increase the sulfur amino acid content. The negative aspect of this 
possibility isthat the trypsin inhibitors in unheated soybeans have undesirable effects 
on animals (63). 

lncreasing protein methionine by modification of existing storage protein genes or 
incorporation of high methionine protein genes 

Another approach to increasing protein methionine is the incorporation of a gene for 
a methionine-rich protein into the genome. With this in mind, investigators have been 
searching for such proteins (26, 48, 83). Youle and Huang (83) analyzed a nurober 
of seeds and found that the brazil nut has a particularly high protein methionine con
tent. This methionine-rich proteinwas purified (72), and the gene for this proteinwas 
isolated (3). To our knowledge, no one has produced a plant transformed with this 
gene. However, this approach is feasible since storage proteins have been introduced 
into petunia (Petunia hybrida)(9, 13, 17, 51, 56) and into tobacco (Nicotiana taba
cum)(7, 60, 69). In all cases, these genes are expressed in anormal fashion develop
mentally and in a tissue-specific manner. 

De Lumen and Kho (26) devised a method for identifying methionine-rich proteins 
by reacting radioactive iodoacetate with proteins that had been transferred to 
nitrocellulose after electrophoresis. Since the radioactivity is correlated with the 
methionine content of the proteins, they were able to identify several methionine-rich 
proteins in soybeans in this way. It should be possible to obtain plant genes that code 
for proteins with a high methionine content that are compatible witb storage proteins 
and would be properly inserted into protein bodies. Argos et al. (4) compared the 
amino acid sequences of a number of Iegurne storage proteins and made predictions 
as to the regions of helicity. In addition, they have suggested regions where altera
tions could be made or segments inserted for the express purpose of modifying the 
amino acid composition. 

The possibility of rnodifying the storage protein genes to code for rnethionine and 
cyst(e)ine has been considered (3, 21, 58). This approach rnay not be feasible because 
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Iegurne storage protein genes are in multigene families (19, 28, 29, 41, 58, 74) and 
therefore it may be difficult to modify enough genes to make a significant effect on 
sulfur amino acid content. To our knowledge, no one has successfully utilized this 
approach. 

In conclusion, it appears that there are several Options for the modification of 
Iegurne seed storage proteins in order to improve the nutritional quality. Sulfur
deficient plants contain a lower Ievel of sulfur amino acids than normal plants. When 
the mechanism for the decreased protein sulfur is established, it may be possible to 
manipulate genes in such a way that a higher sulfur amino acid content of the seed 
will be the normal case. In an analogaus way, added methionine can increase protein 
sulfur by decreasing the ß-subunit of the 7S protein and thus affecting the relative 
amount of the two major storage proteins. In this case, it should be possible to ac
complish this objective without understanding the mechanism. Specifically, the 
preparation of a gene to express an antisense RNA and its insertion into the genome, 
could result in the suppression of the ß-subunit and thus increase the ratio of glycinin 
to conglycinin with a resultant increase in protein sulfur. 

It should be possible to insert high methionine protein genes into plants and have 
them properly expressed in the seed. Storageprotein genes have been transferred into 
non legumes with proper formation of the proteins and expression in the seeds (9, 
13, 69). The question is whether non-storage protein genes would function properly 
in a transgenic plant. In addition, it has been shown that in the common bean, abscis
ic acid stimulates storage protein synthesis in cultured seed (73) and in soybean ab
scisic acid stimulates the synthesis of the ß-subunit (12). Therefore, it is possible that 
abscisic acid inhibitors could increase the sulfur content of Iegurne seeds. Further
more, abscisic acid may be involved in some of the effects of sulfur deficiency or 
methionine on storage proteins. With several options available, it appears likely that 
the problern of low sulfur in Iegurne seeds will be solved, but it is not yet clear what 
technique will prove most successful. 
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DISCUSSION SECTION 3 

The discussion centered around two topics. First, there was considerable discussion 
of the sulfate esters with special reference to glucosinolates and flavonoid sulfates. 
Second, the sulfur balance in plants was considered which included side excursions 
into nitrogen to sulfur ratio, into regulation of sulfate and nitrate reduction and up
take, and into sulfur supply. 

Several aspects of glucosinolate physiology were covered. Most glucosinolates are 
synthesized throughout the plant. The major exception is the indole glucosinolates, 
sometirnes termed 'storage glucosinolates', which are formed in the pod wall. These 
can then be transported around the plant (possibly in the phloem) as weil as into the 
seed. The glucosinolates, other than the indole glucosinolates, can also be formed in 
the pod wall and imported into the seed, where they are stored. As the seed matures 
and dries out, glucosinolate synthesis ceases. 

The most complex portion of glucosinolate biosynthetic pathway is the formation 
of the side chains that derive from amino acids. Some of the side chains are not relat
ed to any known amino acid, especially those with Ionger side chains. Apparently, 
some amino acids are elongated by an unknown mechanism. The precursor amino 
acids are decarboxylated and converted into glucosinolates in the seed. The bio
synthesis requires ATP, NADPH etc. that could result in an energy drain on the 
plant. Although there is evidence that higher plants apparently do not Iack for ener
gy, high Ievels of glucosinolates can reduce flower and seed production. 1t is suggest
ed that plants can regulate glucosinolate synthesis and thus avoid an adverse effect 
of excess glucosinolate formation. In rape seed, glucosinolates are responsible for 
about 0.7 OJo of the seed sulfur or about one quarteras much as the protein sulfur. 
Since glucosinolates are undesirable in rape seed, newer varieties have been devel
oped that have a far lower content of glucosinolates. The glucosinolates occur 
primarily in higher plants and are found only in the Cruciferae and Capparidaceae. 
Although the glucosinolates are structurally sirnilar to the cyanogenic glycosides, 
these two types of compounds are not found in the same plant. 

There is good evidence that the oxidized sulfur of glucosinolates can be utilized by 
the plant, but utilization of the reduced sulfur is not certain. Plants can utilize the 
oxidized sulfur of glucosinolates when they are sulfur deficient. 

The flavonoid sulfates occur primarily in marsh plants where they can account for 
up to 1 OJo of the sulfur. Even within a species, there are varieties that vary con
siderably in flavonoid sulfate content. Varieties that grow inland, e.g. may have no 
flavonoid sulfates whereas those that grow near the sea may have appreciable Ievels. 
These observations indicate that flavonoid sulfates may provide ecological advan
tages. 

Determination of sulfur balance (input versus output) in plants is often poor be
cause the input is considerably different from that found in the plant. The reason for 
this discrepancy is that plants can obtain an appreciable portion of their sulfur from 
the atmosphere, e.g. as sulfur dioxide, hydrogen sulfide, dimethyl sulfide and car
bonyl sulfide. Dirnethyl sulfide is produced mainly by marine algae and is oxidized 
in the atmosphere to sulfate. The sulfate forms aerosols which provide nuclei for 
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cloud formation. For this reason, the sulfur content of rain water is fairly constant 
so that the sulfate supplied to the plant from rain is closely related to the amount of 
rainfall. The soil is usually a more important source of sulfur than the atmosphere 
because the sulfur content of the ground water is higher than that of rain water. 
However, the weather patterns can make a marked difference in the sulfur supply. 
For example, in a prolonged wet period, more sulfur comes down in the rain, there 
is less evapotranspiration and the roots do not grow as deeply because of low oxygen 
content of the soil. Sulfur dioxide supplies more sulfur to plants in dry periods than 
in wet periods because it is oxidized in and on the leaf and utilized whereas sulfur 
dioxide that come with rain is largely washed away. If land is not used for agricultural 
purposes, where the plants are removed after harvest, sulfurwill accumulate in plants 
(e.g. in forests). Soils do not bind sulfate as they do cations and organic matter, so 
a continuous supply of sulfur is important. This is one of the problems with Iysimeter 
studies. 

When experiments are carried out on the effect of supplying sulfur to plants by 
fumigation, the effectiveness can depend on the sulfur status of the plant because 
there is feedback regulation of pathways. One also has to remernher that environ
mental conditions can markedly affect utilization of sulfur fumigants. This is impor
tant when experimental fumigation studies are conducted in the greenhause and then 
the findings applied to field conditions where, for example, night temperatures may 
be much lower than in the greenhouse. 

Many people use the ratio of nitrogen to sulfur as an indicator of sulfur status and 
generat health of the plant. Nitrogen to sulfur ratio can be misleading because plants 
may vary in non-protein sulfur compounds. Hence each plant species has tobe consi
dered individually. A better measure would be protein Ievel or the nitrogen to sulfur 
ratio of the protein fraction. However, protein content can be misleading; in Lemna, 
e.g., there is more protein when the nitrogen source is ammonia rather than nitrate. 
Also, there is evidence for cross regulation of nitrate and sulfate reduction and this 
could affect N/S. Some of the evidence for cross regulation could be due to simple 
feedback inhibition. There is evidence for feedback regulation of sulfate uptake. 

Sulfur supply also interacts with hormones. Sulfur deficient plant have higher ab
scisic acid al)d this may be a stress response. Also, roots treated with ethylene have 
a higher thiol content. 

In conclusion, it is clear that much more needs to be known about sulfur physiolo
gy of plants before sulfur compounds can be properly manipulated for the benefit 
of agriculture. 
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TURNOVER OF SULFATE IN LEAF V ACUOLES LIMITS 
RETRANSLOCATION UNDER SULFUR STRESS 

Christopher I. Bell1, W.J. Craml, and D.T. Clarkson2 

1 Department of Biology, The University, Newcastle upon Tyne. U.K. NEI 7RU; 
1 Long Ashton Research Station, Bristol, U.K. BSI8 9AF 

Estimations of the vacuolar turnover of sulfate from compartmental analysis of 
tracer exchange kinetics in excised tissue and from net chemical analysis of sulfate 
fluxes in intact plants have shown that roots turn over su/fate at between 5 and 7 times 
the rate in leaves. This finding provides some explanation as to why sulfate appears 
immobile when a plant is subjected to sulfur stress. 

With extended periods of S-deficiency it is frequently seen that older leaves remain 
green whilst the young leaves become pale. Previous experiments have shown that 
even when sulfur Jimited growth plants contained 160Jo of their total sulfur as sulfate, 
mostly being retained in the older leaves1• In contrast SOl- accumulated in the 
roots is readily retranslocated durlog S-starvation. Other available evidence suggests 
enzyme activities in the S-reducing pathway are not repressed in leaves under S
limited conditions. Secondly, phloem transport probably does not Iimit export from 
leaves under these conditions. It is reasonable to conclude therefore tbat, even with 
a powerful stress-produced sink (S-deficient plants), sulfate in leaf ceUs is just not 
available for reduction and retranslocation to growing tissues (unlike N, P and K). 
Work on carrot tissue suggests that the flux of SO/- from the vacuole to the 
cytoplasm (4l ... c) is less than the flux from the cytoplasm outwards (41co) and thus may 
be a limiting step in the release and redistribution of sulfate1• If so, the rate of loss 
of vacuolar sulfate must be greater in roots than in leaves. 

In this study compartmental analysis of radioactive exchange kinetics in wheat and 
in the legume Macroptilium atropurpureum has been used to test the hypothesis. 

From the work of Clarkson et a/. 1 it has been possible to estimate values for k ... 
(the rate constant for 'vacuolar' turnover of sulfate) in intact plants of M. atropur
pureum when the plants were subjected to minus sulfate conditions. Table 1 shows 
that 7 to 8-fold differences in~ could reasonably be expected between roots and 
leaves. 

Compartmental analysis of tracer exchange kinetics in excised tissue has provided 
values of ~in roots and leaves. Table 2 shows that differences in k ... were found to 
be comparable to those found in Table 1. 

As can be seen from Table 2 the ~ values show a 5-10 fold difference between 
roots and leaves. Tbis agrees with the estimates obtained from analysing redistribu
tion of sulfate durlog S-starvation, though the absolute values for k._. do vary when 
estimated by the two methods. 

In addition to estimating vacuolar sulfate turnover in roots and leaves the effect 
of changing external sulfate concentration on the SO ,l- tracer flux in excised root 
tissue was investigated. Figure 1 shows that increasing the external SO/- from 0.25 
to 10 mM rapidly stimulates efflux across the plasmalemma. An 8 fold increase in the 
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Table 1. kv values for the loss of sulfatein M. atropurpureum over a 3d period. Values were estimated 
from net chemical analysis oftissues after the removal of external sulfate. The table shows a 7-8 fold great
er value for kv in roots when compared to leaves. For experimental methods see Clarkson et a/.1. 

S042- content Change kv (h-1) 
Plant tissue (J.LMol.) in content (rate of loss/ 

Od(-S); Jd(-S) (~tMol) average content) 

Roots 5.80; 1.22 -4.58 3.6 • t<r2 
Older leaves 1.43; 3.60 +2.17 s • J0-2 

• Even though the older leaves actually gained SOi- over the 3d period a theoretical kv for loss can still 
be estimated as follows: I. From previous experiments it has been estimated that approximately 400Jo of 
the sulfate leaving the root under steady state conditions is transported via the xylem and 600Jo is lost to 
the external solution (Bellet ol. unpublished). 2. lf theserelative fluxes were the same under -S conditions 
then over the 3d period in the above experiment 1.83 of the 4.58 ~tMol S042- actua11y lost by the roots 
would have been Iransported to the shoot. 3. This being the case the sulfatelost from the roots (1.83 ~tMol) 
approximately equals the increase in the older leaves (2.17 I'Mol). 4. However, from the results presented 
in Fig. 2, it is likely that under -S conditions the flux across the plasmalemma to the external solution is 
less leading to more sulfate being Iransported through the xylem and entering the older leaves than might 
have been estimated purely from the above calculations. 5. Under these conditions it is reasonable to as
sume that more sulfate enters the leaves than is detected by net chemical analysis implying some turnever 
in the older leaves and retranslocation to other tissues. lf this were 50Jo per day then this would correspond 
to the kv value presented in Table 2. 

Tab/e 2. ky values ('vacuolar' turnover} of sulfatein M .atropurpureum and wheat under steady state con
ditions. The table shows a 5-fold difference in kv in M.otropurpureum between roots and leaves and a 
7-fold difference in wheat, in qualitative agreement with the prediction in Table l. Methods: 100 mg (ap
prox.) of excised root or leaf tissue was Iabeiied with lS.g sulfate overnight then washed out in successive 
15 ml aliquots of aerated unlabelled culture solution. Standard 'curve peeling' (e.g. Cram 1968)2 revealed 
three exponential componen ts. The stowest of these was interpreted as corresponding to the vacuolar com
partment, the intermediate to the cytoplasmic compartment, and the fastest to the extracellular compo
nent. For alt experiments described in this paper plants were grown {and experiments were performed) at 
0.25 mM SOi-. Fluxes and internal concentrations were estimated by standard methods (e.g. Cram 
1968)2• SOi- concentrations were estimated as described by Tabatabai and Bremner (1970)4 . 

Plant 
species/ tissue kv (h-1) ± SEM t 112 (min) 

M. atropurpureum 
Roots 17.97 ± 3.8 (xt<r2) 230 

M.atropurpureum 
Leaves 3.41 ± 0.4 (xl0-2) 1200 

Wheat 
Roots 6.40 ± 1.2 (xl<r2) 650 

Wheat 
Leaves 4.44 ± 0.8 (xJo-3) 9350 

rate of loss of tracer was observed within 5 minutes of increasing the external SOl
concentration. This is much faster than the cytoplasmic turnover in M.atropurpure
um roots and thus the effect cannot be due to an increasing cytoplasmic content. The 
simplest explanationisthat the increase in external concentration stimulates recycling 
across the plasmalemma. 
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Fig. 1. M.atropurpureum root tissue Iabeiied with3s_g sulfate overnight then washed out for 135 min. 
with 0.25 mM external S042- followed by a further 225 min. with 10 mM SQ42-. The arrow shows when 
the washont solution was changed from 0.25 to 10 mM S042-. Methods: as described in Table 2. 

In conclusion it would appear that the slow 'vacuolar' turnover of sulfatein leaves 
in M.atropurpureum (and in wheat) Iimits retranslocation of sulfate under sulfur 
stress. This may provide some explanation for the relative immobility of sulfate ob
served in many S-deficient plant species. 
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DETERMINATION AND CHARACTERIZATION OF 
-y-GLUTAMYLCYSTEINE SYNTHETASE FROM HIGHER 
PLANTS 

L. Bergmann and R. Hell 
Botanisches Institut der Universität zu Köln, Gyrhofstrasse 15, D-5000 Köln 41, 
F.R.G. 

The first step oj glutathione synthesis, catalysed by -y-glutamylcysteine synthetase 
(EC 6.3.2.2.) has been analysed in partially purified enzyme preparationsjrom cell 
suspension cultures of Nicotiana tabacum. Enzyme activity was determined by 
HPLC quantification of synthesized -y-glutamylcysteine as its monobromobimane 
derivative. The enzyme had an apparent M, oj 60 kDa. It showed greatest activity 
at pH 8.0 and an absolute requirement for Mg1+. Treatment with dithioerythritol 
led to dissociation into subunits (M, :::: 34 kDa) and a heavy loss of activity. The ap
parent Km values for cysteine, a.-aminobutyrate, and g/utamate were, respective/y, 
0.15-0.2 mM, 5-7mM, and 8-11 mM. Theenzyme was competitively inhibited by 
glutathione (Ki = 0.4- 0.6 mM). These data indicate that the rate of glutathione 
synthesis in vivo is probably influenced significantly by the intracellular concentra
tions oj cysteine and glutamate and may be further regu/ated via jeedback inhibition 
oj -y-glutamylcysteine synthetase by glutathione itselj. 

The first step in glutathione synthesis is the ATP-dependent formation of the 
dipeptide -y-glutamylcysteine (-y-GC) from glutamic acid and cysteine ( I ). 

glu + cys + ATP - -y-glu-cys + ADP + Pi ( I ) 

This reaction is catalysed by -y-glutamylcysteine synthetase (EC 6.3.2.2.). The en
zyme has thoroughly been studied in animals and microorganisms1, where it appar
ently catalyses the rate limiting step in glutathione synthesis2• In plants, there is only 
a study by Webster and Varner3 on the mechanism of -y-GC synthesis in wheat germ, 
which has never been confirmed, and a preliminary report indicating the presence of 
-y-GC synthetase in cultured tomato cells4• Therefore, we have employed the tech
nique used for the determination of glutathione synthetase5 to determine and to 
characterize -y-GC synthetase from suspension cultures of Nicotiana tabacum. This 
technique takes advantage of a method described by Newton et al. 6 for the determi
nation of biological thiols at the picomollevel. The determination is based on conver
sion ofthiols to fluorescent derivatives by reaction with monobromobimane, separa
tion of derivatives by reverse phase HPLC and quantification by fluorometry. 

Although crude homogenates of tobacco cells showed high activity of GSH 
synthetase5, -y-GC synthetase activity was only detected after dialysis or ammonium 
sulfate precipitation of the extract. Addition of the antioxidants dithioerythritol or 
mercaptoethanol to homogenization buffer or assay mixture Ied to irreproducible 
results. Under anaerobic conditions, preventing Iosses of cysteine by oxidation, the 
formation of -y-GC and the simultaneaus consumption of cysteine could be followed 
in the assays as shown in Fig.l. 
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Fig. 1. Synthesis of 'Y-glutamylcysteine by 'Y-GC synthetase from N. tabacum. 'Y-GC synthetase was ex
tracted from plant material by homogenization with 0.1 M TRIS-HCI, pH 7 .5, 5 mM EDTA and poly
vinylpyrrolidone (1 g /25 ml). High-speed supematants of the homogenates were subjected to ammonium 
sulfate precipitation (35-60 OJo saturation), the enzymewas further concentrated by Sephacryl S 200 filtra
tion. 1.65 mg Protein were incubated under argon at pH 8.0 (0.1 M Hepes-NaOH) with 1 mM L-cysteine, 
20 mM L- glutamate, 4 mM A TP, an ATP regenerating system (8 mM phosphocreatine, I 0 U of creatin
phosphokinase, Boehringer), and 50 mM MgCI2 in a total volume of 1 ml at 30°C. -y-Glutamylcysteine 
and cysteine wer,e determined as monobromobimane derivatives by reverse phase HPLC as describeds. 
The values represent means of 4 replicates. 

The complications arising from the oxidation ot cysteine may also be avoided by 
using L-a-aminobutyrate instead of cysteine as a substrate7• The determination of 
the product, -y-glutamyl-a-aminobutyrate, by derivatization with OPA-reagent fol
lowed by reverse phase HPLC and fluorescence detection8 is as sensitive as the de
termination of the bimane derivative of -y-GC, and about equal rates of reaction were 
found with saturating Ievels of cysteine and a-aminobutyrate. However, a-amino
butyrate concentrations of at least 20 mM and glutamate concentrations of 20 mM 
are needed to obtain saturating conditions; thesehigh substrate concentrations cause 
significant difficulties in the product determination by pre-column OPA-deri
vatization. 

Using amrnoniurn sulfate precipitates at 90 OJo saturation, enzyrne activities of 
0.6-1.2 nrnol (rng prot)-1 min-1 were obtained with cysteine as Substrate. Fractio
nated arnmonium sulfate precipitation (35-60 OJo) resulted in a twofold increase in 
specific activity of the enzyme; by gel filtration on Sephacryl S 200, a 4-5 fold purifi
cation as cornpared to amrnoniurn sulfate precipitation at 900Jo Saturation was 
achieved. Attempts to further purify the enzyrne by affinity chrornatography led to 
rapid losses of activity. 

Using gel filtration on Ultrogel AcA 44, -y-GC synthetase was found to have a 
rnolecular weight of about 60 kDa (Fig. 2). This molecular weight is rnuch lower than 
that observed for the enzyrne from rat kidney9 and Candida10• Enzymes from these 
sources showed molecular weights of 104 kDa and 124 kDa, respectively; they con
sisted of two subunits with 73 kDa and 27.7 kDa molecular weight (rat kidney) and 
two subunits of equal size with 60 kDa molecular weight (Candida boidinii). Treat-
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Fig. 2. Effect of treatment with dithioerythritol on the molecular weight of -y-GC synthetase. Mr was de
termined by means of filtration through an Ultrogel AcA 44 column (1.6 x 95 cm). Ammonium sulfate 
precipitates (35 - 60 O!o saturation) were dialysed against SO mM K-phosphate buffer, pH 7.0, 1 mM 
EDTA, with and without 1 mM dithioerythritol in the cold for 6 hrs. About 30 mg of protein were applied 
to the column equilibrated with the corresponding buffer. Fractions of 3.3 ml were collected, concentrated 
by ultrafiltration and -y-GC synthetase activity determined in standard assays. 

ment of the tobacco enzyme with dithioerythritolleads to dissociation into subunits 
with a molecular weight of app. 34 kDa accompanied by a heavy loss of activity (S 
mM DTE, 30 min: 790Jo decrease in activity).A similar loss of activity was observed 
by treatment of the enzyme with mercaptoethanol (5 mM MeSH, 30 min: 460Jo 
decrease in activity), but the molecular weight of the enzyme under this condition has 
not yet been examined. 

The enzyme showed optimal activity at pH 8.0 with cysteine as well as with a
aminobutyrate as a substrate. At pH 7.0-7 .2, the approximate pH of the chloroplast 
stromain the dark, 40- 60 OJo ofthe maximum activity were measured. In TRIS-HCl-, 
HEPES-NaOH- and CHES-NaOH-buffer nearly equal enzyme activities were ob
served. 

Mg2+ was found tobe essential for enzyme activity. In cantrast to GSH synthe
tase from tobacco cells which is fully activated by 10 mM Mg2+ and slightly stimu
lated by K+, four times higher magnesium concentrations are required to fully acti
vate -y-GC synthetase and the enzyme is not stimulated by K + • 

With increasing concentration of L-glutamate, L-cysteine, and L-a-aminobutyrate 
the initial rates of enzyme reaction showed Saturation kinetics. In assays containing 
4 mM A TP, SO mM MgCI2 and 1 mM cysteine or 20 mM glutamate at varying con
centrations of the other substrate, Lineweaver-Burk plots revealed apparent Km
values as follows: L-glutamate, 8-10 mM; L-cysteine, 0.15-0.2 mM; L-a
aminobutyrate, 5-7 mM. 

As has been shown for the -y-GC synthetase from erythrocytes11 and rat kidney2 

the tobacco enzyme is inhibited by glutathione at concentrations similar to those 
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Fig. 3. Effect of L-glutamate on inhibition of -y-GC synthetase by glutathione. The reaction mixtures con
tained 0.1 M Hepes·NaOH buffer, pH 8.0, 1 mM L-cysteine, 4 mM ATP, an A TP-regenerating system 
(8 mM phosphocreatine, 10 U of creatinphosphokinase, Boehringer), 50 mM MgCI2, and L-glutamate 
and glutathione as indicated in a total volume of I ml, alt incubated for 30 min at Jo•c under argon. -y-GC 
formed was determined as monobromobimane derivative by reverse phase HPLC5. 

which prevail in vivo. The inhibition proved to be competitive with respect to gluta
mate (Fig. 3). The apparent ~ values for GSH calculated from these data are in the 
range of 0.4-0.6 mM. They strongly soggest that glutathione plays a significant role 
in the regulation of 'Y-GC synthesis in tobacco cells in vivo. 

The method used for determination of 'Y-GC synthetase activity in cell suspensions 
from Nicotiana tabacum has also been successfully applied to assay -y-GC synthetase 
activity in leaf tissues of Pisum satlvum, Spinacia o/eracea, and Triticum aestivum, 
and should prove to be a reliable tool in further studies. 

The results presented here clearly indicate that -y-GC synthesis in vivo can be modu
lated by several factors. The high ~ values for glutamate obtained in our experi
ments differ considerably from the data (1.2 mM) reported by Webster and Varner3• 

They imply that 'Y-GC synthesis in tobacco cells may be limited by the availability 
of glutamate. The synthesis rate may also be limited by the availability of cysteine. 
Our experiments in which cysteine Ievels were carefully monitared revealed an appar
ent ~ for cysteine (0.15- 0.2 mM) which corresponds well with substrate affinities 
observed for -y-GC synthetase from animal cells2• 11• 12. 13• This value of the tobacco 
enzyme is at least 25 times smaller than the value of 4.5 mM reported for the enzyme 
of wheat germ3 and is probably not too far from the intracellular cysteine concen
tration in leaf tissues16• The rate of synthesis may be further modulated by the Mg2 + 

concentration and the pH of the cells, especially in the chloroplast stroma, where 
light-dependent changes of both factors occur14• AdditionaUy, glutathione itself 
may play a significant rote in the regulation of its synthesis by feedback inhibition 
of 'Y-GC synthetase as glutathione in vitro mediates substantial inhibition in concen
trations found in plant cells15• It is evident that in vivo experiments are needed to 
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identify the factors modulating -y-GC formation in plant cells and to learn about the 
interrelation of these parameters. 
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H1S-INDUCED ACCUMULATION OF SULFHYDRYL
COMPOUNDS IN LEAVES OF PLANTS UNDER FJELD AND 
LABORATORY EXPOSURE 

Wiebe Bosma, Giny Kamminga and Luit J. De Kok 
Department oj Plant Physiology, Universily of Groningen, P.O. Box 14, 9750 
AA Horen, The Netherlands 

H ß is a suljur-containing air pollutant oj local importance. In the south-eastern 
part oj the province oj Groningen, The Netherlands, water pol/ulion by organic 
material jrom jarina jactories is lhe cause oj locally high Ievels oj atmospheric H2S 
(sometimes even exceeding 1 ~J.II-1, Provinciale Waterstaat Groningen, unpublished 
results). The aim ojthe present study was to measure ejjects oj Hß pollution under 
field conditions. Already at concentrations o/0.03 iJ.Il-1 Hß growth of crop-plants 
may be ajjected1•4• 7• The content oj waler-soluble non-profein suljhydryl com
pounds shows a clear response upon fumigation with Hß: within two hours an in
crease in the content of these suljhydryl compounds was demonslratecF. In light the 
two most important waler-soluble non-protein suljhydryl compounds are 
glutathione (GSH) and cysteine3. Both glutathione and cysteine contents increase 
upon fumigation with Hß3• 

The present results show that fumigation of clever (Trifolium pratense cv. Mekra) 
and sugarbeet (Beta vulgaris cv. Monohill) with 0.05 iJ.ll-1 H2S resulted in a signifi
cant increase in water-soluble non-protein sulfhydryl compounds within 6 hours (Fig. 
1). This increase was stronger for clover than for sugarbeet. An increase in H2S con
centration from 0.1 to 0 .585 iJ.li- 1 resulted in clover in an increase in the content of 
water-soluble non-protein sulfhydryl compounds of ± 20 OJo (Fig. 2). This was in 
cantrast with the results obtained for spinach, where an increase in H 2S-concen
tration from 0.1 to 0.5 ~J.II-1 resulted in an increase in sulfhydryl content of more 
than 100 0Jo6. The absolute increase of sulfhydryl content was greater at lower tem
perature but the relative increase compared to the control was temperature indepen
dent (Fig. 3). 

The question arose whether the effects of HzS observed under Iabaratory condi
tions also appear in plants grown under field conditions in H2S-polluted areas. 
When plants (Trifolium pratense c.v. Mekra and Spinacia oleracea c.v. Estivato) 
grown in a climate controlled room, were placed on a field location with H2S pollu
tion (average concentration was up to 0.15 ~J.Il-1) for 3 or 4 days, the content of 
water-soluble non-protein sulfhydryl compounds showed a very streng increase com
pared to the unpolluted location ('fable 1). This increase was up to 5-fold or more 
in spinach and 2- to 3-fold in clever. Similar to the experiments performed under 
Iabaratory conditions the content of both glutathione and cysteine increased. The 
relative increase of cysteine was stronger (10-fold) than for glutathione (2-fold). In 
spinach the cysteine content increased from 15 OJo to 45 lllo of total sulfhydryl content, 
whereas in clover this increase was from 2 OJo to 8 OJo. 
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Fig. 1. The effect of 0.05 j.t] J- 1 H2S on the content of water-soluble non-protein sulthydryl compounds 
in leaves of clover and sugarbeet. Plants were grown in climate controlled rooms for five and four weeks, 
respectively. Determination of sulfbydryl compounds was according toDeKoket a/.3. Sulfbydryl con
tent represents the mean of eight to fourteen measurements (± SD). 1>.--1>. =- clover, control, 
o --- o = clover, 0.05 1'11- 1 H~, • --- • = sugarbeet, control, •--• = sugarbeet, 0.05 1'11-1 
H2S. 
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Fig. 2. 1'he eft'ect of H2S concentration on the content of waler-soluble non-protein sulfbydryl com
pounds in the leaves of clover. Plants were grown in climate controlled rooms for five weeks. Determina
tion of sulfhydryl compounds was according to Oe Koket af.3. Sulfhydryl content represents the mean 
of six measurements (± SD). ~>.--~> =- control, o --o =- 0.11!11-1 H2S, • - - • = 0.285 1'11- 1 

H2S, • • = 0.580 iU J-l H2S. 

The present field experiments showed that the effect of H2S under field condi
tions are quite similar tothat observed under Iabaratory conditions. A 5-fold increase 
in total water-soluble non-protein sulfhydryl content of spinach would indicate high 
Ievels of H2S (1 J.tll-1 and higher6). The measured average H2S concentration during 
the 3 or 4 day exposure period however did not exceed 0.15 J.tll- 1• The observed in-
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Fig. 3 . The effect of temperature on the content of waler-soluble non-protein sulfbydryl compounds in 
the leaves of clover upon fumigation with 0.285 1'1 I-1 H2S. Plants were grown in climate controlled 
rooms for five weeks. Determination of sulfhydryl compounds was according to Oe Koket u/.3. Sulf
hydryl content represents the mean of six measurements ( ± SD). t. -- t. = zo•c, control, o --- o 
= 20"C, 0.285 1'11-1 H2S, • --• "" I2°C, control, • --• = 12"C, 285 1'11- 1 H2S. 

Tuble I. The effect of a three or four day field exposure to H 2S on the content of water-soluble non
protein sulfhydryl compounds and cysteine. The controllocation is situated near the Biological Center, 
Haren, The Netherlands and the polluted location is situated near Onstwedde, The Netherlands. Experi
ments were carried out during October/November 1988 and determination of water-soluble non-protein 
sulfhydryl compounds and cysteine were according to De KoJe et uf.3. Sulfhydryl and cysteine content are 
expressed as l'mol g frcsh weight-1 and represent the mean of eleven experiments ( ± SO). 

Unpolluted H2S-polluted 

Sulfhydryl content Spinach 0.37 ± 0.09 1.47 ± 0.56 
Clover 0.51 ± 0.09 1.10 ± 0.40 

Cysteine content Spinach 0.05 ± 0.02 0.6S ± 0.36 
Clover 0.01 ± 0.00 0.08 ± 0.07 

crease in cysteine content may indicate a disturbed sulfur metabolism due to excess 
sulfur3• 
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INTRACELLULAR COMP ARTMENTATION, UTILIZATION 
AND TRANSPORT OF METHIONINE IN BARLEY 
MESOPHYLL CELLS 

K.-J. Dietz and H. Busch 
Lehrstuhl Botanik I, University of Würzburg, Mittlerer Dollenbergweg 64, 
D-6800 Würzburg, F.R.G. 

Mesophyll protoplasts from primary leaves of 10 day oia barley plants contained 
about 1 mM methionine. f 5 S]-methionine fed to leaves or protoplasts was rapidly 
incorporated into proteins indicating fast turnover of a small cytoplasmic pool oj 
methionine which is separated jrom a /arger vacuolar pool. Release oj methionine 
from the vacuole was stimulated not only by A TP, but also by the A TP analogue 
AMP PNP (adeny/ imidodiphosphate) which cannot energize transport. It was also 
stimulated by SH-blocking agents such as p-chloromercuriphenylsuljonic acid 
(pCMBS). ATP- and pCMBS-stimulation was also observed jor uptake oj f 5S]
methionine by vacuoles. Ejflux was inhibited, when neutral amino acids were present 
outside the vacuoJe. lt appears that the amino acid transporter(s) oj the tonoplast is 
regulated on source/sink relationships. It permits ejjlux oj amino acids jrom the 
vacuole, which acts as storage compartment, in response to amino acid demand in 
the cytosol. 

Under normal growth conditions of many plants, the main part of sulfur is in the 
reduced form. It is the constituent of the amino acids cysteine and methionine which 
are largely bound in protein. Sulfate accumulates only when excess sulfur is 
available1•2• Littleis known about the compartmentation and intracellular transport 
of sulfur-containing amino acids. We investigated the compartmentation, utilization 
and transport of methioninein barley mesophyll protoplasts. 

lntracellular compartmentation of metbionine 

Barley plants were grown hydroponically in a standard nutrient solution containing 
2 mM SO/-. Mesophyllprotoplastsand vacuoles3 were isolated from 10 day old 
primary leaves and analyzed for amino acid contents with an amino acid analyzer 
(LC 5001, Biotronik, Germany). The methionine concentration was similar in pro
toplasts (1.33 ± 0.22 mM) and vacuoles (1.03 ± 0.38 mM). Some vacuolar methio
nine may have been lost during isolation of vacuoles (see Fig. 2), therefore the 
cytoplasmic methionine concentration may be close to the concentration of the vacu
ole. To understand the relationship between the cytoplasmic and the vacuolar pools, 
we here examined the utilization of methionine by protein synthesis. We have also 
characterized the transport of methionine across the tonoplast membrane. 

Sulfur Nutrition and Sulfur Assimilation in Higher Plants 
edited by H. Rennenberget al., pp. 177-180 
© 1990 SPB Academic Pubfishing bv, The Hague, The Netherlands 



178 K.-J. Dietz and H. Busch 

D 50 

a:• - 40 
ru ......... 30 8.1:: 
:s~ 20 uo 
.5 u 

l·~ 10 

th"E 0 
~ a stroma cytosol mito./ thylak. 
-;!.-;!. perox. 

Fig. 1. Incorporation of [35S]-methionine and protein content of different compartments of mesophyll 
protoplasts. [35S]-methionine was fed to the leaves for Jh. Protoplasts3 were isolated and fractionated 
with a membrane filtration technique4• The fractions were obtained by consecutive filtration of a pro
toplast lysate through an 8 J.lffi (intact plastids are retained on the filter) and a 0.45 J.lffi (mitochondria and 
peroxisomes are retained) nitrocellulose filter. The filtratewas enriched in cytosol. Markerenzymes were 
determined: glyceraldehyde-3-phosphate dehydrogenase (chloroplast), citrate synthase (mitochondria), 
glycolate oxidase (peroxisomes) and hexose-monophosphate isomerase (900Jo of its activity is contained 
in the cytosol of barley mesophyll protoplasts). The activities of citrate synthase and glycolate oxidase 
showed a sirnilar distribution. Therefore, both compartments were combined for the calculations. Thylak
oid membranes were prepared from chloroplasts by osmotic shock and repeated sedirnentation. Protein 
contents and radioactivity were deterrnined in all fractions. From the data of 3 experiments, protein con
tent (closed columns) and pss]-methionine incorporation (open columns) were calculated for the 
compartrnents4 by Gauss elimination. 

Methionine utilization by protein synthesis 

When [35S]-methionine (0.15 M) was fed to leaves via the transpiration stream or to 
mesophyll protoplasts, about 50% of the methionine taken up within 3h was 
incorporated into proteins. Figure 1 shows the relative incorporation of methionine 
into the protein of different cellular compartments in relation to the protein content 
of the compartments. Although more than 25 OJo of the cellular protein was associated 
with the cytosol, only lOOJo of the total incorporated methionine was detected in the 
cytosol. In mitochondria and peroxisomes, incorporation of methionine into pro
teinswas also slow in relation to available protein. In contrast, methionine incorpo
ration into chloroplast proteins was fast. A comparable labeling of nucleus-encoded 
and plastome-encoded plastid proteins indicates efficient transport of methionine 
across the envelope membrane of plastids. In spinach, the large and small subunit 
of ribulose-1,5-bisphosphate carboxylase are labeled at a ratio of 4-5 when leaves 
are incubated with radioactive methionine. This value corresponds to the ratio in 
molecular mass of 4 (55 kDa/14 kDa). This shows that the methionine pools of the 
chloroplasts and of the cytosol exchange rapidly. These results give no information 
on the availability of vacuolar methionine for protein synthesis. 

Transport of methionine across the tonoplast membrane 

Uptake and release of methionine were studied using isolated vacuoles. Figure 2A 
shows time-rlependent uptake of 2 mM [358]- methionine. (Specific activity: 0.4 
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Fig. 2. Kinetics (A, upper left) and concentration dependence (8, Jower left) of [3SS]-methionine uptake 
by isolated vacuoles. Vacuoles were isolated. The incubation mixture contained 30 mM gluconate, 10 mM 
Hepes, pH 7 .5, 40'7o (v/ v) Percoll, 2mM dithiothreitol and 0.1 U/o BSAS. Additionally, the medium con
tained lH20 and [35S)- methionine (300,000 dpm per 100 1'1-assay) and methionine. At the times indicat
ed, the vacuoles were separated from the incubation medium by flotation through a Jayer of silicon oil. 
The recovery of vacuoles was quantified by the amount of 3H20 in the upper aqueous phase. (C, upper 
right) and (D, Jower right) show the kinetics of methionine rclcase and the effect of increasing leueine con
centrations on methionine release from isolated vacuolcs. Vacuoles were incubated in the presence ( o) 
and absence ( •) of 10mM ATP. Vacuoles were separated from the medium by flotation at thetimes indi
cated (C) or after 20 min of incubation (D). Efflux at various Jeueine concentrations is expresse<! as percent 
of maximum efflux in the absence of Jeudne. The ATP concentration was 10 mM. Other nucleotides bad 
no or only a small stimulatory effect on methionine efflux. 

Ci/ mol). Uptake was linear in the time range of the experiment. A 3-fold stimulation 
was achieved by the addition of ATP. From the kinetics of uptake at various methio
nine concentrations, the concentration dependence of uptake in the presence of ATP 
was obtained (Fig. 2B). A saturating component could be distinguished from a non
saturating component. SH-reagents such as pCMBS increased the transport. Insensi
tivity of transport to the addition of 5 mM NH4Cl shows that the uptake was not de
pendent on the transtonoplast pH (Table 1). 

Figures 2C and 20 show the release of endogenaus methionine from isolated 
vacuoles. Efflux appeared to be linear over a period of 50 min. It was stimulated by 
ATP. The neutral amino acid leueine inhibited the ATP-stimulated efflux (Fig. 20). 
In the presence of 1 mM leucine, efflux of methionine was inhibited by 500Jo. Other 
neutral amino acids (isoleucine, valine, phenylalanine) also inhibited methionine ef
flux, whereas amino acids with small charged side chains (alanine, arginine, glutamic 
acid) were much less effective in decreasing amino acid efflux from the vacuoles (data 
not shown). SH-reagents such as pCMBS, N- ethylmaleimide or oxidized glutathione 
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TableI. Uptake of [35S]-methionine by isolated vacuoles. Approximately 105 vacuoles were incubated as 
described in the legend to Fig. 2. Theeffects of 10 mM ATP, 1 mM pCMBS and 5mM NH4Cl were estab
lished bykinetic anatysis as shown in Fig. 2A. From the slopes of2 to 4 such experiments, rates ofmethio
nine uptake were derived. 107 vacuoles correspond to mesophyll protoplasts containing 1 mg chlorophyll. 

nmol methionine (107 vacuoles min)-1 

+ATP 
-ATP 
+ATP/pCMBS 
+ATP/NH4Cl 

2.20 ± 0.40 
0.73 ± 0.41 
3.05 ± 0.05 
2.67 ± 0.35 

activated efflux. The transport appeared not to be energized by A TP, because the 
ATP analogue adenylyl imidodiphosphate (AMP PNP) which does not serve as sub
strate of the tonoplast ATPase also activated efflux. However, stimulation was 
somewhat lower; efflux in the presence of 10 mM AMP PNP was 50 DJo of the ATP
stimulated amino acid release. 

The results indicate a considerable transport capacity of the tonoplast for methio
nine. It should be mentioned that the transporter is rather unspecific in respect to its 
amino acid substrates6• The rate of uptake in the presence of 1 mM methionine and 
10 mM ATP was 1.4 nmol (107 vacuoles min)- 1; the maximumrate of release ob
served was 4 nmol (107 vacuoles min)- 1• In relation to normal rates of protein syn
thesis, these rates would allow a rapid exchange of methionine between the cytoplas
mic and the vacuolar pools. In the in vivo labeling experiments, methionine fed to 
the leaves was efficiently incorporated into proteins. This suggests a separation of 
both pools. Obviously, the transporterat the tonoplast is under strong control and 
only activated to a Ievel far below its optimum capacity. Regulation appears to be 
possible by changes in cytosolic amino acid concentrations (source/sink-relation
ship), by the adenylate system and possibly also by redox properties. 

This work was supported within the Sonderforschungsbereich 176 of the Julius
Maximilians-Universität Würzburg. Technical assistance by Mrs. C. Zink is grateful
ly acknowledged. 
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ENERGETICS OF SULFATE UPTAKE BY PLANTS AS 
RELATED TO PREVIOUS SULFATE AVAILABILITY 

G. Ferrari, G. Cacco•, A. Bottacin• and M. Saccomani 
Department of Agricultural Biotechnology, University of Padova, Italy; • /stituto 
di Chimica Agraria, University of Reggio Calabria, Italy 

Sulfate influx in Asparagus cells was not affected by cutoff of photosynthetic energy, 
while it was depressed by CN and SHAM inhibition of respiratory 0 2 uptake. The 
percent inhibition of sulfate uptake by 1fF3 M CN and SHAM was 86 and 55, that 
of 0 2 uptake 50 and 39 respectively, in accordance with the ATP yield. In maize see
dlings the temperature coefficient for sulfate net influx was 2.1 during steady supply 
and 1. 1 after suljate deprivation. This suggests a modulation of energy coupling in 
response to previous availability of sulfate. 

Sulfate uptake by plant roots is conditioned by active transport across plasmalemma 
and tonoplast1, which requires coupling with processes yielding free energy, in order 
to overcome two kinds of potential gradient: electrical and chemical. The first one 
is common to the absorption of every anionic nutrient and depends on the general 
condition of plant metabolism; the second one depends specifically on the relative 
concentration of sulfate in the cytoplasm and in the nutrient medium. In the case of 
field crops, sulfate availability in the root environment may undergo large changes 
depending on the relative efficiency of uptake by roots and recovery from the soil 
towards the depletion zone. 

Two questions are raised in the present work: the ability of various energy sources 
within the plant to drive sulfate transport; tbe possible modification of energy 
coupfing in plants subjected to short periods of sulfate stress, in comparison with 
plants grown at steady state supply of sulfate. 

The first question was faced by using Asparagus cell cultures, a biological system 
in which the two energy sources, deriving either from photosynthetic electron trans
port or from electron flow within the respiratory chain are both available inside each 
cell. Sulfate influx did not change when the photosynthetic source was excluded by 
removing light supply or by inbibiting electron flux with atrazine or diuron. On the 
contrary tbe inhibition of respiratory 0 2 uptake by CN- or SHAM (salicyl hydroxa
mate) strongly affected sulfate influx, which dropped to 14 and 45 percent of control 
at I0- 3 M cN- and SHAM respectively. Sulfate uptake was more affected than 0 2 
uptake by the two inhibitors, showing therefore a strongly preferential attitude for 
coupling with the respiratory source of energy. Active influx of anions at the plas
malemma may depend on phosphate bond energy and in this case it must be driven 
by ATP hydrolysis. This dependence can be not obligatory, provided a direct 
coupling of transport with the respiratory redox chain is allowed3• In Asparagus 
cells the response of sulfate influx to inhibition by CN- and SHAM supplies good 
evidence for the dependence of sulfate uptake on A TP hydrolysis rather than on 
redox systems. In fact the ratio between the reduced levels (as percent of control) of 
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Table 1. Effect ofCN- and SHAM on respiratory 0 2 uptake (R) and S042- influx (1), in Asparagussingle 
cells. Methods: Free mesophyll cells {5 x J06 cells/ml) were inoculated in the Jullien2 medium, pH 5.8, 
containing 3!!S-labeled sulfate. The sulfate influx experiments were carried out at 24•c for 60 min. The 
cells were harvested by vacuum filtration on a Millipore fllter (0.45 p), washed three times with 10 ml of 
unlabeled cold medium. The collected cells were dissolved with dioxane in vials and HS was evaluated in 
a Packard scintillator spectrometer. The respiratory oxygen uptake was measured at 24•c in a 4 ml cell, 
using a Clark-type 0 2 electrode. 

INHIBITOR percent percent 
R inhibition inhibition 1/R 

CONTROL 100 0 100 0 1.0 
CN· 10-4M 78 12 55 45 0.7 
CN· 10-3 M 50 50 14 86 0.3 
SHAM 10-4M 70 30 78 22 1.1 
SHAM J0-3 M 61 39 45 55 0.7 

Table 2. Sulfate influx {cl>0 c), net influx (100), translocation ('~>cx), assimilation (Jcm> and their temperature 
coefficient (Q10) between 15• and zs•c in roots of maize seedlings grown in condition of steady state 
nutrient supply or after 3 days sulfate deprivation. Flux data in nmoles h·1·g·1 root f.w. Methods: Sulfate 
influx (4>

00
) was determined in 9 day-old seedlings transferred to I: 10 Hoagland and Arnon solution!i con

taining 35S-Iabeled sulfate. After 20 min, samples of roots were washed for 5 min with non-labeled medi
um, homogenized with an Ultraturrax apparatus and assayed for Jss by liquid scintillation spectrometry. 
Net influx (10 c) was evaluated by disappearance of sulfate from nutrient solution. Translocation to leaves 
('~>cx> and reduction rate (cl>cm) were evaluated in 9-day-old seedlings transferred to 3ss.Jabeled nutrient 
medium at the gth day. After 10 h Ioading, roots and shoots were sampled at 30 min intervals for 14 h 
and assayed for Jss content. Jnorganic 35S, was separated by the procedure of Smith7. 

Steady state After deprivation 
1s•c zs·c QlO 1s•c 2s•c QlO 

<~>oc 134 217 1.6 1180 1202 1.1 

loc 71 151 2.1 
cl>cx 17 33 1.9 182 464 2.5 

lern 6.6 12 1.9 61 149 2.4 

SO/- and 0 2 uptake resulted 0.3-0.7 in the case of CN· and 0.7-1.1 in the case of 
SHAM inhibition, in accordance with the lower ATP yield of the CN- resistant 
respiration (Table 1). 

Coming now to the effect of short SO/- deprivation on the energetics of S04
2-

transport, it is known that SO/- deprived plants show an up to five times increase 
of influx after restoration of the SO/- content in the nutrient medium4• 7• This 
strong response of the uptake capacity could be related to the synthesis of new 
carrier-proteins, by analogy with the induction of enzyme activities. However trans
port after deprivation approximates the condition of minimum gradient of chemical 
potential. Therefore the post-deprivation sulfate influx can be considered net influx 
and requires energy only to overcome the electrical transmembrane potential. The 
results of flux analysis (Table 2) carried out at 25° and l5°C showed temperature 
coefficients (Q10) 1.6-2.1 for SO/- uptake, translocation and assimilation in con
dition of steady state supply of sulfate. During recovery from deprivation the 
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strongly enhanced influx showed Q10 = 1.1, typical of passive diffusion. This be
haviour gives support to a mechanism of modulation of the energy coupling for sul
fate transport in response to the previous availability of sulfate. 
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EFFECT OF GLUTATHIONE ON PHYTOCHELATIN 
SYNTHESIS AND CADMIUM TOLERANCE IN TOMATO 
CELLS 

P .B. Goldsbrough, M.L. Mendum and S.C. Gupta 
Department of Horticu/ture, Purdue University, West Lafayette, Indiana 47907, 
U.S.A. 

Plants that are exposed to caammm accumuiate phytochelatins (PCs, polyfr
glutamylcysteinyl]glycines), peptides that bind cadmium. Synthesis oj PCs is 
prevented by buthionine suljoximine (BSO) resulting in greatly reduced tolerance to 
cadmium. In the presence of BSO, GSH restores both PC synthesis and cadmium 
tolerance in tomato cells. In the absence of BSO, exogenous GSH stimulates produc
tion of PCs. Increase in total PC content under these conditions is largely the result 
oj elevated Ievels of PC2 and, to a lesser extent~ PC3• These results provide further 
insight into the mechanism of PC synthesis in plants. 

Cadmium is toxic to all organisms and adversely affects a large number of bio
chemical processes1• In order to preserve metabolic activity under these conditions, 
mechanisms have evolved that provide a general protection against cadmium. In 
animals this involves the production of metallothioneins2 (MTs), proteins that che
late cadmium and other heavy metals. The fission yeast, Schizosaccharomyces 
pombe, and many, if not all, plant species produce phytochelatins3- 6 (PCs, poly['Y
glutamylcysteinyl]glycines). Thesepeptides bind cadmium, and perhaps other me
tals, in a manner similar to MTs, and have been shown tobe essential for normal 
tolerance to cadmium4• 5 • However, the structure of PCs indicates that, unlike MTs, 
they are not translation products of mRNA. PCs can be considered as polymers of 
'Y-Glu-Cys on GSH, and a number of studies have indicated that GSH is involved in 
synthesis of PCs4• 7• We report here on the effect of exogenaus GSH on cadmium 
tolerance and PC synthesis in tomato cells. 

Exposure of plant cells to cadmium results in a rapid decline in cellular GSH Ievels 
and a concomitant induction of PC synthesis4• 7 • Production of PCs is inhibited by 
buthionine sulfoximine4• s, 7 (BSO), a specific inhibitor of 'Y-Glu-Cys synthetase8• 

We have shown previously that PC synthesis can be at least partially restored in 
tomato cells treated with BSO by the addition of GSH to the medium7• To deter
mine if PC synthesis could be sustained under these conditions, the accumulation of 
PCs in BSO treated cells supplemented with GSH was monitared over 24 hours (Fig. 
1). In the absence of GSH, no PC synthesis was detected in response to cadmium. 
However, 500 llM GSH allowed sustained production of PCs at a rate similar to that 
observed under normal conditions. In the presence of 50 1-lM GSH, a small amount 
of PC synthesis was observed. Therefore, the activity that is inhibited by BSO 
(presumably 'Y-Glu-Cys synthetase) is not essential for PC synthesis, provided that 
GSH is available. 

It has been shown that BSO decreases tolerance of plant cells to cadmium, demon-
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Fig. 1. Inhibition of PC synthesis by BSO and reversal by exogenaus GSH. Tornato ceUs, 4 days after in
oculation, were pretreated witb 200 pM BSO for 16 hours to inhibit OSH synthesis and deplete cellular 
OSH. CeUs were then exposed to 150 JLM CdC12 with the addition of 0, SOor 500 p.M OSH. The accumu
lation of PCs was measured at various times after addition of CdCI2 and GSH. Control ceUs (0 BSO, 0 
GSH) were treated only with 150 p.M CdC12• No PC synthesis was observed in ceUs treated witb GSH 
alone. For PC analysis, 100 mg cells were extracted with 100 ,U of 10% (w/v} sulfosalicylic acid. After 
centrifugation, 100 lll of the supernatant was analyzed by RP-HPLC, using a 10-200fo gradient of acetoni
trile in water. The column eluant was derivatized with 75 .I'M DTNB and absorbance measured at 412 nm. 
Quantitation of PCs is based on peak area of GSH standards. 
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Fig. 2. Effect of BSO and GSH on cell growth in the presence of cadmium. Tornato cells were inoculated 
at 20 mg FW / rnl into media containing either CdCI2 alone, or CdCI2 and BSO at the lndicated concentra· 
tions. The media was supplemented with OSH at concentrations ranging from 0 to 300 JLM. Growth of 
cells was measured after 7 days. 
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strating that binding of cadmium to PCs is an essential component of tolerance to 
this stresss. To determine if exogenaus GSH could also restore cadmium tolerance 
to BSO treated cells, tomato cells were inoculated into media containing cadmium 
and BSO, supplemented with increasing concentrations of GSH, and growth was 
measured after 7 days (Fig. 2). In the absence of GSH, the combination of cadmium 
and BSO prevented growth, as expected. However, 50 ~tM GSH restored the ability 
of cells to grow and cells reached a fresh weight similar to that of cells grown in cad
mium alone. In the experiment shown in Fig. 1, only a low Ievel of PC synthesis was 
detected with 50 ~tM GSH, whereas in the second experiment (Fig. 2) the same con
centration of GSH restored cadmium tolerance, presumably as a result of PC synthe
sis. This difference can be accounted for by the fact that different concentrations of 
BSO were used, and that the first experiment examined the response to cadmium over 
24 hours, while the second measured the effect of GSH during a ceU culture cycle of 
7 days. 

Pretreatment of cells with BSO depletes cellular GSH and prevents PC synthesis7• 

To determine if the supply of GSH Iimits PC production under normal condi
tions, tomato cells were exposed to 150 ~tM CdC12 in the presence of 0 to 500 ~tM 
GSH, and Ievels of PCs and GSH were measured at various times after induction of 
PC synthesis (Fig. 3). In the absence of any GSH in the medium, cellular GSH 
declined to less than 50o/o of the initial concentration within 2 hours, and PC syn
thesis was detected. 50 and 100 ~tM GSH delayed the decline in GSH until 4 and 
6 hours, respectively, after exposure to cadmium. Cells treated with 100 ~tM GSH 
showed a two fold increase in PC Ievels during the first 6 hours when compared to 
cells treated only with cadmium. 500 ~tM GSH further increased PC synthesis and 
cells contained approximately three times the normal PC concentration after 6 hours, 
demonstrating that the availability of GSH can Iimit PC production. This concen
tration of GSH also resulted in a transient increase in cellular GSH Ievels. It is of 
interest that after 24 hours the Ievel of GSH in ceUs was the same, regardless of 
the media concentration of GSH, indicating that cellular GSH Ievels are tightly 
reguJated. 

The Ievels ofindividual PCs were measured in this experiment using HPLC Separa
tion and post-column derivatization with Ellman's reagent to specifically detect GSH 
and PCs4• When the amounts of individual PCs were compared between cells treat
ed with 0 and 500 ~tM GSH, GSH treatment was found to have little effect on the 
Ievel of PC4 (Table 1). However, additional GSH was found to stimulate production 
of smaller PCs. For example, after exposure to cadmium for 1 hour, the ratio of 
PC2:PC3 in cantrot cel1s was 3: I, andin cells grown in 500 ~tM GSH was 4: l. There
fore, in addition to increasing the total synthesis of PCs, additional GSH also has 
a qualitative effect on the spectrum of peptides that are produced in response to cad
mium. These results provide insight into the mechanism of PC synthesis. First, avail
ability of GSH is involved in regulating PC production. lt is clear that once the initial 
pool of GSH is utilized in PC synthesis, de novo synthesis of GSH is required for 
sustained production of these peptides. The Ievel of GSH may play a role in regulat
ing the production of PCs. Because these peptides accumulate to millimolar concen
trations within cadmium treated cells, PC synthesis must also place a demand on the 
supply of cysteine, and the uptake and reduction of sulfur. If a single enzyme or com-
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Fig. 3. Stimulation of cadmium induced PC synthe.sis by exogenaus GSH. Tornato cells, 4 days after in
oculation, were exposed to 150 ILM CdCI2 in the presence of 0, 50, 100 and 500 ILM GSH added to the 
media. Cellular GSH (upper) and total PCs (lower) were measured at various times after addition of cad
mium, as described in Fig. 1. PC accumulation was not observed in cells treated with GSH alone. 

Table 1. Effect of GSH on synthesis of individual PCs. From the experiment shown in Fig. 3, the Ievels 
of PC2, PC3 and PC4 were measured in cells exposed to 150 ILM CdCI2 in the presence of 0 or 500 pM 
GSH. PCs areexpressedas p.mol GSH equivalents/kg cells. 

OILM GSH 500 pM GSH 

OJo Total PC as OJo Total PC as 
Time (hrs) PC2 PCJ PC4 PC2: PC3: PC4 PC2 PC3 PC4 PC2: PC3: PC4 

0 92 100 0 0 92 100 0 0 
I 178 62 74 26 0 320 82 80 20 0 
6 210 210 160 36 36 27 970 750 172 51 40 9 

24 440 1040 320 24 58 18 1110 1660 360 35 53 12 
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plex is responsible for producing all the PCs, two more conclusions can be drawn 
from these results. First, this enzyme is not processive in its mode of action; the en
zyme does not stay bound to the same PC molecule and continue to add -y-Glu-Cys 
units. Second, this is a stochastic reaction where substrate availability determines 
which PCs are synthesized. For example, if GSH and PC2 are competitors for an ac
tive site on the PC synthesis enzyme for addition of another -y-Glu-Cys moiety, the 
product that is formed will depend on the concentration of competing substrates. 
Therefore, cells that contain higher concentrations of GSH than PC2 will produce 
more PC2, as observed in cells grown in the presence of 500 p.M GSH. Formation 
of PC3 will be favored when PC2 is more abundant than GSH, as seen in control 
cells where GSH is depleted after the initial synthesis of PCs. These results could be 
interpreted differently if separate enzymes are responsible for synthesis of each size 
class of PC. However, we consider this unlikely because the reactions for formation 
of each PC are so similar. 

At least three pathways of synthesis for PC2 have been suggested as possibilities9• 

These are: transpeptidation of -y-Glu-Cys from GSH to another molecule of GSH; 
addition of -y-Glu-Cys to GSH; and polymerization of -y-Glu-Cys dipeptides with ad
dition of a carboxy-terminal glycine. Alternatively, sequential addition of Cys and 
Glu to GSH would also result in production of PC2• However, this last mechanism 
appears unlikely because, in the presence of BSO, GSH and 35S-Cys, PCs that are 
synthesized contain little radioactivity (data not shown). What is the source of -y-Giu
Cys units that are required to produce these peptides? Because PC synthesis can occur 
in the presence of an inhibitor of -y-Giu-Cys synthetase, we favor the hypothesis that 
')'-Glu-Cys is derived from GSH. Our results, however, are unable to distinguish be
tween the first three proposed pathways. To answer these questions about the 
mechanism of PC synthesis, it will be necessary to isolate and study the enzymes that 
are involved. This will provide further insight into the way plants cope with the toxic 
effects of cadmium, and perhaps other heavy metals, and how this process is 
regulated. 
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THIOL-CONTENT OF PLANTS DEPENDING ON THE 
ALTITUDE 

D. Grill, H. Guttenberger and E. Bermadinger 
Kari-Franzens Universität Graz, Institut für Pflanzenphysiologie, Schubertstrae 
51, A-8010 Graz, Austrio 

Waler-soluble thiol (SH) content was investigated in Norway spruce needles andin 
Iichens with regard to the altitude and to the season. We found an increase in the 
waler-soluble SH content in spruce needles depending on higher altitude. Spruces 
(high- or low-altitude provenance) cultivated in different altitudes have a higher 
thiol-content at 1700 m above sea Ievel (a.s.l.) than at 400 m. Both provenances do 
not differ in the SH-content significantly. The SH-content seems to depend only on 
the altitude. At each altitude the thiol-content is higher in winter than in summer -
independent of the provenance. Lichensshow a similar behaviour at different alti
tudes, but in Iichens takenfrom altitudes > 1500 m the SH-content is then decreasing 
again. 

Plants growing at high altitudes are exposed to a variety of stresses that require 
specific physiological adjustments for survival. Our present study aimed to determine 
to what extent the SH/SS hypothesis1•2 applies to evergreen homoiohydric plants 
(spruces) and poikilohydric plants (lichens) at higher altitudes (e.g. forest Iimit). 

We determined the water-soluble thiol (SH) content in spruce needles depending 
on high- and low-altitude origin in different areas and different altitudes (400 and 
1700 m a.s.l. resp.) - see Fig. 1. The SH content of spruce needles of both 
provenances is higher in trees growing at high altitude. The differences are highly sig
nificant (P < 0.001) bothin summerandin winter (Fig. 1). SH content in winter is 
higher than in summer (P < 0.001)3• In winter the differences between the two 
provenances grown at 400 m were only weakly significant4• Our results show that 
spruces grown at forest Iimits have nearly twice as much water-soluble thiols than 
trees of the same origin grown at low altitudes. Since the trees are of the same paren
tage, this difference is not genetically determined, but rather caused by climatic 
stresses. 

We also determined the water-soluble thiol (SH) content in spruce trees and Iichens 
in dependence on the altitude in two profiles. The thiol content in spruce needles is 
increasing with the altitude (Fig. 2). The poikilohydric Iichens also show an increas
ing thiol content with an increase of the altitude in which they are growing. But 
Iichens show a maximum SH content at 1400 to 1600 m. After this maximum the SH
content is decreasing (Fig. 3). The investigated lichens may have reached their Iimits 
of life in these extreme alpine regions and are not Ionger able to react to the stresses 
with appropriate physiological reactions - or Iichens have developed another 
methods to survive in theseextreme regions. 

Plants, both homoiohydric and poikilohydric, react in the sense of Levitt's stress 
hypothesis1•2 by rising the thiol content at higher altitudes. Besides, thiolssuch as 
glutathione protect plant proteins during frost stress or repair them by restoration 
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Fig. I. Content of water-soluble thiols of spruce (Picea ab/es [L.) Karsten) needles from two experimental 
areas, one at the altitude 1700 m above sea Ievel (a.s.l.) (Stubalpe, Western Styria), the other at 400 m 
a.s.l. (Tullnerbach, Lower Austria)., according to provenance (M = high altitude == 'mountain trees', 
V = low altitude = 'valley trees)', altitude and season (su = summer, wi = winter); fw = fresb weight. 
The trees were 10-years-old. Metbad is based on the reaction of the SH-groups with DTNB 
(2,2-Dinitro-5,5-dithiodibenzoic acid), the absorbance was measured at 412 nm3,9. Bars = Standard 
deviation. 
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Fig. 2. Needle SH-content of approximately 50-year-old spruces growing along a vertical profilein the 
Western Styria (Deutschlandsberg) in altitudes from 700 to 1700 m a.s.l. Same method as in Fig. 1.; nee
dles were Iaken from the upper crown. Bars = Standard deviation; fw = fresh weight. 

of the SH/SS relation - a very important function in the scavenging of radicals 
during photooxidative stress5• 6• Those stresses are typical for stands at higher alti
tudes as weil as the higher light intensities whereby a protecting effect on plant 
metabolism by thiols can be expected, too7•8• 
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Fig. 3. Total water-soluble SH-group content in Iichens (Ce.i. = Cetraria islandica (L.) Arch., Ps.f. = 
Pseudeverniafurfuracea (L.) Zopf.) collected from 1000 m to 1800 m a.s.l. altitude in the Western Styria 
(Salzstiegl). Method is based on the reaction ofthe SH-groups with DTNB (2,2-Dinitro-5,5-dithiodiben
zoic acid), the absorbance was measured at 412 nmlO, SO = standard deviation; fw = fresh weight. 
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OZONE EXPOSURE, GLUTATHIONE LEVELS AND 
PHOTOSYNTHESIS IN HYBRID POPLAR 

Ashima Sen Gupta1, Ruth Grene Alscher2 and Delbert C. McCune1 

Boyce Thompson Institute, lthaca, NY 148531 and Virginia Polylechnie Institute 
and State University, Blacksburg, Va 24061, U.S.A. 

Ozone inhibited photosynthetic rat es in poplars. The inhibition occured after ninety 
minutes of ozone exposure. Four hours alter ozone exposure photosynthetic rates 
were still inhibited. The photosynthetic inhibition was non-stomatal in nature. Pyri
dine nucleotide Ievels and electron Iransport were unaffected by ozone. Glutathione 
Ievels were elevated in fumigated poplar trees. 

The mechanism through which the oxidizing air pollutant ozone affects apparent 
photosynthesis is unclear; it is clear, however, that both stomatat and non-stomatal 
factors are involved. Ozone causes the formation of highly reactive oxyradicals in 
aqueous solutions1• It is quite probable that existing mechanisms for detoxifying 
oxyradicals are invoked to scavenge the cellular radicals formed by ozone. One such 
mechanism is the hydrogen peroxide scavenging cycle which operates through a series 
of oxidations and reductions of the antioxidants glutathione and ascorbic acid and 
of NADPH2• Antioxidant Ievels have been shown to increase in plants exposed to 
ozone3• Whether the increased antioxidant Ievels are a measure of adaptation or of 
darnage due to oxidative stress or not, the elevated Ievels of these compounds re
present an energy cost to the plants. We propose that the reduction of photosynthetic 
carbon assimilation due to ozone is at least partly a result of the diversion of reduc
tant away from photosynthetic carbon assimilation to the increased activity of the 
Superoxide dismutase-ascorbate-glutathione pathway. The results of a first test of 
this hypothesis are presented here. 

Results 

In poplar, photosynthesis declined in trees exposed to ozone (Fig. 1). There was no 
effect on carbon fixation during the first ninety minutes of ozone exposure. The pho
tosynthetic decline measured was due to non stomatal factors as stomatal resistances 
were unaffected by ozone. Control and fumigated plants bad stomatal resistances of 
0.9828 and 0.9891 m2 s/ moles respectively. The electron transport capacity of the 
chloroplastswas not altered by ozone exposure (250 versus 240 ILmoles Olmg chl·h 
for control versus furnigated samples). The Ievel of glutathione in trees exposed to 
180 ppb ozone was higher than that of control trees (Table 1). Both the oxidized 
(GSSG) and the reduced form of glutathione (GSH) increased in furnigated trees. The 
ratio of GSH to GSSG, however, shifted from ca. 24 in the control to ca. 2 in 
furnigated plants. Total glutathione tripled in fumigated samples indicating tbat 
there was increased glutathione synthesis in these trees (Table 1). 
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Table I. Effect of ozone on glutathione Ievels. Plants were left to equilibrate in a growth chamber for 3 
days at saturating light and approximately 6S- 7S'lo relative humidity. On the fourth day, 4 hours after 
the lights were turned on the plants were fumigated for 3 hours with 180 ppb ozone. All measurements 
were made on the fifth emc:rgent leaf or on the first fully expanded leaf 4 hours aftc:r the end of fumigation. 
The results reported arc: thc: means of 6 experiments with S replicates in each experiment. Glutathione was 
assayed according to4• 

GSH+GSSG GSH GSSG GSHIGSSG 

( nmoles) 
mgchl 

( nmoles) 
mgchl 

( nmoles) 
mg chl 

Control 147 141 ±28 6±2 23.5 

Fumigated 437 293±40 144±42 2.0 
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Fig. 1. Effect of ozonc: fumigation on photosynthesis of poplas leaves. See legend for Table 1. 

Table 2. Effect of ozone on pyridine nucleotides. See legend for Table 1. Measuremc:nts were made accord
ing to5• 

NADPH NADP NADPH/ NADP NADH NAD NADH/NAD 

Control 4.5 3.7 1.2 14.4 9.8 1.5 

Fumigated 6.1 4.7 • 3 14.6 10.4 1.4 

Both total and reduced glutathione increased in ozone exposed tissues. The conse
quent increased energy demand for the synthesis and reduction of oxidized 
glutathione may cause a concomitant reduction in available energy for carbon fixa
tion in fumigated leaves. This may explain part of the decline in photosynthetic car-
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bon uptake observed (Fig.l) despite the unchanged pyridine nucleotide Ievels (Table 
2). The relative increase of GSSG is much greater than that of GSH indicating that 
the rate of oxidation of GSH was greater than the rate of GSH synthesis and the 
reduction of GSSG. 
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GLUTATHIONE AND ASCORBATE P ARTICIP ATE IN 
HYDROGEN PEROXIDE DEGRADATION IN GERMINATING 
CASTOR BEAN ENDOSPERM 

S. Klapheck, I. Zimmer and H. Cosse 
Botanisches Institut der Universät zu Köln, Gyrhofstr. 15, D-5000 Köln 41, FRG 

The transformation of jatty acids to sugars in the endosperm oj germinating seeds 
oj Ricinus communis L. is coupled to the production of H20 2 in the glyoxysomes. 
Although these organelles have high activity oj catalase, the results presented in this 
report provide evidence that in addition to cata/ase an ascorbate-dependent H20 2 
scavenging pathway operates in the endosperm. The initial peroxidase of this path
way uses oscorbate os an antioxidant and produces monodehydrooscorbate, which 
may be reduced at the expense oj NADH. Alternativly, monodehydroascorbate may 
be reduced, after nonenzymatic disproportionation to dehydrooscorbate, by an en
zyme catalysed reaction sequence involving glutathione and NADPH (Fig. 1). The ac
tivities of the enzymes participating in this pathway increase significantly during ger
mination. The content of glutathione in the endosperm rises twojold during the jirst 
Jour days of germination, which is in accord with the high activity of glutathione syn
thetose found in the endosperm. Inhibition of catalase with aminotriazo/e Ieads to 
a 2.5-fo/d increose of the activity of oscorbate peroxidase and to a 1.4-fold increase 
of the glutathione content. Since the enzymes of the ascorbate-dependent H20 2 
scavenging pathway are predominantly localized outside the organelles, this pathway 
probably functions in H20 2 removal in the cytoplasm, whereas cata/ase is restricted 
to the glyoxysomes. 

The operation of the ascorbate-dependent H 20 2 scavenging pathway has been clear
ly demonstrated in the Chloroplasts of spinach1•2 and pea3 and functions in removal 
of H 20 2 produced during photosynthetic electron transport. Only Jittle attention 
has been focused on a possible operation of this pathway outside the chloroplasts. 
The participation of other enzymes besides catalase in H20 2 removal in the Ricinus 
endosperm seems reasonable since catalase has a very low affinity to H20 2 and is in
effective in destroying H20 2 at low concentrations4• H 20 2 can easily permeate 
membranes5 and will diffuse from the glyoxysomes to other cellular compartments 
lacking catalase. Furthermore, H20 2 will also be produced outside the glyoxysomes. 
In mitochondria H 20 2 is generated by the production of 0 2- at the electron transfer 
chain and subsequent dismutation of 0 2- to H20 2 by mitochondrial superoxide 
dismutase6• 

First evidence for the significance of the ascorbate-dependent H20 2 scavenging 
system in the Ricinus endosperm is given by the increase of the activities of all en
zymes participating in this pathway during the course of germination (Fig. 2). Activi
ties of ascorbate peroxidase and monodehydroascorbate reductase are undetectable 
or low in extracts of dry seeds or in the endosperm of seeds germinated for two days. 
The activities rise 10- and 7- fold, resp., between day two and four of germination 
and then decrease rapidly. The dehydroascorbate reductase and glutathione reduc-
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Fig. I. Ascorbate-dependent H20 2 scavenging pathway. (1) ascorbate peroxidase, (2) monodehydro
ascorbate reductase, (3) dehydroascorbate reductase, (4) glutathione reductase, (S) nonenzymatic dis
proportionation reaction. GSSG = oxidized glutathione, GSH = reduced glutathione. 
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Fig. 2. Deve1opmental changes of the activities of glyoxysomal marker enzymes and of the enzymes of 
the H20 2 scavenging pathway in the endosperm of germinating Ricinus seeds. Methods: Ricinus seeds 
were germinated in moist vermiculite at 30°C for the time indicated. The endosperm of two seeds was 
homogenized with 10 ml TRIS-HCI SO mM pH 8.5, 1 mM EDTA, 20 mM MgC12• The clear supernatant, 
obtained by centrifugation at 40,000 x g for 15 min, was used for enzyme assay. Activities of catalase7, 
isocitrate lyase8, ascorbate peroxidase and dehydroascorbate reductase9, monodehydroascorbate 
reductaseiO and glutathione reductasell were detcrmined photometrically. 
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Table 1. Ascorbate and glutathione content and activity of glutathione synthetase in germinating Ricinus 
endosperm. Methods: Ascorbate was extracted with 60Jo (w/v) trichloroacetic acid and determined 
colorimetrically11. Glutathione was extracted with 0.1 N HCI and quantified by HPLC-analysis after 
derivatization with monobromobimanetJ. Glutathione synthetase was extracted as indicated in Fig. 2. 
Enzyme activity was determined after gel-filtration on Sephadex G-5014• 

Ascorbate (j.<mol g-1FW) 
Glutathione (j.<mol g- 'FW) 
Activity of glutathione 

synthetase (nmol min-I g-IFW) 
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Fig. 3. Effect of aminotriazole on the activities of catalase and ascorbate peroxidase and on the 
glutathione content of Ricinus endosperm. Methods: Seeds of Ricinus were germinated for four days in 
the dark at 3o•c in verrniculite, moistened with aminotriazole solutions in the concentrations indicated. 
Enzyme activities were determined in extracts obtained by homogenization of I g FW with 9 ml K
phosphate buffer 0.1 M pH 7.0 and centrifugation for 15 rnin at 40,000 x g as described in Fig. 2. 
Glutathione content was determined as described in Table 1. 
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Tab/e 2. Distribution of marker enzymes and the enzymes of the H20 2 scavengißJ! pathway between the 
organeHe fraction and the cytosolic fraction of a Ricinus endosperm homogenate. Methods: The en
dosperm of Ricinus communis, germinated for five days, was chopped with razor blades for 10 min in 
an isoosmotic grinding medium". The homogenate was filtered through four layers of cheese cloth. The 
organeHe fraction was obtained by centrifugation of 10 rnl of the homogenate for 30 min at 10,000 x g 
and resuspension of the pellet with 2 ml K-phosphate buffer 0.1 M pH 7 .0, foHowed by addition of 8 ml 
of grinding medium. Enzyme activities were determined in the homogenate, the supernatant (represent
ing the cytosolic fraction) and the organeile fraction. Enzyme activities of the homogenate are set 1000Ja. 
Activities of fumarase1s , isocitrate Iyase', 6-phosphogluconate dehydrogenasel6 and PEP-carboxy
kinase1S were determined photometrically. The enzymes of the H20 2 scavenging pathway have been 
analysed as given in Fig.2. The values given represent mean values ±SO of three independent experi
ments. 

Fumarase (mitochondria) 
Isocitrate Iyase (glyoxysomes) 
6-phosphogluconate dehydrogenase 

(plastids and cytoplasm) 
PEP-carboxykinase (cytoplasm) 
Ascorbate peroxidase 
Monodehydroascorbate reductase 
Dehydroascorbate reductase 
Glutathione reductase 

Organelle fraction 

89 ± 3 OJo 
87 ± 4 OJo 

31 ± 60Jo 

2 ± 20Jo 
28 ± 50Jo 
3 ± 30!o 

12 ± 3 OJo 

Cytosolic fraction 

3 ± 4 OJo 
lS ± 3 OJe 

76 ± 1 .,. 
110 ± 16 .,. 
97 ± 2Dlt 
76 ± 4 0/e 

102 ± 1 OJo 
91 ± S OJo 

tase show a similar time course of the activity with an almost twofold increase com
pared to ungerminated seeds. The developmental pattern of all enzymes is thus simi
lar to that of isocitrate Iyase and catalase, enzymes used as markers for glyoxysomal 
metabolism indicating the extent of H20 2 production (Fig. 2). 

The content of ascorbate and glutathione also changes with the time course of ger
mination (Tab. 1). Glutathione is present in high amounts even in ungerminated 
seeds and increases twofold during germination. In accordance with this increase 
considerable activity of glutathione synthetase is present (Table 1). The specific ac
tivity of this enzyme (1.12 nmol mg-1 protein min- 1 after 4 days of germination) is 
almost as high as found for Ieaf extracts of several plants14• Although other seeds 
also contain high amounts of glutathione13, the observed increase in the glutathione 
content and the high activity of glutathione synthetase indicate that glutathione is es
sential for the metabolic processes during germination. 

Further evidence for the participation of the Hp2 scavenging pathway is provid
ed by the experiments shown in Fig. 3. Germination of Ricinus seeds with aminotria
zole, an irreversible inhibitor of catalase, results in a decrease of catalase activity by 
97o/o. Simultaneously, activity of ascorbate peroxidase increases progressively with 
increasing aminotriazole concentrations, reaching 2.5-fold higher activities as com
pared to seeds germinated without inhibitor. Aminotriazote also results in a 1.4-fold 
increase in the glutathione content of the endosperm. 

The H20 2 scavenging pathway apparently operates in the cytoplasm. As shown in 
Table 2, ascorbate peroxidase and dehydroascorbate reductase are only found in the 
cytosolic fraction of Ricinus endosperm, whereas a small part of monodehydroascor
bate reductase (28%) and of glutathione reductase (12%) are also bound to or
ganelles. 

In order to assess the significance of the H 20 2 scavenging pathway for the 
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removal of H20 2, the activity of this system has to be compared to the rate of H20 2 
production in the endosperm. According to the values given by Gerhardt17, the 
transformation of fat to carbohydrate in the Ricinusendosperm Ieads to the produc
tion of 1.5 l'mol H20 2 min-1g- 1FW. The activities of monodehydroascorbate reduc· 
tase and glutathione reductase, which catalyse the rate-limiting steps in H20 2 
removal by the ascorbate-dependent pathway, are 5.8 and 2.11-'mol min- 1 g-1FW, 
resp., and therefore exceed the rate of H20 2 production. 

The significance of the H20 2 scavenging pathway will also depend on the relative 
activities of catalase and ascorbate peroxidase at in vivo H20 2 concentrations. Since 
catalase has a very low affinity to H20 2 <Km 35-143 mM for catalase isoenzymes 
from maize4), low H20 2 concentrations will favour H20 2 removal by ascorbate 
peroxidase, which has a very high affinity to H20 2 (Km 0.03 mM for the spinach 
enzyme18) . Probably both, catalase and the ascorbate-dependent H20 2 scavenging 
pathway cooperate in controlling H20 2 concentrations at different Ievels and in 
different parts of the cell. 
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BIOSYNTHESIS OF PLANT SULFOLIPIDS 

K.F. Kleppinger-Sparacei, J.B. Muddtt and S.A. Sparacet 
t The Plant Science Department, Macdonald College oj McGill University, Ste. 
Anne-de-Bel/evue, Quebec Canada H9X JCO and ttThe Plant Cell Research 
Institute, Inc., 6560 Trinity Court, Dublin, CA 94568, U.S.A. 

Suljoquinovosyldiacy/glycerol (SQDG) occurs in phototrophic organisms as one oj 
Jour major glycerolipids. The mechanism of biosynthesis oj the headgroup has not 
yet been e/ucidated although a suljoglycolytic sequence was proposed. The results 
presented here emphasize the importance oj DHAP and compounds which stimulate 
genera/ glycerolipid synthesis in the synthesis oj SQDG. Furthermore, these results 
support the concept that APS or sulfite provide the su/jur moiety du ring SQDG bio
synthesis. 

Chloroplasts are autonomaus in the synthesis of the diacylglycerol moiety1•2 and 
headgroup, 6-sulfo-6-deoxy-a-D-glucopyranose (SQ)3•6 of SQDG. UDP-SQ is 
thought to condense with diacylglycerol to form SQDG, analogaus to galactolipid 
synthesis7• Previous studies of 35S04 incorporation into SQDG indicate (l) reduc
tion beyond the Ievel of sulfiteisnot necessary, (2) that light is required only to pro
vide A TP, and (3) that APS is preferred over PAPS and sulfate5-7• These and other 
results refute involvement of cysteic acid in a sulfoglycolytic sequencesee 4 • Informa
tion is lacking as to which carbon compounds are important for synthesis of the 
headgroup. Monitaring sulfate incorporation into other chloroform-soluble 35S
labelled compounds alongside that of SQDG has proven useful in past4 and current 
studies in understanding SQDG biosynthesis. Here we report the effects of several 
sulfur and carbon compounds on synthesis of SQDG and other chloroform-soluble 
35S-labelled compounds (OSL). 

In Table 1, only sulfite or the sulfite-generating compounds, bisulfate and thiosul
fate, decrease sulfate incorporation into SQDG by over 500Jo. 0.05 mM Sulfite in
hibits SQDG synthesis by 800Jo but stimulates OSL synthesis. Previously, 0.1 mM sul
fite inhibited both SQDG and OSL synthesis by 800Jo4• Biosynthesis of the OSL 
requires light, greater than 25 ~M sulfate, and is inhibited by phosphorylated 
compounds4 • Joyard et al. characterized this fraction as eiemental sulfur, migrating 
at the solvent front in polar Iipid solvent systems2•4•8• However, the OSL separate 
into four distinct bands in the solvent system used here, only one of which co
migrates with eiemental sulfur. Characterization of these compounds is in progress. 
Thiosulfate inhibits only one OSL while bisulfate, which forms hydrogen peroxide 
in addition to sulfite, inhibits both SQDG and OSL synthesis. Eiemental sulfur and 
lipoic acid have little effect on SQDG synthesis but penetrate the membrane since 
OSL synthesis increases upon their addition. Lipoic acid serves as a sulfhydryl donor 
for thiosulfate reduction among other reactions9• Eiemental sulfur forms polysul
fanes, organic disulfanes and other sulfur compounds9• Cysteine and acetylcysteine 
stimulate SQDG synthesis. These compounds may be acting as a weak thiol since 
dithiothreitol stimulates sulfate incorporation into SQDG while inhibiting OSL 
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Table 1. Competition studies of 3SS04 incorporation into SQDG and OSL. lntact chloroplasts from Per· 
coll gradients, equivalent to 100 IL& chlorophyll, were incubated in 1 ml media containing 0.33 M Sorbitol, 
33 mM BTP/HCI, pH 7.9, 2 mM MgCI2 , 2 mM ATP, 100 ILM 35S04 (0.25 ILCi/nmol) as previously 
described5• Compounds were extracted and analyzed as indicated beforeS, partitioning the chloroform 
against IM KCI: IM acetic acid: 1M NazS04 • Sampies were separated by TLC on silica gel in acetone: 
acetic acid: water (100:2:l,v/v). Activity is expressedas a percent of the control wherc the specific activi
ties, in pmol/ mg chl·h, were: SQDG=390 (Rr=O. lO), X4 =205 (Rr=0.72), X3"" 195 (Rr=0.83), X2 =63 
(Rr=0.92), X 1 =29 <Rr=0.97). Total activity also includes specific activities of other minor compounds. 

Total OSL 
Compound tested activity SQDG EX x4 Xl x2 x, 

pmollmg chl·h % Control o/6 Control 

None 1870 100 100 100 100 100 100 
2.0 mM 0-Acetylserine 1420 94 52 37 78 16 43 
0.1 mM Cysteine 1710 145 60 43 56 53 170 
0. 1 mM Acetylcysteinc 2200 130 110 110 110 92 110 
0.1 mM Bisulfate, SPs 630 9 60 50 64 57 91 
0.1 mM Thiosulfate, S20 3 990 20 100 86 100 110 145 
0.05 mM Sodium Sulfite 1280 21 140 110 ISO 180 150 
0.1 mM Eiemental Sulfur• 1895 82 150 120 170 150 260 
0.1 mM Lipoic Acid* 2440 91 240 350 190 150 61 
0.1 mM Sodium Molybdate 1580 76 105 74 140 130 59 
2.0 mM Sodium Molybdate 770 61 12 12 11 27 0 

• Media plus compound tested were sonicated prior to tbe addition of chloroplasts. 

synthesis5• Hydrolysis of acetylcysteine may also occur since acetate stimulates 
SQDG and OSL synthesis (Table 2). Cysteine and 0-acetylserine inhibit OSL synthe
sis, in agreement with earlier work4, suggesting cysteine is a precursor of at least one 
OSL. 

Since molybdate competitively inhibits sulfate activation it was anticipated molyb
date would inhibit equally the synthesis of SQDG and the OSL9• However, 2 mM 
molybdate decreases sulfate incorporation into SQDG by 40o/o while inhibiting OSL 
synthesis alrnost completely. In contrast, 0.1 mM molybdate inhibits sulfate incorpo
ration into SQDG and two OSL but increases incorporation into two other OSL. 

In Table 2, carbon compounds known to influence glycerolipid synthesis were 
compared to others which should not affect glycerolipid synthesis to determine their 
effect on SQDG synthesis. All carbon compounds stimulate SQDG synthesis, with 
the exception of ascorbate and ß-sitosterol which increase synthesis of two OSL. Sul
fonation of ascorbate and sterols by PAPS occurs in mammalian systems9 and sul
fonation of flavonoids in plant systems10 although such compounds do not normal
ly partition into chloroform unless formation of ion pairs is favored9•11 • Stimulation 
by ascorbate, rutin, mevalonate and ß-sitosterol may be indirect. Differences in oxi
dation/ reduction requirements for synthesis of at least two OSL are reflected in in
creased labelling of X4 upon addition of lipoic acid or acetate and increased synthe
sis of X1 upon addition of eiemental sulfur, ascorbate or bicarbonate. CoA may 
inhibit synthesis of the OSL in its role as a thiol or detergent upon acylation. Stimula
tion of SQDG synthesis by DHAP was previously attributed to the generation of 
A TP and carbon Substrates for the sulfoquinovose moiety6. Since then the conver
sion of DHAP to glycerol-3-P inside the chloroplast has been shown12• Acetate, 
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Table 2. Effects of various compounds on 35S04 incorporation into SQDG and OSL. Activity is ex-
pressed as a percent of the control, where the specific activities, in pmol/mg chl• h, were: SQDG = 570, 
X4 = 222, X3 =235, X2=62, X1 = 44. Total activity, Rr values, and methods are described in Table I. 

Total OSL 
Compound tested activity SQDG EX x4 XJ Xz XI 

pmollmg chl·h % Control % Control 

None 1250 100 100 100 100 100 100 
2.0mM DHAP 2200 370 24 34 24 0 0 
2.0 mM Glycerol-3-P 1580 130 100 92 110 120 91 
10.0 mM Bicarbonate, Na 2800 290 205 170 210 260 280 
0.1 mM Acetate 3600 230 310 320 310 280 210 
0.1 mM CoA 1310 220 18 16 18 0 73 
0.1 mM Mevalonate 2040 160 150 130 ISO 220 145 
0.1 mM Rutin 2275 180 170 150 170 250 140 
0.1 mM {3-Sitosterol 1580 97 130 110 130 220 170 
0.1 mM Ascorbate 1510 98 130 100 140 200 200 

• Media plus compound tested were sonicated prior to the addition of chloroplasts. 

bicarbonate, CoA and glycerol-3-P stirnulate glycerolipid synthesis by increasing 
available fatty acid and diacylglycerol. 

The data presented here support involvement of APS and sulfitein SQDG synthe
sis. These results verify carbon compounds which influence general glycerolipid syn
thesis stimulate SQDG synthesis, including acetate, bicarbonate, CoA and 
glycerol-3-P. The OSL may represent sulfonation reactions previously unnoticed in 
chloroplasts in addition to eiemental sulfur formation reported by Joyard et al. 8• 

Stimulation by the carbon compounds suggests limited availability of precursors or 
necessary cofactors for synthesis of OSL. Synthesis of the OSL is dependent upon 
the incubation conditions since these are not labelled in intact plants incubated with 
35So4see 1• The different influence of these sulfur and carbon compounds on synthe
sis of SQDG versus each OSL suggests a different origin for SQDG, eiemental sulfur, 
and the unknown cornpound(s). Unequalinhibition of synthesis of SQDG and the 
OSL by rnolybdate suggests either that molybdate inhibits sulfate uptake in chlo
roplasts, inhibits more than one enzymatic reaction or that more than one enzyme 
exists for sulfate activation, one rnore sensitive to molybdate than the other. 

This work was supported by grant No A2273 frorn the Natural Seiences and En
gineering Research Council of Canada. 
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PRODING FOR PAPS·REDUCTASE IN IDGHER ORGANISMS 
BY SOUTHERN BLOTIING OF GENOMIC DNA WITH THE 
CLONED CYSH GENE FROM ESCHERICHIA COLI 

Frank A. Krone, Cornelia Mundt and Jens D. Schwenn 
Biochemistry of Plants, Ruhr University, 4630 Bochum, Fed. Rep. Germany 

The PAPS-reductase gene (cysH) from Escherichia coli was used for the detection 
of a related genein higher plants through Southern blotting. Heterologous hybridiza
tion ofthe plant genomic DNA with the cysH genefrom the bacterium was observed 
under moderate stringency indicating the occurrence of homologous DNA sequences 
in tobacco, mustard and rape. 

Higher plants were proposed to reduce sulfate through a set of enzymes which differ 
from the bacterial reduction mechanism in that carrier-bound sulfite and -sulfide are 
formed 1• However, the catalytic properties of the APS-kinase2, its regulation by 
thioredoxin3 and the participation of thioredoxin in plant sulfate assimilation as 
reductant in the PAPS-reductase4 tagether with the evidence that free anionic sulfite 
is formedas reaction product of the PAPS-reductase5 questioned the proposal of a 
specific plant-type sulfate reducing pathway employing APS-sulfotransferase and 
thiosulfonate-reductase. If plants in fact possess a set of enzymes which is completely 
homologaus to the sulfate assimilation in bacteria, i.e. ATP-sulfurylase, APS
kinase, PAPS-reductase, sulfite-reductase and 0-acetylserine sulfhydrylase the relat
edness between proteins of different origin would be manifested by homologies in 
the corresponding DNA. As the current controversy is focussed on the role of the 
P APS-reductase, the gene coding for the enzyme was isolated from Escherichia coli 
and employed as genomic probe to determine whether similar DNA sequences exist 
in phototrophic organisms like plants or cyanobacteria. 

1. Identification of tbe cysH gene by pbenotypic complementation 

Before transformation of E. coli (JM96, CGSC5746) containing the mutation 
cysH56 the strain was made restriction deficient by transducing hsdR- from a suita
ble donor strain (LCK8, CGSC6515). A library of wild type DNA from strain KI2 
was constructed using Sau3A restricted fragments of 3-6 kb average size Iigated into 
the BamHI site of pBR322. Transformants of the newly constructed cysH- hsdR
strain (JM96RUB) scoredas S-autotrophic phenotypes (37 out of 45,000) growing 
on sulfate. Two out of 12 clones (pCH07 and pCHlO, Table 1) contained PAPS
reduclase activity exceeding the wild type enzyme activity by a factor of 100 (data 
not shown). The requirement of the enzyme for thioredoxin was confirmed (Table 
2). The PAPS-reductase overproducing plasmids did not complement the cysteine 
auxotrophic mutants cysD, cysl or cysJ. 
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Table 1. Specific activity of the PAPS-reductase in the wild type K12 andin complemented auxotrophic 
transformants of E. coli mutant IM 96 {cysH-). The enzyme activity was determined as the fonnation 
of sulfite from PAPS4,S. · 

Strain I clone 

K12 (wildtype) 
pCHOl 
pCH02 
pCH03 
pCH04 
pCHOS 
pCH06 
pCH07 
pCH08 
pCH09 
pCHlO 
pCH11 
pCH12 

nmole 
mg min Jsg-sol:z-

0.145 
0.030 
0.098 
0.095 
0.10~ 

0.120 
0.053 
1.130 
0.078 
0.069 
1.170 
0.090 
0.115 

Table 2. Requirement of the PAPS-reductase for thioredoxin in the wild type and transfonnants specific 
activity of the enzyme determined as before, homogeneaus thioredoxin purified from an overproducing 
strain of E. coli SK39818. 

Strain I clone nmole 
mg min lSS- S032-

Kl2 wildtype + Thioredoxin 0.170 
Kl2 wildtype - Thioredoxin 0.018 

pCH07 + Thioredoxin 1.870 
pCH07 - Thioredoxin 0.021 

pCHIO + Thioredoxin 2.050 
pCH10 - Thioredoxin 0.020 

2. Characterization of tbe cloned cysH DNA 

The size of insert in clone pCHIO was 2.9 kb. As evidenced by restriction analysis 
and DNA sequencing none of the BamHI ligation sites were retained. The insert was 
cleaved by Hineil exclusively (Fig. 1). Restrietion with EcoR I and Sal I gave a 3.5 
kb fragment containing the cysH DNA enclosed by the two restriction fragments of 
the plasmid. The complete EcoR I-Sal I fragmentwas used for the construction of 
deletion mutants6 required for DNA sequencing according to Sanger e/ al. 7• (The 
DNA sequence of the E. coli cysH genewill be published separately). 

3. Detecting related DNA sequences througb bybridization 

The EcoR 1-Sal I fragment containing the structural gene for P APS-reductase was 
used as probe in Southern blots of genomic DNA (10 p.g) from Synechococcus spec., 
Saccharomyces cerevisiae, Nicotiana tabacum, Sinapis alba and Brassica napus 
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Fig. 1 and 2. Left: I. Restrietion analysis of the clonepCHlO earrying the PAPS-reductase gene from Es
cherichia cofi. M- marker: pBR322 digested with EcoRI, size of fragments in kb, pCHIO -undigested plas
mid, restriction enzymes: Ec- EcoRI, Ps- Pstl, Sa -SaH, Ba- BamHI, Kpnl, Hi- Hindlll, Pv- Pvuii, 
Sm- SMal, Be- Bell. Right: 2. Southem blotting of related genes using the PAPS-reductase gene from 
pCHIO as probe (l2P Iabeiied by random priming), radio-autograph of the nitrocellulose filter. Genomic 
DNA 10 p.g of the species as listed below were digested with BamHI and separated on 0.80To agarose: I 
- Escherichia coli, 2- control, 3- Nicotiana tabacum L. Var. Samsun, 4- Sinapisalba, 5- Saccharomyces 
cerevisiae, 6 - Synechococcus spec. (thermophile). 

(Fig. 2). Heterologous hybridization under conditions of moderate stringency (42°C) 
were observed with BamH I restricted DNA from tobacco, mustard and yeast. The 
DNA from the thermophile cyanobacterium and from rape hybridized with lower 
specificity. Virtually no differences in the hybridization signals were observed be
tween DNA isolated from photoheterophically ('green') cell Suspension cultures and 
non-green heterophically grown cultures of N. tabacum. 

The occurrence of a thioredoxin-dependent PAPS-reductase in plants has been 
reported only recently4. This finding is strongly supported by the detection of a 
DNA sequence from plants which hybridized in Southern blotting of restricted 
genomic DNA with the cloned probe from E. co/i coding for the PAPS-reductase 
(gene cysH). As only DNA with a considerable homology hybridizes in a heterolo
gous Southern blot, the structural gene for PAPS-reductase seems highly conserved 
among the assimilatory sulfate red ucers. Moreover, it explains the similarities be
tween the PAPS-reductases investigated from E. coli, yeast and plants. 
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SAND N INTERACTION IN RELATION TO H2S EMISSION 
IN SOME CROP SPECIES 

Karuna C. Lakkineni, T.V.R. Nair and Y.P. Abrol 
Division oj Plant Physiology, Indian Agricultura/ Research Institute, New Delhi 
110 012, India. 

Hydrogen sulflde (H :ß) emission jrom the leaj discs and crude extracts oj mustard, 
groundnut and wheat leaves, pre-incubated with distilled water, and 5 mM solutions 
oj each suljate, cysteine, su/jate + nilrate and cysteine + nilrate was investigated 
using L-(35S) cysteine (5 mM; 18.5 kBq). Pre-incubation with eilher su/jate or cys
teine enhanced H2S release, but the increase was inhibited in the presence oj nitrate. 
Activities of cysteine desu/jhydrase and ß-cyanoalanine synthase responsible jor the 
jormation oj H2Sjrom cysteine were detected in a/1 the three species. The reduction 
oj Hß emission in the presence oj nilrate suggests a strong interaction between S
and N-metabolism. 

Nitrogen and sulfur are both required for the synthesis of S-containing amino 
acids. Because of the central role of S and N in providing functional integrity to 
proteins1, the requirement of one would depend upon the supply of the other. 
However, the exact mechanism through which the required concentrations of sulfur 
and nitrogen at cellular Ievel are maintained, is not clear. Plants may have the capaci
ty to get rid of excess of these nutrients through volatilization from the canopy. Emis
sion of nitrogen as well as sulfur in gaseous form from leaves of higher plants has 
been reported by W etselaar and Farquhar2, and Rennenberg3• Emission of sulfur as 
hydrogen sulfide from the leaves of higher plants is viewed as a strategy to maintain 
the endogenaus cysteine content at a safer leveJ3. The emission is more pronounced 
when plants are exposed to different sources of excess sulfur3• L-/D-cysteine specif
ic desulfhydrase, a pyridoxal phosphate dependent enzyme4, and cyanide dependent 
ß-cyanoalanine synthetase5 have been identified to be responsible for the formation 
of H2S from cysteine. The objective of the present study was to investigate whether 
the H2S emission induced by sulfate and cysteine supply can be reduced by a simul
taneaus provision of nitrogen in the form of nitrate. This is prompted by a suggestion 
that under N-limited conditions sulfur compounds accumulate as a result of low rates 
of sulfur influx into protein3• 

Among the four Brassica species studied, the rate of H2S emission was highest 
from the leaf extracts of B. campestris, while it was the lowest in the case of B. carina
ta. Pre-incubation of the cut leaves with either sulfate (5 mM) or cysteine (5 mM) en
hanced the rates of H2S emission in all the Brassica spp. studied (Table 1). However, 
enhancement with the treatment was more severe in B. campestris and B. napus. 
Among the three crop species examined (Table 2), wheat leaf discs exhibited highest 
rates of H2S emission. Sulfate and cysteine treatments enhanced the release of H2S 
in mustard and wheat. Simultaneaus supply of N03- either with Sol- or cysteine 
resulted in a reduction of H2S emission in mustard . In wheat, however, N03- was 
effective only when the leaf discs were supplied with SOl- , but not with cysteine. 
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Table 1. Emission of H2S from the leaf extracts of Brassica spp. as affected by treatment with sulfate or 
cysteine. Treated leaves of the above four species were homogenized in phosphate buffer (pH 7.5), con
taining 5 mM EDTA and 1% PVP. The homogenates were centrifuged at 10,000 g for 15 min. and the 
supernatants taken in the outer weil of the Warburg flask containing L-3SS-cysteine (5 mM; 18.5 kBq.). 
Inner weil contained a trap solution of zinc acetate (100 mM) and sodium acetate (40 mM). After 2h incu
bation in light (800 JLE m-2 s-1) an aliquot of the trapsolutionwas taken for radioactivity measurement 
and absorbance at 660 nm using Perkin Eimer model-554 spectrophotometer. 

Treatment 

Control (H20) 
Sulfate (5 mM) 
Cysteine (5 mM) 

B. campestris 

0.554 
0.837 
1.010 

H2S emission (nmol g-1 f.w. h- 1) 

B.carinata 

0.224 
0.300 
0.296 

B.napus 

0.493 
0.910 
0.939 

(Each value is a mean of 2 replicates) 

B. juncea 

0.400 
0.576 
0.554 

Tab/e 2. Effect of sulfate, cysteine and nitrate on the emission of H2S from the leaf discs of mustard, 
groundnut and wheat. Leaf discs obtained from the treated leaves, were floated on Tris buffer (pH 8.0) 
in the outer well of the Warburg flasks. Inner weil contained zinc acetate trap and the H 2S trapperl was 
measured as described above. 

Treatment 

Control (H20) 
Sulfate (5 mM) 
Cysteine (5 mM) 
Sulfate + Nitrate (5 mM) 
Cysteine + Nitrate {5 mM) 

H2S emission (nmol g-1 f.w. h-1) 

Mustard 
(B. campestris) 

0.801 
1.151 
1.108 
0.814 
0.722 

Wheat 
(HD 2204) 

1.265 
1.852 
2.187 
1.288 
2.634 

(Eacb value is a mean of 2 replicates) 

Groundnut 
(JL-24) 

0.254 

0.804 

Table 3. Effect of sulfate, cysteine and nilrate on the emission of H2S from the leaf extracts of mustard 
and groundnut (Method as in Table 1}. 

Treatment 

Control (Hp) 
Sulfate (5 mM) 
Cysteine (5 mM) 
Sulfate + Nitrate (5 mM) 
Cysteine + Nitrate (5 mM) 

H2S emission (nmol g-1 f.w. h~l) 

B. carinata 

0.224 
0.300 
0.296 
0.243 
0.21 1 

(Each value is a mean of 2 replicates) 

Groundnut 

0.149 
0.243 
0.342 
0.171 
0.206 

In groundnut, cysteine enhanced H2S emission. In a similar experiment_with leaf ex
tracts of B. carinata and Arachis hypogaea, the results indicated tbat nitrate inhibited 
the enhanced H2S release caused by either sulfate or cysteine (Table 3). 

Cysteine desulfhydrase activity significantly increased in the leaves pre-incubated 
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Table 4. Cysteine desulfydrase (CDS) activity in the leaves of B. juncea preincubated with different treat
ment solutions. Cysteine desulfhydrase activity was assayed according to Rennenberg4 in the leaves of B. 
juncea (cv.Pusa hold, 3 wk old) pretreated as above for 3 h under natural light. 

Treatment 

Control (H20) 
Sulfate (5 mM) 
Cysteine (5 mM) 
Sulfate + Nitrate (5 mM) 
Cysteine + Nitrate (5 mM) 

1.315 
2.095 
3.020 
1.845 
1.655 

CDS activity 

(Bach value is a mean of 2 replicates) 

Oi'o of control 

100 
160 
230 
14() 
126 

Table 5 . Cysteine desulfhydrase (CDS) and ß-cyanoalanine synthase (ß-CAS) activity (nmol H2S mg 
protein-1 min-1) in mustard and wheat. Activities of CDS and ß-CAS were assayed according to 
Rennenberg4, and Millerand Conn5, respectively. Mustard and wheat seedlings were grown for 3 wks. 
under pot culture conditions. 

Crop species CDS activity ß-CAS activity 

Mustard (cv. Pusa bold) 
Cotyledonary leaves 3.20 ± 0.05 11.39 ± 0.59 
First two leaves 1.59 ± 0.08 3.31 ± 0.36 

Wheat (cv. HD 2204) 
Seedlings (roots excluded) 1.01 ± 0.02 7.02 ± 0.43 

with L-cysteine (Table 4). Inclusion of nitratein the pre-incubation medium resulted 
in a decrease in the enhancement. Cotyledonary leaves of mustard exhibited higher 
activity of both cysteine desulfhydrase and ß-cyanoalanine synthetase than the first 
two leaves (Table 5). In both mustard and wheat, a higher activity of ß-cyanoalanine 
synthetase is accompanied with a lower cysteine desulfhydrase activity. 

Conclusions 

All the crop species investigated in this study have been found to emit sulfur in the 
form of H2S from the leaf discs and crude extracts. Pre-incubation of cut leaves 
with SO/- and cysteine, enhanced the release of H2S. This can be attributed to 
plants' strategy to maintain the sulfur pool at an appropriate concentration by 
emitting excess S into the atmosphere6• Among the crop species examined, wheat ex
hibited higher rates of H 2S emission compared to mustard and groundnut. Among 
the Brassica spp., highest rate of H 2S emission was observed in B. campestris, while 
the lowest rate was determined in B. carinata. This difference may be interpreted as 
a variation in the genetic potential for H2S emission. The presence of a number of 
S- and N-containing volatile components with highest concentration of aliphatic ni
triles and isothiocyanates in the leaves of wild and cultivated B. campestris7 , may be 
responsible for the higher rates of H2S emission in this species. 

The enhancement in the emission of H2S with an external supply of sulfate 
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(5 mM) and cysteine (5 mM), was inhibited when nitrate (5 mM) was provided con
comitantly with either sulfate or cysteine in both mustard and groundnut. Such a 
phenomenon suggests a strong interaction between S- and N- metabolism in the 
above mentioned crop species. However, in wheat, H 2S emission was reduced by 
N03-, only when supplied with SO/- and not with cysteine. 

Activities of cysteine desulfhydrase and ß-cyanoalanine synthetase responsible for 
the formation of H 2S from cysteine were detected in leaf extracts of the above spe
cies. ß-cyanoalanine synthetase may serve to dispose hydrogen cyanide (HCN) in 
those plants containing cyanogenic glucosides8 but the physiological significance of 
this enzymein plants unknown to have cyanogenic compounds is obscure. 

Externat supply of cysteine to the leaves of B. juncea considerably induced cysteine 
desulfhydrase activity. Provision of N03- in the medium brought down the activity 
of the enzyme nearly by two-fold. The decline in cysteine desulfhydrase activity in 
the presence of nitrate, may therefore explain the decline in H2S release observed in 
experiments with leaf discs. However, the mechanism by which N03- when supplied 
with SOl- is able to curtail H2S emission through leaves is not understood. 

It is proposed that nitrogen interferes with the system responsible for H2S emis
sion at the Ievel of substrate availability and diverts excess sulfur towards protein 
synthesis. Further studies, designed to investigate the protein labelling by 35S-cys
teine as influenced by nitrogen supply are needed to substantiate the hypothesis pro
posed above. 
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SELECTED ASPECTS OF GLUTATHIONE CONJUGATION 
RESEARCH IN HERBICIDE METABOL18M AND 
SELECTIVITY 

Gerald L. Lamoureux1, E. Patrick Fuerst2 and Donald G. Rusness1 

1 USDA, ARS Bioseiences Research Laboratory, P. 0 . Box 5674, State University 
Station, Fargo, ND 58105, U.S.A.; 2 Department oj Agronomy, Washington 
State University, Pu/Iman, WA 99164, U.S.A. 

In soybean, a chloroacetamide herbicide (propachlor) was metabolized to a homo
glutathione conjugate. The homoglutathione conjugate underwent extensive second
ary metabolism by the same routes as uti/ized in other plant species in the metabolism 
oj glutathione (GSH) conjugatesl· 2• 3• 4• Thus, it appears that homoglutathione con
jugates are jormed and metabolized in soybean in a manner similar to the jormation 
and metabolism oj GSH conjugates in other plant species. The se/ectivity oj chloro
acetamide herbicides has been attributed to a higherrate oj herbicide GSH conjuga
tion in resistant species, but in this study, difjerences in the toxicity oj Jour chloro
acetamide herbicides to resistant corn was primarily related to factors in addition to 
the rate oj GSH conjugation. In addition to the presence oj the necessary glutathione 
S-transjerase (GST) isozymes, Ievels oj reduced glutathione could be a factor in the 
resistance or susceptibility oj plant species to preemergence pesticides that are detoxi
jied by GSH conjugation. Levels oj reduced glutathione were much lower in suscepti
ble giantjoxtail than in resistant corn. The ability of BAS 145 138 antidote to protect 
cornjrom a chloroacetamide herbicide was associated with an increased rate oj her
bleide metabolism that caused a dramatic reduction in herbicide concentration in the 
developing leaves. The herbicide synergist, tridiphane, was metabolized to a GSH 
conjugate in giant joxtail leaves. This conjugate, which is an inhibitor of GST en
zymes, remained in the leaves at concentrations sujjicient to inhib.it glutathione con
jugation jor up to eight days. 

Metabolism of a homoglutathione conjugate 

In soybean leaves, [14C-carbonyl]-propachlor was metabolized to a homogluta
thione conjugate that was subsequently degraded to a cysteine conjugate. Seven 
metabolites were detected in excised leaves or in the leaves of intact soybean plants 
grown for 1 hr to 72 days following exposure to 14C-propachlor. These metabolites, 
isolated by high performanceliquid chromatography (HPLC) and identified by fast 
atom bombardment mass spectrometry (FAB/MS), included sulfur-linked N-malo
nylcysteine, N-malonylcysteine sulfoxide, and 3-sulfinyllactic acid conjugates, and 
an oxygen-linked 0-malonylglucoside conjugate5• The homoglutathione conjugate 
appeared to be a precursor of the 0-malonylglucoside. These metabolites from soy
bean are similar to those produced from GSH conjugates of other chloroacetamide 
herbicides in other plant species6• 
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Tab/e I. GSH Ievels in corn and giant foxtail. GSH was assayed by HPLC (UV, 254 nm) after it had been 
enzymatically converted to a conjugate of 1-chloro-2,4-dinitrobenzene (CDNB)11 • 

nmolcs GSH/gram fresh weight 

Tissue Corn Giant foxtail 
(resistant) (susceptible) 

Dry Seed 380 38 
Leaves, 2 cm long 1800 380 
Leaves, 5 cm long 600 300 
Leaves, 10 cm long 300 300 

Glutathione conjugation and chloroacetamide selectivity 

The selectivity of chloroacetamide herbicides has been related to the rate at which 
different species detoxify these herbicides by OSH conjugation7• Therefore, differ
ences in toxicity could be related to the OSTenzymes (OST) that catalyze the detoxifi
cation reaction and to the Ievels of reduced glutathione present. Measurements of 
reduced glutathione Ievels in the seed and developing leavt;s of giant foxtail (suscepti
ble) and corn (resistant) suggest that reduced glutathione Ievels could be a factor in 
the selectivity of chloroacetamide herbicides between these species (Table 1). 

Different chloroacetamide herbicides vary in their toxicity to corn. To determine 
if differences in toxicity were related to the rates at which these herbicides were 
metabolized, the toxicities and rates of metabolism of four chloroacetamide herbi
cides were compared in five corn hybrids: Northrup King hybrid PX 9144 and Great 
Lakes hybrids GL 313, GL 547, GL 437, and GL 599. The herbicides were known 
tobe metabolized in corn by GSH conjugation1•4•6•8• Metabolism rates were deter
mined in coleoptile segments from the five corn hybrids and in intact shoots from 
PX 9144 corn hybrid. The relative order of toxicity was the same in all five corn 
hybrids and the relative rates of metabolism in shoots and coleoptiles were very simi
lar. The data obtained with PX 9144 corn hybrid are shown (Table 2). Herbicide up
take was not involved in differences in toxicity. Propachlor was the least toxic herbi
cide and was metabolized at the highest rate; however, metazachlor was over 10 times 
more toxic than metolachlor, yet metazachlor and metolachlor were metabolized at 
similar rates (Table 2). It appears that differences in toxicity must be related to fac
tors in addition to rate of metabolism, i.e., the effect of the herbicides at tbe target 
site(s). 

Antidotes 

Herbicide antidotes can protect corn and sorghum from injury by some herbicides. 
It has been proposed that antidotes function with chloroacetamide and thiocarba
mate herbicides by causing an elevation in the rate of herbicide detoxification by con
jugation with GSH. Although this bas been disputed.9, these studies with BAS 145 
138 antidote and metazacblor herbicide (BASF Corp.) support this theory. The anti
dote, BAS 145 138, reduced metazachlor toxicity to PX 9144 corn hybrid from an 
150 of 0.82 ppmw to an 150 of 8.8 ppmw. The I 50 values were based on inhibition of 
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Table 2. Comparison of herbicide toxicity to the rate of herbicide metabolism in PX 9144 corn hybrid. 
Toxicity was evaluated by shoot height 10 days after the seed had been planted in vermiculite and watered 
with different concentrations of the herbicides. Metabolism rates were determined in excised corn coleop
tiles vacuum infiltrated with 10 ~M solutions of the 14C-herbicides and in shoots of intact 3.5-day-old 
corn seedlings surface-treated with 1 nmol 14C-herbicide/ shoot. 

Herbicide Toxicity nmol metabolized/gram·h 
(125) Coleoptile Shoot 

Alach1or 381lM 0.098 0.086 
Metazachtor 2.5 llM 0.064 0.045 
Metolachlor 381lM 0.062 0.046 
Propachlor >100 ~M 0.330 0.440 

shoot height in corn grown in the presence of metazachlor and in the presence or ab
sence of 5 ppmw antidote incorporated into the soil. Developing leaf, coleoptile, and 
mesocotyl tissues excised from corn grown for 3.5 days in the presence or ab
sence of antidote were evaluated for their ability to metabolize 14C-metazachlor. 
Metabolism rates, measured for 30 min, were from 1.8 to 2.4 times higher in the an
tidoted tissues than in the control tissues. The uptake of 14C-metazachlor by com 
was not greatly effected by BAS 145 138; however, all ofthe tissues from corn grown 
in the presence of BAS 145 138 contained lower Ievels of 14C-parent herbicide due 
to an accelerated rate of metazachlor metabolism (Table 3). The greatest reduction 
in metazachlor concentration occurred in the developing leaves. Both a reduction in 
the total residue and in parent herbicide was observed in this tissue. Pulse experi
ments showed that metabolites of metazachlor produced in the coleoptile did not 
translocate to the developing leaves. It appears that accelerated metabolism in the 
outer tissues (coleoptile) made less metazachlor available for movement into the de
veloping leaves. Because of the elevated rate of metabolism in the developing leaves, 
the parent herbicide that reached the leaves was metabolized to a greater extent. 

These data are consistent with the theory that an increased rate of herbicide GSH 
conjugation is involved in the antidoting of corn from injury by chloroacetamide her
bicides, and they are also consistent with the results of antidote studies with 
metolachlor in sorghum9,10. 

Synergism 

Tridipbane IS a synergist ot' the berbicide atrazine. Previously published data have 
been consistent with the hypothesis that synergism of atrazine toxicity is partially due 
to inhibition of GSH conjugation of atrazine, a primary mechanism for atrazine 
detoxification in resistant plant species 11 • 12• 13• Both tridiphane and a GSH con
jugate of tridiphane were implicated in the inhibition of GSH conjugation of 
atrazine11• In vivo experiments have now confirmed that atrazine is metabolized by 
GSH conjugation in giant foxtail. Giant foxtail was treated at the 1.5-leaf stage with 
1 kg/ ha 14C-atrazine or with 1 kg/ ha each of tridiphane and 14C-atrazine. The herbi
cide and synergist were applied to the leaves in an aqueous solution containing ace
tone and a surfactant. Metabolites of 14C-atrazine were compared to the GSH con
jugate of atrazine by HPLC and TLC. The Ievel of parent atrazine was elevated 2.1 
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Table 3. Distribution of 14C in corn treated with •4C-metazachlor (nmole equivalents/gram tissue). 14C
Residues were measured 3.5 days after planting in soil that contained 14C-metazachlor plus or minus 10 
ppmw BAS 145 138. Residues were determined by liquid scintillation spectrometry after partitioning and 
TLC of tissue extracts. 

Tissue 

Coleoptile 
Developing leaves 
Mesocotyl 
Root 

Control 

63 
22 
16 
47 

Total•4C 

Antidoted 

64 
7 

17 
47 

'4C-metazachlor 

Control Antidoted 

0.40 0.23 
0.21 0.03 
0.29 0.16 
0.31 0.17 

times and the Ievel of atrazine GSH conjugate was reduced 2.6 times in giant foxtail 
exposed to tridiphane and atrazine as compared to giant foxtail exposed only to atra
zine. Measurements were made 18.5 h after treatment. 14C-Tridiphane was metabo
lized to a GSH conjugate in giant foxtail leaves. This conjugate was isolated by 
HPLC and identified by F AB/MS. The GSH conjugate of tridiphane ranged in con
centration from 8 to 18 nmoles/ gram fresh weight oftissue from 5 h to 8 days follow
ing treatment of giant foxtail at 1 kg/ha. The GSH conjugate of tridiphane isolated 
from giant foxtail after 0.2, 1, 2, 3, 4, 6, and 8 days was highly inhibitory to giant 
foxtail GST assayed with CDNB. An 150 value of 1.4 ~M was estimated from Dixon 
plots of these data. It had been reported previously that the GSH conjugate of 
tridiphane was inhibitory to a variety of GSH conjugation reactions catalyzed by 
house fly, pea, corn, giant foxtail, and equine GST11 • The 150 values ranged from 11 
~M for atrazine with corn GST to ca 0.8 ~M for CDNB with equine GST. It was con
cluded that tridiphane is metabolized to a GSH conjugate in giant foxtail and the con
centration ofthat conjugate is sufficient to interfere with GSH conjugation reactions 
involved in the detoxification of pesticides. Since parent tridiphane may also inhibit 
some of these GSH conjugation reactions 11 , it is not clear w hether tridiphane or the 
GSH conjugate of tridiphane is more important in the inhibition of these reactions. 

Mention of a commercial or proprietary product does not constitute a recommenda
tion for use by the U.S. Department of Agriculture. 
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PHYSIOLOGICAL ASPECTS OF Cd-TOLERANCE IN 
CHLAMYDOMONAS REINHARDTII 

K. Nagel 
Institut für Biochemie und Lebensmittelchemie der Universität Hamburg, Martin
Luther-King Platz 6, D-2000 Romburg 13, F.R.G. 

A comparison of Cd-sensitive and Cd-tolerant cells of the unicellular green alga 
Chlamydomonas reinhardtii revealed that Cd-tolerance cannot be attributed to an in
hibition oj Cd-uptake or to an increased synthesis of Cd-binding complexes. As the 
predominant part of the crP+ incorporated by the cells was jound to be associated 
with the chloroplast jraction, a central roJe of this cellular compartment in Cd
tolerance mechanisms was postulated. This assumption was supported by findings, 
that 0 2 production in Cd-tolerant cells was hardly affected by moderate Cd2 + con
centrations whereas it was inhibited almost completely in Cd-sensitive cel/s. Further
more, striking differences between the effect of CrP + on chlorophyll accumulation, 
ATP content, acetate uptake and starch synthesis in both celllines had beenfound. 

Cadmium is incorporated and accumulated in large amounts by all organisms test
ed so far 1•2• Despite of intensive research, the exact molecular mechanisms of Cd
toxicity are not weil understood. However, special proteins, so called metal
lothioneins, are assigned to play a central role in Cd-detoxification mechanisms3• 

Metallothioneins, which were induced by Cd2+, some metal ions and some other 
factors, are small, cytosolic proteins and bad been found in many different organ
isms, but not in plants. In plants, a class of special Cd-binding peptides called 
phytochelatins4• s or metallothioneins class III3, are thought to act in a similar way 
as metallothioneins. 

To elucidate the physiological basis of Cd-tolerance in the unicellular green alga 
Chlamydomonas reinhardtii, the effects of Cd2+ on Cd-sensitive and Cd-tolerant 
cells were compared. The Cd-tolerant cells - designated as CW15-Cdr cells - used 
for these experiments were isolated from liquid cultures of the cell wall-deficient mu
tant CW15 +6 after a long term incubation in the presence of increasing Cd
concentrations 7• Cells were cultured in axenic bat eh cultures under mixotrophic 
conditions and synchronized by a 12 hours Iight-dark cycling7• 

Incubating algal cells in the presence of Cd2+, growth rate and accumulation of 
chlorophyll were inhibited (Fig. 1). While 50o/o inhibition of Cd-sensitive CW15 cells 
was found at 35 JLM Cd2 +, 110 ILM Cd2 + were necessary to inhibit Cd-tolerant 
CW15-Cdr cells to the same degree. CW15 cells died within an incubation period of 
72 hours, if more than 70 ~tM Cd2+ were present in tbe medium, whereas CW15-Cdr 
cells were able to survive 300 ILM Cd2+. 
Cd-tolerant CW15-Cdr cells bad been kept for more than 300 cell cycles in the ab
sence of Cd2+ without loosing tbeir Cd-tolerance. Furthermore, CW15-Cdr cells 
bad been kept in tbe presence of 60 ILM Cd2+ for more tban 150 cell cycles without 
variations in tbe observed growtb parameters and without variations of tbe degree 
of Cd-tolerance. CW15 and CW15-Cdr cells did not differ in dry weigbt (63.4 ± 
18.3 pg/ cell and 62.2 ± 12.7 pg/cell, respectively), but cblorophyll content of 
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Fig. 1. Effect of increasing concentrations of Cd2+ on cell concentration and chlorophyll accumulation 
of CW15 and CW15-Cd• cells. Cells of synchronized cultures (12 hours light, 12 hours dark12,13) were in
cubated in Cd-containing CTM medium7 for 72 hours. Cell concentration was determined by duplicate 
haemacytometer counting, chlorophyllwas measured according to Arnon 14• Growth rates of CW15 cells 
in the absence of Cd2+ (1.47 ± 0.33 duplications in 24 hours) were taken as IOO'lo. 

CW15-Cdr cells was only 60o/o of the value found in CW15 cells (7.2 ± 1.6 pg/ cell 
and 11.9 ± 2.7 pg/ cell, respectively). 

If cells of both lines were incubated in the presence of 30 I'M Cd2+ (50o/o growth 
inhibition of CW15 cells), Cd-uptake during a 12 hours light period of CW15-Cdr 
cells (0.14 nmoles Cd2 + x h·1/106 cells) was found tobe about 30% higher than that 
of CW15 cells (0.1 nmotes Cd2 + xh-1/ 106 cells), probably because the growth rate 
of tolerant cells was inhibited only by about 10% at this Cd-concentration. But even 
in the presence of 100 J'M Cd2+ (50% growth inhibition of CW15-Cdr cells) Cd
uptake in Cd-tolerant cells was at least in tbe same order of magnitude as that at 30 
J'M Cd2+. Although the physiological mechanisms of Cd-uptake arenot clear, the 
results clearly show that Cd-tolerance of CW15-Cdr cells cannot be attributed to an 
inhibition of Cd-uptake. 

In CW15 andin CW15-Cdr cells Cd-binding peptides (CBP) were found after an 
incubation in Cd-containing medium. The amount of CBP in the cells is directly cor
related to Cd-concentration in tbe medium as well as to the incubation time. CBP 
isolated from the algal cells showed the same structure as that of the phytocbelatins 
suggested by Gri118• 9. 

However, Cd-tolerance of CWl 5-Cdr cells was not accompanied by an increase of 
the amount of CBP in the cytosolic fraction. When cells of both lines were incubated 
in the presence of 30 #'M Cd2+, the amount of Cd2+ bound in the CBP fraction of 
Cd-tolerant cells was significantly lower than that of CW15 cells. However, higher 
amounts of 109Cd2 + were found to be bound by the cytosolic high- and low-MW 
fractions of Cd-tolerant cells (Fig. 2). As derived from induction kinetics of CBP. 
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Fig. 2. Relativedistribution of Cd2 + bound to cytosolic compounds of CW15 and CW15-Cd' cells. Cells 
were incubated for 48 hours in the presence of 30 1-'M Cd2+ and 0.25 mBq 109Cd2+. CBP were extracted 
from the cells by the method of Rauser!S and chromatographed and classified according to Hart and 
Bertram16_ Total amounts of Cd2+ incorporated by 109 CW15 or CWIS-Cd' cells were 1.9 x 106 cpm 
and 2.2 x 106 cpm, respectively. For the comparison of size distribution of Cd2+ in the cytosolic frac
tions (HMW - high molecular weight; LMW - low molecular weight) total amount of Cd2+ in the 
cytosol was taken as I 00%. 

Cd2 + was assumed tobe bound unspecifically by the compounds naturally aceur
ring in these fractions. lt should be mentioned here, that only about 30"7o of the 
Cd2 + incorporated by the algal cells was found in the »cytosolic« fraction obtained 
by the isolation method of CBP used in these experiments. Cornpared to 90"7o of 
Cd2 + found in the cytosol of other organisms, this amount is rather low1• 

A more careful analysis of the distribution of Cd2 + in the algal cells revealed that 
more than 50"7o of the Cd2 + incorporated was found to be associated with chlo
roplasts (Fig. 3). Although the yield of intact chloroplasts isolated from CWIS or 
CW15-Cd1 cells was very low, about 50"7o of the cellular Cd2+ was found in the 
chloroplast fraction. Only 10"7o of the Cd2+ taken up by the cells was localized in 
the cytosol. 

A comparison of some physiological parameters of CW15 cells with that of Cd
tolerant CW15-Cd1 cells showed many differences. While Cd2 + strongly inhibited 
chlorophyll accumulation in CW15 cells, only minor effects were found in 
CW15-Cd' cells 7• Analogaus results were obtained for the 0 2 production during the 
light period (Fig 4). Although CWlS-Cdr cells liberated lower amounts of 0 2, even 
concentrations of 60 ~M Cd2+ showed little effects on 0 2 production. In Cd
sensitive CW15 cells, 30 _~.tM Cd2 + inhibited the 0 2 production almost completely. 

Although Cd-tolerant cells produced rather high amounts of 0 2, ATP concentra
tion in these cells was significantly Iower than that found in CWIS cells. At the begin
ning ofthe light period, highest ATP concentrations were found in CW15 cells in the 
absence of Cd2 + andin CW15-Cdr cells in the presence of 100 ~M Cd2+. At the end 
of the light cycle, ATP-content of CW15 cells - in the absence as weil as in the 
presence of Cd2 + - was increased by a factor of 2.3 and 1.8, respectively. In the ab
sence of Cd2+, a twofold increase of ATP was also found in CWIS-Cdr cells, but in 
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Fig. 3. Distribution of Cd2+ in cellular compartments of Chlamydomonas cells. Isolation of cellular 
components followed the procedure of Klein 17 with slight modifications. (From U. Adelmeier, Disserta· 
tion Universität Harnburg 1988). 
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Fig. 4. 0 2 production of CW15 aod CW15-Cd• cells in the absence and presence of Cd2+. Cell concentra
tion was 2 X 106 cells X mj· l in all cultures. 0 2 produclion was continously measured with an 0 2-electrode 
in synchronized cultures. Under these conditions, cell concentrations remained constant during the light 
period and cell division only took place 2 - 4 hours after the beginning of the dark period. 

the presence of 100 p.M Cd2 + a slight decrease in A TP concentration was measured. 
Other experiments showed that in the absence of Cd2+ CW15-Cdr cells accumu

late higher amounts of starch during the light period than CW15 cells 7• As cells 
were grown under mixotrophic conditions in the presence of acetate and as acetate 
uptake rate of CW15-Cdr cells bad been found tobehigher than that of CW15 cells, 
it is assumed that acetate from the medium was used for the synthesis of these high 
amounts of starch. 
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It is concluded from these results that Cd-tolerance in the algal cells is not due to 
an increased efficiency of a detoxification system or increased synthesis rate of CBP. 
As the decreased Chlorophyll content of Cd-tolerant cells is believed to be correlated 
with a reduced rate of photosynthesis and as it has been reported that Cd2+ has an 
inhibitory effect on photosystem II in isolated spinach chloroplasts 10• 11 , Cd
tolerance in CW15-Cdr cells might be mediated by a mutation of a gene coding for 
a component of the algal photosystem. As Cd-tolerant cells do not differ from Cd
sensitive cells in generation time and dry weight and as they synthesize increased 
amounts of starch in the presence and absence of Cd2+, these tolerant cells must be 
able to compensate reduced activity of photosystem II, probably by alterations in the 
metabolic pathways associated with the chloroplast. 
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DETOXIFICATION OF SULFUR DIOXIDE BY APOPLASTIC 
PEROXIDASES 

Hardy Pfanz, Karl-Josef Dietz, Isa Weinerth and Brigitte Oppmann 
Lehrstuhl für Botanik //, Universität Würzburg, Mittlerer Dollenbergweg 64, 
JJ..8700 Würzburg, F.R.G. 

Soluble and covalentiy bound peroxidases were isolated from the apoplast of 
mesophyll ceils of leaves. In the crude extract, as weil as in partia/ly purijied so/u
tions, enzymes capable of oxidi:üng su/jite to suljate were present. Oxidation of 
su/fite could be demonstrated in vitro (with isolated enzymes or isolated cell waJJ 
material) and in situ (with detached intact leaves infiltrated with suljite contain
ing solutions). Furthermore fumigation of leaves with sulfur dioxide increased 
the amount oj extractable soluble peroxidases in the ce/1 wa/1. Oxidation oj sul
fur dioxide by apoplastic peroxidases is therejore thought to be a jorward defence 
mechanism in the detoxification oj sulfur dioxide, which reduces the flux of S02 
into the mesophyll ce//s and thereby decreases the toxic suljur Ioad of the proto
plasts. 

When taken up by plant leaves, S02 can be a harmful atmospheric pollutant. Inside 
the living protoplast it affects various sites (e.g. biomembranes, enzymes etc.)1 and 
may Iead to intracellular acidification2• It is known for a long time that plants are 
able to detoxify S02 in different cell organelies and thereby decrease or even avoid 
damage. S02 can be oxidized to sulfate, or reduced to sulfide in the chloroplasts; 
S2- can then be incorporated into organic matter, or even released into the at
mosphere as H2S

3• If detoxification via sulfite Oxidation would occur in the aqueous 
phase of the cell wall surrounding the living protoplast, this could Iead to a decreased 
influx of S02 into the protoplasts. Wehave isolated a soluble and a cell wall bound 
peroxidase from barley leaves and spruce needles, which both are capable of oxidiz
ing sulfite to sulfate in vitro and in situ. Fumigation of leaves with S02 resulted in 
an increase in the amount of the soluble cell wall peroxidase. 

Apoplastic protein pattems 

Figure 1 shows the protein pattern of the intercellular washing fluid (IWF) of barley 
leaves. The leaves were kept under 'clean air' conditions (A), or were fumigated with 
0.5 ppm S02 for 36 h (B). Various soluble cell wall proteins increased in response to 
the fumigation stress, particularly proteins with a low molecular mass between 20-40 
kDa. The peroxidase activity was also increased as shown by an increase in the oxida
tion rate of guaiacol (data not shown). 
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Fig. 1. Silver stained 20-electropherogram of IWF-polypeptides from 10 d old barley leaves which were 
either maintained under normal air conditions (A), or were fumigated with 0.5 ppm S02 for 36 h (B). Af
ter infiltration of the detached and washed leaves with a solution containing 50 mM Mes pH 6,0, 1 mM 
CaC12, and 80 mM sorbitol, the carefully blotted leaves were centrifuged at 800 g for 2 min (4°C). Equal 
amounts of IWF were applied to the geL Gels were prepared and run according to Dietz and Bogorad4• 

Cantamination of the IWF with cytosolic and chloroplastic constituents was very low ( < 1,5 OJo) as deter
mined with hexosemonophosphate-isomerase (predominantly cytosolic marker) and glyceraldehyde-3-P
dehydrogenase (chloroplastic marker) (Pfanz, Dietz and Lang, unpublished data). 

Oxidation of sulfite by isolated soluble cell wall peroxidases 

We isolated and partially purified a soluble peroxidase of the IWF of barley. IWF 
was isolated by infiltrating 10 d old primary leaves of barley with a solution contain
ing 1 mM CaCI2, 4 mM KCI and 80 mM sorbitol. The leaves were then washed with 
ice-cold bidistilled water, carefully blotted dry and centrifuged at 800 g for 150 s 
( 4 oq. The re-extracted solution was collected from the bottom of the centrifugation 
tube, partially purified using a Sephadex column (PD-10 Sephadex G-25M, Pharma
cia, Sweden} and used for the experiments. The method will be described in more de
tail in a forthcoming paper. The enzymewas capable of oxidizing sulfite5•6 in vitro 
as shown by the appearance of sulfatein the medium (Fig. 2). Oxidation was not sig
nificant when the phenolic compound (phenol or ferulic acid; data not shown) or 
hydrogen peroxide were omitted (curve I). The reaction was completely inhibited by 
the addition of catalase (0.4 JLg ml-1) or 2 mM ascorbate. Superoxide dismutase 
(SOD, 8 JLg mi-1) did not decrease the oxidation rate, indicating that the superoxide 
radical (02 - ) is not directly involved in the reaction. Oxidation rates were 0.2 1-'mol 
sulfite oxidized per JL& protein and min. Similar results were obtained when IWF iso
lated from spruce needles was used. 
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Fig. 1 . Sulfiteoxidation by an isolated soluble peroxidase. The rate was measured as increase of the sulfate 
concentration in the medium containing 50 mM Hepes pH 7.5, 50 ILM ferulic acid, H20 2 as indicated be
low, 2 mM Na2S03 and 2.8 !LS partially purified soluble cell wall peroxidase. Experiments were carried 
out at 22°C. At the times indicated, aliquots (100 jL)) were removed and immediately added to 200 !LI glacial 
acetic acid to suppress enzymic oxidation and to shift ionic equilibrium between S02/HS03- and SOl
to the undissociated form. After drying at l00°C, the sedimentwas dissolved in 500 !Li H 20 . Sulfate was 
determined by ion chromatography (Biotronik, Maintal, FRG). (I) = without H 20 2; (II) = 50 !LM H20 2; 

(lll) = 100 14M H202. 

Oxidation of sulfite by isolated cell wall fragments in vitro 

Figure 3 shows the oxidation of sulfite by isolated cell wall material as measured by 
the consumption of oxygen. The overall reaction can be summarized as: 

so z- + 112 0 - so 2-3 2 4 

A detailed formulation (via sulfur trioxide S03) of the radicat chain reaction was 
proposed by Yang6. lt is shown (Fig. 3) that isolated cell wall fragments are capable 
of oxidizing sulfite. The oxidation observed is thought to be carried out by peroxi
dases covalently (or ionica1ly)1 bound to carbohydrate residues of the cellulose 
fibres. Sulfite oxidation was inhibited by 850Jo when 2 mM ascorbate was added to 
the incubation medium (data not shown). 

Oxidation of sulfite in in muro experiments 

Leaves were infiltrated with sulfite-containing solutions, and IWF was isolated after 
various times of incubation. The sulfate concentration increased linearly with time 
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Fig. 3. Rates of oxygen consumption during oxidation of sulfite in the presence of cell wall material (400 
1-'8 mJ-1) isolated from primary leaves of barley. Conditions were similar to those in Fig. 2 except that the 
concentrations of H20 2 and ferulic acid were 200 and 400 ,uM, respectively. Measurements were per
formed using a Clark type oxygen electrode (Bachofer, Reutlingen, FRG). Cell walls were isolated from 
carefully homogenized tissue (all steps at 4•q. The homogenatewas squeezed through nylon gauze (100 
,..m), treated with O.SDJo SOS, and repeatedly washed with icecold water. After sonication, the fragments 
were separated from contaminants by centrifugation at 700 g ( 4 •q for 30 min. using a 60DJo glycerol/water 
step-gradient. The pellet was washed three tim es with water and resuspended in buffer (SO mM Hepes pH 
7.5, I mM CaClvor water. Dry weight was determined with cell wall fragments resuspended in water. 
Contamination with organelies and Iipids was low as determined microscopically and with Sudan III. 

(Fig. 4). The appearance of sulfate indicates the oxidation of sulfite by enzyrnes 
(presumable peroxidases) located in the cell wall. Sulfite was oxidized despite the fact 
that neither hydrogen peroxide nor any phenolic substrate was added to the infiltra
tion solution. In experiments with isolated peroxidases or cell wall fragments these 
substances were prerequisites for sulfite oxidation (Figs. 2 and 3). The reaction was 
possible because phenolic substances are likely to be present in plant cell walls8 and 
hydrogen peroxide is thought to be produced enzymatically in the cell wall9• The in 
muro oxidation rates were about 1.8 JLIDOl S03

2- oxidized (or sulfate formed) per 
mg Chi and h. This rate is obviously an underestimation, as part of the sulfate 
produced du ring sulfite oxidation is taken up by the cells via the plasmalemma during 
the experimental course (Pfanz, unpublished results). 

The results presented show that in the apoplast of mesophyll cells of leaves soluble 
and covalently bound peroxidases are present which are capable of oxidizing sulfite 
to sulfate. Upon S02-fumigation the activity of the soluble isoform increased due to 
an increase in the amount of enzyme. Depending on the pH10, the buffering 
capacity11, and the pH-stat mechanism in the apoplast, oxidation of sulfurous acid 
(weak acid) to sulfuric acid (strong acid) could lead to the acidification of the cell 
wall phase. lt remains open to what extent an apoplastic defense mechanism contrib
utes to the overall detoxification of sulfur dioxide in plant cells. 
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Fig. 4. Sulfiteoxidation in the cell wall of intact leaves. Leaves were inflltrated with a solution containing 
30 mM Hepes (pH 6.5), 100 mM sorbitol, 1 mM CaCI2, 4 mM KCI, 4 mM KHC03, and 2 mM Na2S03, 

and illuminated at 800 I'E m-2 s-1• At the times indicated the leaves were centrifuged at 800 g for 2 min 
(4°C). Aliquots of the IWF were prepared for sulfate determinations as described in Fig. 2. Barley plants 
grown in normal soil contained O.S - 1.5 mM sulfate in the cell wall water; this can account for the fact 
that up to 2.4 mM sulfate were found in the IWF after 10 min of incubation. 
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REGULATION OF POLY('y-GLUTAMYLCYSTEINYL)
GLYCINE SYNTHESIS IN DATURA INNOXIA CELL 
CULTURES 

N.J. Robinson, E. Delhaize1, W.P. Lindsay, J.M. Berger2 and P.J. Jackson2 

Deportment oj Biologico/ Sciences, University of Durham, U.K., 1 Division oj 
Plant Industries, C.S.I .R.O., Australia,· 2Genetics Group, Los Alamos National 
Lab., U.S.A. 

In ce/1/ines of Dotura innoxia increased synthesis of poly('y-glutamylcysteinyl)gly
cine, (-yEC}"G, is detected 5 min after exposure to Cd ond this response is largely in
sensitive to cycloheximide. In the obsence oj exogenous cysteine, glutathione pools 
are depleted, implying an element of regulation ofter glutathione synthetase (E.C. 
6.3.2.3). However, other dato suggests that some de novo glutathione synthesis also 
occurs. Rates oj jormation of Cd-(-yEC)"G oggregates, and total (-yEC)"G (apo
polypeptide plus metal-bound polypeptide}, have been examined in Cd-resistant and 
-sensitive ce/1/ines. Inorganic sulfideisalso a component oj some Cd-(-yEC)"G com
p/exes in D. innoxia. 

Following exposure to Cd, many plants and plant cell cultures have been shown to 
synthesize (-yEC)nG (where n=2 or greater). These compounds are known by the 
following names; cadystin, phytochelatin, 'Y-glutamyl metal-binding peptide and 
class III metallothionein1- 12• These polypeptides chelate Cd and Cu within cells 
thereby reducing the concentration of cytotoxic free metal ions. Metals are coordi
nated to aggregates of several ( -yEC)n G molecules4- 6• 13, and the additional presence 
of inorganic sulfide in some aggregates increases their capacity and affinity for 
Cd6• 14• There is a direct correlation between the Ievel of Cd tolerance and maximal 
accumulation of Cd-("(EC)nG aggregates in different Cd-tolerant cell lines of D. 
innoxia4. These lines were derived by stepwise selection from a sensitive cell line, 
WDI, and some of the present studies involve the most resistant of these lines, 
Cd-300. 

("(EC)nG consists of a GSH molecule with one or more "(-glutamylcysteine moie
ties attached. Several independent lines of evidence suggest that GSH is a precursor 
of ("(EC)nG3, 11• 15- 17, although cell-free synthesis has not been reported. Accumula
tion of (-yEC)nG has been described in a wide range of taxa but the mechanism of 
•Cd-regulation' of ("(EC)nG synthesis has not been described. 

Post-translational regulation 

Increased synthesis of (-yEC)nG from {35S]cysteine Iabelied precursors can be detect
ed 5 min after exposure to Cd in both Cd-300 and WDI (Table 1). Similar rates of 
synthesis are detected in both cell lines. Subsequent experiments have shown that 
equivalent amounts of ("(EC)nG are accumulated in WDI and Cd-300 for the first 
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Table 1. Synthesis of poly(-y-glutamylcysteinyl)glycine, ('YEC)0 G, in response to Cd in resistant and sensi
tive cells. Effects of 250 J.!M Cd on the rate of incorporation of L-[35S]cysteine into ('YEC)

0
G was deter

mined in Cd-resistant ceUs, Cd-300, and the sensitive cells from which they were derived, WDI. Cells were 
exposed to L-[3SS]cysteine (2.5 ~o~Ci mJ-1) for 2 h prior to exposure to Cd. Extracts were separated by 
reversed phase HPLC, and radioactivity incorporated into ('YEC)0 G determined as described previousJy9. 
The data areexpressedas a percentage of the radioactivity incorporated into ('YEC)

0
G in Cd-300 cells af

ter 6Ö min exposure to Cd. 

Timeafter 
exposure 
to Cd (min) 

WDI 
Cd-300 

0 

9.2 
3.8 

s 

22.7 
17.9 

15 

48.9 
34.1 

30 

64.1 
68.8 

60 

83.8 
100.0 

24 h of exposure to 250 1-'M Cd (a Ievel which is Iethai to WDI) butthat the polypep
tidesform aggregates with Cd more rapidly in Cd-300W. The speed of the induction 
response implies that the pathway is regulated, at least initially, at a post-trans
lationallevel. To examine this further, Cd-300 cells were exposed to a concentration 
of cycloheximide which inhibited the subsequent incorporation of [3H]leucine into 
protein by 990/o. Under these conditions, Cd still stimulated incorporation of 
[35S]cysteine into ('YEC)nG, with cells exposed to the inhibitor incorporating greater 
than 50% the amount of radiotabei incorporated in control cells9• This induction 
response has also been shown to be largely insensitive to cycloheximide in tomato 
cells11• Delhaize et a/.21 have detected changes in gene expression in WDI and 
Cd-300 cells following exposure to Cd. However, it is unlikely that 'Cd-induced' 
genes encode enzymes involved in ('YEC)nG biosynthesis since the above data sug
gest that the pathway is regulated at a post-translational Ievel. 

Evidence for de novo GSH synthesis: Possible feedback regulation by GSH 

Coincident with the appearance of [35S]cysteine in ('YEC)nG there is depletion of 
radiolabet in GSH, following exposure of Cd-300 cells to a single pulse of [35S]cys
teine prior to exposure to Cd (Fig. 1). Figure 1 also shows that in Cd-300 cells, as 
in other species3· 11• 12• 17, these responses are inhibited by buthionine sulfoximine, an 
inhibitor of 'Y-glutamylcysteine synthetase (E.C. 6.3.2.2). There is also synergism be
tween buthionine sulfoximine and Cd in the inhibition of growth of Cd-300 cells 
(data not shown). 

Depletion oftotal glutathione (GSH plus GSSG}, estimated by a recycling enzymic 
assay, occurs following exposure to Cd (Fig. 2). The rate of depletion of a pulse of 
[35S]cysteine from the GSH pool is faster than the rate of depletion of total GSH 
(Fig. 2). This is consistent with either active GSH synthesis after exposure to Cd, or 
uneven distibution of radiolabet within different GSH pools which are selectively 
consumed to produce ('yEC)nG. However, in the presence of exogenous cysteine (1 
mM), the GSH pool is not depleted indicating that de novo GSH synthesis occurs but 
Ievels of endogenous cysteine may be limiting1B. De novo GSH synthesis might be 
expected in response to depletion of the GSH pool if 'Y-glutamylcysteine synthetase 
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Fig. I. Synthesis of ('yEC)nG and depletion of GSH in response to Cd in the presence and absence of 
buthionine sulfoximine. Accumulation of [35S)cysteine in (yEC)nG ( •, • ), and depletion of [35S]cys
teine from GSH ( o , "') was estimated in Cd-300 cells exposed to 250 JLM Cd with previous growth in 
either the presence (" , A) or absence ( • , o ) of buthionine sulfoximine. Cultures were exposed to 2 mM 
L-buthionine-(S,R)-sulfoximine for 7 h prior to incubation with [3'S]cysteine forafurther 2 h. Cells were 
then exposed to 250 JLM Cd for the times indicated, prior to separation of extracts by reversed phase HPLC 
to determine incorporation of radiolabet into both GSH and (yEC)nG. 
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Fig. 2. The effect of Cd on GSH pools in Cd-300 cclls. Total GSH content ( •) was determined by an en
zymic assay, and [3SS]cysteine content of the GSH pool ( " ) was determined following reversed phase 
HPLC separation of extracts from cclls which had becn exposed to a singlc pulse of r5S]cysteine for 2 
h prior to exposure to 2SO p.M Cd. Valucs are exprcssed as a percentage of those obtaincd prior to addition 
ofCd. 
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in D. innoxia is subject to non-allosteric feedback inhibition by GSH, as observed 
for the purified enzyme from rat kidney and homogenates from tobacco cells19. 

Evidence for product removal or activation of the final enzyme in the pathway 

Depletion of GSH pools in the absence of exogenaus cysteine suggests an element of 
regulation of ('yEC)0 G synthesis by Cd at some point in the pathway after GSH syn
thetase (E.C. 6.3.2.3). Putative ('yEC)

0
G synthetase may be activated either directly, 

or indirectly, by Cd. Alternatively, it has previously been suggested that this response 
could be mediated by product removal coincident with the production of metal
bound aggregates of (-yEC)

0
G 8• However, Cd-300 and WDI cells produce equivalent 

amounts of ('yEC)
0
G (apopolypeptide plus metal-bound polypeptide) for the first 24 

h after exposure to 250 ~M Cd, but formation of Cd-bound aggregates, determined 
by gel permeation HPLC on SW3000 matrices, is delayed for atleast 8 hin WDI20• 

If apopolypeptides are initially accumulated in WDI cells it would imply that the 
pathway is not regulated by product removal coincident with aggregate formation. 
However, it is also possible that apopolypeptides are not initially accumulated in 
WDI, but that Cd first associates with single (-yEC)

0
G molecules and it is only 

the process of aggregation of multiple (-yEC)
0
G molecules that is delayed. Other 

processes which could also cause product removal include, Cd-stimulated oxida
tion of (-yEC)0G with consequent formation of intermolecular disulfide bonds and 
Cd-stimulated association of ('yEC)

0
G with other molecules such as inorganic sul

fide. 

Significance for metal tolerance 

Tolerance in Cd-300 does not correlate with increased synthesis of ('yEC)
0
G (Table 

1)20, implying that there is not modified regulation of ('yEC)
0
G synthesis in response 

to Cd in Cd-300. However, tolerance in these cells does correlate with rapid forma
tion of Cd-(-yEC)

0
G complexes which bind all of the cellular Cd within 24 h20• Fur

therexperiments are required to describe the chemical composition of the complexes 
formed in both cell lines in order to identify the basis of rapid complex formation 
in Cd-300. 

Inorganic sulfide is a component of higher molecular weight Cd-('yEC)
0
G com

plexes in extracts from D. innoxia (Fig. 3), as has been reported in Schizosac
charomyces pombe6. lncreased introduction of inorganic sulfide into the complexes 
in Cd-300 could facilitate production of complexes with a higher binding capacity 
and/or affinity for Cd as observed inS. pombe6. In four preliminary experiments, 
the ratio of inorganic sulfide to Cd, in ('YEC)

0 
G complexes separated by gel permea

tion HPLC, was 2.0, 2.4, 3.2 and 1. 7 times higher in extracts from Cd-300 compared 
to WDI cells, following equivalent exposures to Cd. Steffens et a/. 12 proposed that 
(-yEC)nG may be a sulfide carrier involved in assirnilatory sulfate reduction. Some 
of the implications of this proposed constitutive function for ('yEC)

0
G have been 

discussed elsewhere10• If ('yEC)
0
G were a sulfur carrier involved in assirnilatory sul-
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Fig. 3. Association of inorganic sulfide with !arger Cd-('yEC)0 G aggregates. An extract from Cd-300 cells 
exposed to 250 14M Cd for 48 h was separated by gel permeation HPLC (on 7.5 x 300 mm column of TSK 
SW3000) and fractions analysed for Cd {J.M) by atomic absorption spectrophotometry (-- ).total pro
tein (J.ogmJ- 1) by Bradford assay (- ), and for inorganic sulfide {J.M) by the method of King and Mor
ris (---). The cells used for this experimcnt were diluted with fresh media every 4 days, while those used 
in previous experiments werc diluted evcry 2 days. The first Cd peak corrcsponds to Cd-('yEC)nG while 
the second peak corresponds to free Cd which has associated with ß-mcrcaptoethanol. lnorganic sulfide 
is associated with higher molecular weight Cd-(-yEC)0G complexes in Cd-300 cells. Fractions were also 
analysed for total thiols (data not shown). The inorganic sulfide peaks did not coincide with the total thiol 
peaks. 

fate reduction, then increased activity of ATP sulfurylase (E.C. 2.7.7.4), APS sul
fotransferase, or organic thiosulfate reductase (E.C. 1.8.7 .1) in Cd-300 could Iead 
to greater saturation of ("'(EC)

0
G with sulfide. 
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EFFECTS OF HEA VY METALS ON ASSIMILATORY SULFATE 
REDUCTION IN PEA ROOTS 

D. Schmutz, A. Rüegsegger and C. Brunold 
Pflanzenphysiologisches Insitut der Universität Bern, Altenbergrain 21, CH-3013 
Bern 

The high content of cysteine in the heavy meta/ sequestring phytochelatins ('Y-0/u
Cys)"G/y (n =2-1 1) led to the prediction that plants cultivated with heavy metals 
should contain increased Ievels of the enzymes involved in cysteine jormation. In
deed, root sections oj pea seedlings grown with Cd2+ contained adenosine 5 '-phos
phosuljate sulfotransjerase activity which was up to a/most 20 fold higher than in 
controls. There was a parallel increase in glutathione synthetase, indicating that 
glutathione ('Y-Glu-Cys-Giy) is involved in phytochelatin synthesis. 

In Cd-treated cell cultures of Rauvo/fia serpentina, the structure of heavy metal bind
ing peptides was found to be ('Y-Glu-Cys)

0
Gly (n = 2-7) by Grillet a/.1; they called 

this class of natural products phytochelatins. Their findings werein accordance with 
those of Murasugi et af.2 and Kondo et al.3 who found corresponding peptides in Cd 
treated yeast and called them cadystin A (n = 3) and B (n = 2). Further reports showed 
the production of phytochelatins in several plant species, and the induction of these 
compounds by other metal ions than Cd2+. Because of the 'Y-glutamic-acid bonds in 
the peptide chains of phytochelatins these compounds can not be primary gene 
products. 

The extraordinary high cysteine content of phytochelatins makes an increased rate 
of assimilatory sulfate reduction probable in plants exposed to Cd. This prediction 
has been tested in maize4, by measuring two enzymes of this pathway leading to cys
teine. lndeed, the activities of ATP-sulfurylase and adenosine 5 '-phosphosulfate sul
fotransferase (APSSTase) were at increased Ievels in maize seedlings cultivated with 
Cd. Nitrate reductase, which also bad been measured in maize seedlings showed a 
decrease in the extractable activity in plants treated with Cd. This can probably be 
explained by the fact, that the molar ratio of N:S is 2.5:1 in phytochelatins, while 
it is about 25: 1 in proteins. Therefore, plants producing high amounts of phytochela
tins need relatively less nitrogen than control plants. Maize plants have a medium sen
sitivity towards Cd, therefore we also tested pea plants to examine if the high sensitiv
ity of these plants is the consequence of an insufficient capacity of sulfate 
assimilation5• There was again an increase in the activity of APSSTase in roots of 
plants treated with 5-50 JLM CdCI2• Figure 1 shows the effect of 20 JLM Cd on the 
activity of APSSTase in different root sections. Tbere was an increase in APSSTase 
activity in all sections. The bighest activity was found in the section at the basis of 
tbe roots, where Cd2+ induced an almost 20 fold increase in enzyme activity. At the 
same time, the in vivo incorporation of 35S into the amino acid fraction of Cd treat
ed roots, in whicb tbe PC's can be found, increased by more than 2000lo (Fig. 2). This 
finding is not only consistent with the results from the mesasurement of APSSTase, 
but it also indicates de novo synthesis of the cysteine used for phytochelatins from 
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Fig. 1. Distribution of the activity of adenosine 5 '-phosphosulfate sulfotransferase in roots of 9 days old 
pea seedlings, cultivated without Cd2 + or with 20 ~M Cd2 + for 2 days. The main root was cut into 2 cm 
lang sections from the tip (section 1) to the basis (section 5). Methods: Pea seeds (Pisum sativum L. cv. 
Frühbusch, Vatter, Bern, Switzerland) were germinated and cultivated on 330 ml nutrient solution8 at 
21·24°C and 50 llE m-2 sec-1. 20 ~M CdCI2 was added 5 days after germination and adenosine 
5 '-phosphosulfate sulfotransferase activity was measured 2 days later according to Brunold and Suter9 

with the addition of 200 mM Na2S03 to the assay mi/(ture and incubation under aerobic conditions . 
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Fig. 2. In vivo incorporation of Jss into the amino acid fraction of roots and shoots of lO days old pea 
seedlings cultivated without Cd2+ or with 20 ~M Cd2+ in the presence of 35SOl-. Methods: 4 Plants 
were cultivated for 3 days on 100 ml nutrient solution in the presence of 35SOi- (5 GBq/mole S042-), 
then 20 llM CdCI2 was added to the nutrient solution and plants cultivated for another 3 days. Shoots 
and roots were extracted with 0.6 N NaOH, and proteins precipitated with HCI04• The supernatant was 
used for the separation into a 35SOi- and a 3SS-amino acid fraction on columns packed with Dowex 50 
W x 8 resin. Aminoacids were retained by the resin and were eluted with lO"lo ammonia. The radioactivity 
in the amino acid fraction was counted in a liquid scintillation system. 

the 3~SO l- applied. 
Glutathione synthetase, which also has been measured in these experiments, 

showed an increase in the extractable activity in roots of seedlings treated with 20 or 
50 ~-tM Cd. This finding together with the fact, that in tomato cell cultures, the 
glutathione content dropped to a Iow Ievel after the induction of phytochelatin 
synthesis6, indicates a phytochelatin synthesis by transpeptidation or by dipeptide 
addition with glutathione as a precursor7 



Heavy metals on assimilatory sulfate reduction 

References 

l. Grill, E., Winnacker, E.L. and Zenk, M.H. 1985. Science 230: 674-676. 
2. Murasugi, A., Wada, C. and Hayashi, Y. 1981. J. Biochem. 90: 1561- 1564. 
3. Kondo, N., lmai, K., Isobe, M. and Goto, T. 1984. Tetrahedron Lett. 25: 3869-3872. 
4. Nussbaum, S., Schmutz, D. and Brunold, C. 1988. Plant Physiol. 88: 1407-1410. 
S. Rüegsegger, A., Schmutz, D. and Brunold, C., submitted for publication. 
6. ScheUer, H.V., Huang, B. and Hatch, E. 1987. Plant Physiol. 85: 1031-1035. 

243 

7. Rennenberg, H. 1987. In: Plant molecular biology, von Wettstein, D. and Chua, N.H. eds. pp. 279-
292, Plenum Publishing Corporation. 

8. Wyss, H.-R. and Brunold, C. 1979. Planta 147: 37-42. 
9. Brunold, C. and Suter, M. 1983. Bot. Helv. 93: 105-114. 



DETOXIFICATION OF XENOBIOTICS IN SPRUCE TREES IS 
MEDIATED BY GLUTATHIONE-S-TRANSFERASES 

Peter Schröder1, Donald G. Rusness2, and Gerald L. Lamoureux2 

1 Fraunhojer Institute jor Atmospheric Environmental Research, 
Kreuzeckbahnstr. 19, D-8100 Garmisch-Partenkirchen, F.R.G. 
2 USDA, ARS Bioseiences Research Laboratory, P.O. Box 5674, State University 
Station, Fargo, ND 58105, U.S.A. 

Glutathione-S-transjerases (GSTs) represent a group of enzymes that catalyze the 
conjugation of reduced glutathione (GSH) via its suljhydryl group to a number oj 
electrophilic xenobiotics1• This conjugation usually results in the detoxification oj 
these compounds, andin animals it also jacilitates their removaljrom the tissues. The 
GSTs jrom mamma/s, insects, and crop plants, have been intensively studied, but 
there is a/most no information available on the presence or nature oj these enzymes 
in forest trees. The present study focuses on the occurence oj GSTs in spruce (Picea 
spec.) which is one of the most important jorest trees of the northern hemisphere. 
Several xenobiotics are shown to be metabolized by enzyme extracts in vitro as weil 
as by whole needles and cultured cells in vivo. 

In incubations with cut needles of Picea glauca [L.] Moench, with cells from a dark
grown Picea abies [L.] Karst cell Suspension culture, and with a dark-grown Picea 
abies [L.] Karst callus culture, [14C-CF3]-fluorodifen was metabolized to water solu
ble conjugates, Table 1. Since fluorodifen does not undergo appreciable nonen
zymatic conjugation, the presence of these conjugates was suggestive of the presence 
of GST activity in spruce cells. 

The conjugation rates were rather low in needles of P. glauca (0. 7 pmoles/ g FW), 
faster in P. abies callus culture (0.9 nmoles/g FW), but the fastest rate of conjugation 
was observed in the P. abies cell suspension culture (8.8 nmoles/g FW), Table 1. The 
conjugates from the needle and suspension culture experiments were purified by TLC 
and HPLC. One single metabolite was found in the cut needle incubation. It was 
identical to a major metabolite formed by the suspension cultures which was subse
quently identified as glutathione conjugate of fluorodifen [S-(4-trifluoromethyl-2-
nitrophenyl)glutathione] by TLC, HPLC, and fast atom bombardment (FAB) mass 
spectral comparison to an authentic Standard. The main metabolite found in the P. 
glauca suspension cultured cells was a 'Y-glutamylcysteine conjugate of fluorodifen. 
Tagether with the Observation that a cysteine conjugate of fluorodifen could also be 
detected after 20 h, it appears that the first two steps in the catabolism of glutathione 
conjugates in spruce is the same as in Zea mays1• 

The conjugates of fluorodifen were observed in the medium outside of the needles 
andin the medium outside of the culture cells in appreciable amounts (Table 1). Fur
ther studies will be necessary to determine if the presence of the glutathione conjugate 
in the media is due to the presence of OSTenzyme in the cell wall, leakage of metabo
lites from damaged cells, or if it is due to efflux of metabolites from normal cells. 

The presence of OST activity in P. abies needles was verified by in vitro studies 
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Table I. In vivo experiments with fluorodifen. P. glauca needles (0.5 g) were cut into 2 mm segments, 
vacuum-infiltrated with 0.5 ml potassium-phosphate buffer (0.1 M, pH 7.8) containing 60 nmol of the 
[14C]-herbicide, and incubated for 20 hat 30°C, lncubations were terminated by withdrawing the incuba
tion medium and grinding the tissue in liquid N2• After extracting the tissue with 70f1Jo acetone and cen
trifugation, the supernatant as weil as the incubation medium were subjected to phase partitioning with 
methylene-chloride/ aqueous I "lo acetic acid. Radioactivity in al1 phases was quantitated by liquid scintil
lation spectrometry. The metabolite was extracted from the phases and identified by TLC and HPLC. P. 
abies callus cells were grown on agar medium5, treated with 60 nmol [14C]-herbicide dissolved in 30 pl of 
acetone and incubated for 20 hat 30°C. Conjugates were extracted as described above; radioactivity was 
quantitated by liquid scintillation spectrometry. P. abies suspension culture (50 ml) in a 250 ml flask was 
treated with 500 nmoi['"C]-fluorodifen dissolved in 0.2 ml of acetone and incubated. After 20 hr the cells 
were fittered and the radioactive metabolites were extracted, purified by HPLC, and identified by 
FAB/MS. 

Medium Tissue Sum Conjugate 
conjugate formation in 20 hr [nmoles/g FWJ type 

P. gluuca 
needles 0.23 0.49 0.72 GSH 

P. abies 
callus 0.52 0.40 0.92 GSH & related 

P. abies 
suspension 1.28 2.30 3.58 GSH 
culture 0.00 3.90 3.90 ')'-Glu-Cys 

0.94 0.35 1.29 Cys 
total 2.22 6.55 8.77 

Table 2. Kinetic properties of OST from P. abies needles. The needles of Picea abies were pulverized in 
liquid nitrogen and extracted with 0.1 M, pH 7.8 phosphate buffer, in the presence of 1.5 parts polyvinyl
pyrrolidone (w:w) and O.SOJo Triton-X-100™ detergent. The extracted enzymewas fractionated by arn
monium sulfate precipitation (40 to 60 Jlfo of saturation) and dialyzed before use. The resulting enzyme 
preparations were incubated with 0.1 M potassium phosphate buffer, 1 mM CDNB (1-chloro-2,4-dinitro
benzene), and 1mM GSH in a total volume of 3 ml. Conjugate formationwas monitared by a change in 
absorption at 340 nm. Reactions were corrected for controls without enzyme extract. 

Specific activity (tested with GSH/ CDNB) 
pH-optimum 
Km(GSH) 
Km(CDNB) 

220 nmoles/min·mg protein 
7.6- 8.0 
O.l4mM 
0.67 mM 

with 1-chlor9-2,4-dinitrobenzene (CDNB) as the substrate. Enzyme activity was de
termined using a standard spectrophotometric assay2• The data in Table 2 indicate 
that the GST activity in P. abies is low compared to other plant tissues that have been 
investigated 1• 

Pentachloronitrobenzene (PCNB) fungicide is widely used to protect crop plants 
from a variety of plant pathogens. This fungicide is slightly toxic to higher plants 
and is metabolized to three different glutathione conjugates in peanut3: to S-(penta
chlorophenyl)glutathione by displacement of a nitro group, to S-(aryl-tetrachloroni
trophenyl)glutathione by displacement of a chlorine, and to S,S-(tetrachlorophenyl)
diglutathione by displacement of both a chlorine and a nitro group. The enzyme ex
tracts from needles of P. abies were able to utilize [14C]-PCNB as a substrate (Fig. 
1). The reaction was clearly dependent upon both the enzyme extract and gluta-
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Fig. I. Time study with PCNB. The enzyme extract of Picea glauca was prepared as described in Table 
2. [14C]-PCNB in aqueous S OJo acetone was added to enzyme extracts of Picea glauca and incubated at 
30°C. Sampies were withdrawn at constant intervals to monitor the time course of the reaction. After 24 
h, the reaction was stopped and the parent PCNB and product(s) were extracted as described for the 
fluorodifen reactions (Table 1). Products were identified by TLC, HPLC, and FAB-MS. x- x enzyme in
cubation, controls: o- -o no enzyme, o -- o no GSH. 

thione. The initialrate ofthe reaction was estimated at 1.5 nmoles/ h·mg protein and 
a final conversion to 80 OJo water-soluble metabolites was observed in 24 hr. Although 
two major products were detected from this enzymatic reaction, only one of these 
products [S-(pentachlorophenyl)glutathione] was identified. This product had TLC, 
HPLC and FAB mass spectral properties identical to the standard. 

Atrazine is an inhibitor of photosynthesis and it is widely used as a herbicide for 
controlling weeds in corn (Zea mays). Although atrazine is not volatile, some data 
suggest that atrazine may be transported in aerosols or in particulate matter from 
agricultural areas to remote forests in Bavaria4• 

Enzymatic conjugation with glutathione is the primary mechanism of atrazine 
detoxification in atrazine-resistant monocotyledonous plants such as corn, sorghum, 
and sugarcane. Susceptible species, such as broadleaf weeds and grasses, arenot able 
to detoxify atrazine by this mechanism. Enzyme extracts from P. glauca and P. abies 
were evaluated for their ability to detoxify atrazine by conjugation with glutathione. 
The extracts were incubated with [1 4C]-atrazine at 30°C as described for PCNB. 
Both, the enzyme extracts from P. abies and P. glauca had no activity towards atra
zine under these conditions. 

Prelirninary studies with Picea abies and Picea glauca have shown that these spe-
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cies contain GST enzymes that are active with several xenobiotics, including a herbi
cide and a fungicide. However, the Ievel of GST activity observed in these conifers 
appears to be somewhat lower than that observed in some crop species. Additional 
studies are needed to determine if the Ievel of GST activity and the range of GST iso
zymes present in Picea is sufficient to protect these trees from darnage due to air
borne pollutants. It also appears that the effect of airborne atrazine on spruce trees 
should be studied in more detail since atrazine does not appear to be metabolized by 
the GST enzymes from spruce. 
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DIURNAL CHANGES IN THE THIOL COMPOSITION OF 
SPRUCE NEEDLES 

R. Schupp and H. Rennenberg 
Fraunhofer Institut für Atmosphärische Umweltforschung, Kreuzeckbahnstr. 19, 
D-8100 Garmisch Partenkirchen, F.R.G. 

In spruce needles and twig axes, the concentrations of glutathione -y-glutamyl
cysteine, but not of cysteine, undergo light-dependent diurnal changes. In the needies 
the glutathione concentration was high during midday and low during the night. The 
glutathione concentration in the twig axes and the -y-g/utamyicysteine concentrations 
in the needles proceeded in inverse daily changes. It, therefore, may be assumed that 
(1) synthesis of g/utathionefrom -y-glutamylcysteine and (2) transport of glutathione 
between needles and twig axes account for the diurnal variations of glutathione in 
the needles. Considering the amplitudes of the observed fluctuations and the weight 
ratlos of needies and twig axes these processes couid oniy contribute to part of the 
alterations of the g/utathione concentration in the needles. The invo/vement of addi
tional regulatory factors is discussed. 

The tripeptide glutathione (-y-L-glutamyl-L-cysteinyl-glycine) is the most abun
dant low-molecular-weight, soluble thiol in plant cells1• On a cellular basis, its con
centration varies from 0.1 to 0.7 mM depending on the plant species analyzed1• 

Some of the factors affecting the cellular concentration of glutathione ha ve been ana
lyzed in leaves of conifers. E.g. in spruce needles, glutathione undergoes an annulll 
rhythm with high concentrations in winter and spring and low concentrations during 
the surnmer2; the concentration of glutathione changes with the elevation of the 
forest stand3 and depends on the nutritional status of the plant. In needles of spruce 
trees exposed to so2 an increased Ievel of glutathione was observed4- 6• In Spinach 
plants fumigation with H2S resulted in an accumulation of glutathione and cysteine 
in the light, whereas the -y-glutamylcysteine content increased during darkness7• Be
cause of the inverse fluctuation of both thiols Buwalda et al.' concluded that degra
dation of glutathione to, and its synthesis from -y-glutamylcysteine are the processes 
responsible for the light-dependent changes in the glutathione content of the leaves. 
Although Iabaratory experiments with several plant species clearly showed that light 
affects the concentration of glutathione in green tissue7- 11, the regulatory factors 
mediating these fluctuations have so far not been elucidated. The present experi
ments were performed to investigate light-induced changes in the thiol composition 
of spruce trees growing in the field. 

The glutathione concentration in spruce needles increased during the morning 
reaching its maximum Ievel of 0.28 mM at about 14.00 h. It decreased later during 
the afternoon and remained relatively constant at its minimum Ievel of 0.18 mM dur
ing the night (Fig. lA, 2A). 

Whereas the cysteine content of the needles did not show significant changes within 
a 24 hour period (Fig. lC), the -y-glutamylcysteine content varied in a way inverse 
to the glutathione concentration (Fig. 18). To investigate the light-dependence of 
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Fig. 1. Diurnal fluctuations in thc thiol composition of needles and twig axes of Norway spruce. Necdles 
(Fig. I A-C) and twig axes(Fig. la-c) wereharvested within a 24 hour period beginning at 7 a.m. and stored 
in liquid nitrogen. Extractions of homogenized samples were derivatized with monobromobimane. Sepa
ration of ofthe derivatives of glutathione (0-0, • - •>. 'Y-glutamylcysteine ( o - o, • - •) and cys
teine ( .o. - .o. , .t. - .t. ) was achieved by reverse-phase HPLC. Methods: Experiments were performed with 
a group of three isolated spruce trees approximately 100-150 years old with apparently healthy appear
ance. Branches were cut on the western side of the trees 2.0-3.0 m above ground. Afterseparation needles 
and twig axes were stored separately in liquid nitrogen. Frozen needle powder or pieces of twig axes were 
extracted as previously describedl2. Homogenization was performed at 4"C by three strokes, 30 seconds 
each, with an Ultra Turrax biender (Janke and Kunkel, Typ 25, Staufen, F .R.G.) at 24,000 rpm in a sus
pension of 0.1 N hydrochloric acid, 1 mM EDTA and 6 Ofo (w/ v) insoluble PVP; six aliquots of each sam
ple containing 0.2 g fresh weight needles or 0.4 g fresh weight twig axes were extracted with 7 ml or 14 
ml extraction medium, respectively. For recovery analysis 40 nmol GSH, 8 nmol cysteine and 4 nmol -y
glutamylcysteine was added to half of the needle extracts prior to homogenization; for analysis of twig 
axis the amounts of internal Standards were doubled. After centrifugation at 48,000 x g aliquots of the 
supernatant fractions were neutralized with 200 mM CHES buffer, pH 9.3, and subjected to reduction 
with DTT. Thiols were derivatized by addition of monobromobimane solution (Calbiochem, La Jolla, 
USA). Separation and quantification of the derivatives was achieved by reverse phase HPLC on a RP-18 
column (250 mm x 4.6 mm i.d., ODS- Hypersil, S pm pore size; Bischoff, Leonberg, F.R.G.) and 
nuorimetrical detection at 480 nm by excitation at 380 nm. Aqueous 0.25 "lo acetic acid (pH 3.9) contain
ing a gradient of lO "lo to 14 "lo methanolwas used for elution. PAR was measured with a quantum meter 
(Li-1858; quantum sensor Li l90Sb; Li-Cor Inc., Lincoln, USA). Temperature was monitared continu
ously with a general purpose temperature probe (AC 2626, Analog Devices, Nerwood, UK). The data 
shown are means of two independent experiments with 3 replicates each. For some data standard devia
tions were too small tobe considered in the graph. 
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Fig. 2 and 3. Light dependence of the glutathione and 'Y-glutamylcysteine concentrations in ~pruce needles. 
At the time of the day indicated needles were harvested from twigs of the same branch, either exposed 
to naturallight conditions (open symbols), or shaded by enclosure in a black cotton bag (closed symbob). 
Arrows indicate the addition (I) or removal (1) of the bag. Both the glutathione and 'Y-glutamylcysteine 
content (Fig. 3) of the needles were measured in uneavered controls ("' - "' , o - o ), in needles of 
branches enclosed in a black bag very early in the morning <• - •>. or durlog late morning ( & - • , 

• - • }. For one of the experiments temperature (~ - ~) and PAR (Ji - Ji) are shown in Fig. 2B. Inside 
the bag light intensities were lower than 20 I'E (m2 sec)-1, temperatures were l-2"C higher than in am
bient air. Thiol analysis was performed as described in Fig. 1. 

these inverse diurnal changes, branches were covered with a black cotton bag. Light 
intensities of up to 20 p.E (m2 s)-1 and l-2°C higher temperatures were measured in
side the bag. When branches were enclosed in the bag at 8.00 h, the glutathione con
centration of the spruce needles did not increase during the day but remained con
stant at its minimum Ievel (Fig. 2A). Enclosing branches in the bag within the period 
of increasing glutathione and decreasing -y-glutamylcysteine concentrations caused 
the glutathione content of the needles to decrease immediately (Fig. 2A), but the -y
glutamylcysteine content to increase (Fig. 3A, B); when the bag was removed, the 
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concentration of both thiolswas adjusted to the Ievel observed in uneavered controls 
(Fig. 2A, 3C). Because of its approximately 5 times lower diurnal amplitude as com
pared to glutathione, the changes of the -y-glutamylcysteine are too small to account 
for the total changes in the glutathione content within a 24 hour period. Apparently, 
light-dependent synthesis of glutathione from -y-glutamylcysteine and degradation of 
glutathione to this dipeptide can only be responsible for less than 20% of the diurnal 
fluctuations in the glutathione content of spruce needles (Fig. lA, B). 

Therefore, the concentrations of the thiols in the twig axes of needles were ana
lyzed. The thiols in the twig axes showed alterations within a 24 hour perioddifferent 
from those observed in the needles (Fig. la-lc). Only the patterns ofthe -y-glutamyl
cysteine concentrations in needles and twig axes resembled each other with low con
centrations during midday and high concentrations during the night (Fig. lB, lb). 
However, the diurnal amplitude in the twig axes amounted to only half the amplitude 
found in the needles. In addition, the decline in the -y-glutamylcysteine concentration 
of the twig axes in the morning and the resultant minimum concentration during.mid
day, was delayed as compared to the needles. The patterns of the cysteine and 
glutathione concentrations in the twig axes (Fig. 1 c, a) are quite similar, although the 
cysteine content of the needles did not show significant changes within a 24 hour peri
od. In the light, the glutathione concentrations in the twig axes changed in a way in
verse to the glutathione concentrations of the corresponding needles. In fact, the di
urnal amplitudes of glutathione in needles and twig axes were with 0.1 mM almost 
identical. But concerning the fresh weight of the twig axes, which amounted to only 
18.3 ± 8.3 O!o of the total fresh weight of the twig needles plus twig axes, transport 
processes between needles and corresponding twig axis might contribute to Iess than 
20 % of the diurnal fluctuations in the glutathione content of the needles. Buwalda 
et af.1 could explain the light-dependent changes in the pools of glutathione and 'Y
glutamylcysteine in spinach leaves with an interconversion of the two thiols. From 
the present experiments it appears that additional processes participate in tbe light
dependent changes in spruce. Either transport of glutathione from other parts of the 
trees to the needles and/or de novo sulfate reduction and assimilation might be 
responsible for the increasing glutathione concentrations during the morning. In the 
latter case, the availability of 0-acetylserine for cysteine synthesis13 and/ or en
hanced APS-sulfotransferase activity14 have to be considered as regulating factors. 

In the present experiments tbe same diurnal variations were observed when DTT 
or NaBH4 was used as a reductant during the extraction of glutathione. NaBH4, but 
not DTT is a reductant sufficiently strong to reduce glutathione-mixed-disulfides 
with proteins and other cellular thiol components. Therefore, the finding of diurnal 
changes when NaBH4 was used as a reductant is evidence that the degradation of 
mixed disulfides is not a significant factor in the light-dependent increase in tbe con
centration of glutathione. 

From the data presented, it can not be excluded that the decline in the glutathione 
content of the needles in the afternoon is mediated by the degradation of glutathione 
via cysteine to hydrogen sulfide tbat may be emitted into the atmosphere15• 16• 

However, recent experiments with attacbed branches of spruce trees did not show sig
nificant differences in the hydrogen sulfide emission during the morning and the af
ternoon (Rennenberg, unpublished results). Therefore, an export of glutathione 
from tbe needles to other parts of tbe tree as previously observed with other 
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plants17- 19 may be responsible for the decline in the glutathione content of spruce 
needles in the afternoon. Such a transport may take place in analogy to the carbon 
allocation of plants, which was also found to exhibit diurnal changes20• 

Further experiments are needed to evaluate the impact of long- distance transport 
versus metaballe processes in the diurnal fluctuations in the glutathione concentra
tion in spruce needles. 
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THE ROLE OF METAL-BINDING COMPOUNDS 
(PHYTOCHELATINS) IN THE CADMIUM-TOLERANCE 
MECHANISM OF BLADDER CAMPION (SILENE VULGARIS) 

J.A.C. Verkleij*, P.L.M. Koevoets*, J. van 't Riett, J.A. de Knecht* and 
W .H.O. Ernst* 
* Department oj Ecology of Ecotoxicology and t Biochemical Laboratory, Free 
University of Amsterdam, De Boelelaan 1087, 1081 HV Amsterdam, The 
Netherlands. 

In roots oj Cd-sensitive and -tolerant plants oj Silene vulgaris 14.5 ICDa Cadmium
binding compounds are induced ajter exposure to Cd. Upon purification these com
pounds appeared to consist solely oj Glx, Cys and Gly in a ratio of 3:3:1 or 2:2:1, 
respectively. These Cd-binding compounds are identical to the so-called phytochela
tins. The 14.5 kDa compounds, containing most oj the Cd that has been Iaken up 
by the plants, are probably associated jorms of the much smaller phytoche/atins. 
Both types oj plants synthesized nearly similar amounts of phytochelatins upon Cd
stress. The amount oj Cd bound to phytochelatins in the tolerant plants is about 
twice as high as in the sensitive ones. Presumably the Cd-thiopeptides do not only 
play a role in the detoxification of Cd but are also involved in the tolerance of the 
plants to Cd. 

Many plant species are known to have evolved metal tolerance in response to the oc
currence of soils contaminated either naturally or artificially by toxic metals such as 
Zn, Cu, Pb and Cd1• A variety of mechanisms, dependent on the type of metal, has 
been proposed to explain metal tolerance. They include: exclusion of metals from the 
plant, compartmentation of metals in vacuoles and cell walls, evolution of metal 
tolerant enzymes and specific metal-binding proteins and peptides2• Especially in 
the case of Cu- and Cd-toxicity metal-binding peptides (poly(-y-glutamylcysteinyl) 
glycine or phytochelatins) should Sequester the metals by virtue of their high affinity 
for these toxic metals3· 4• 

Silene vulgaris is one of the pioneer species of heavy metal contaminated soils and 
Cd-tolerant as weil as Cd-sensitive populations are known of this organism5• These 
populations are excellent objects to investigate the rote of metal-binding compounds 
in the Cd-tolerance mechanism. Upon Cd-stress the biomass production and root 
growth differed quite significantly between Cd-tolerant and sensitive plants5• High 
amounts of cadmium, 90-950Jo of the total Cd-content on a whole plant basis, were 
found in the roots of the tolerant plants; less than 800Jo in the sensitive ones. Apart 
from the difference in root/shoot ratio of the Cd-concentration, it is obvious that 
the Cd-concentration in the roots by far exceeds that in the shoots. This means that, 
at least in the roots of tolerant plants, an effective detoxification mechanism must 
exist. 

After chromatography of root-extracts of sensitive and tolerant plants, grown on 
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Fig. 1. FPLC-Superose 12 gel filtration profiles of root extracts of a Cd-tolerant (c,d) and a-sensitive (a,b) 
plant of Silene vulgaris after 3 weeks growth on 0 J.LM (a,c) and 40 1-'M Cd (b,d). Roots (4-5 g) from both 
tolerant and sensitive plants from the experiments with a cadmium concentration .of 0 14M (control treat
rnent) and 40 JLM (Cadmium treatment) were harvested, washed in deionized water and homogenized in 
20 mM Tris-HCI, 5 mM ß-mercaptoethanol and l mM phenylmethansulfonyl fluoride, pH 7.3 at 4"C us
ing an Omnimixer (Sorvall, Du Pont, Dei. USA). The slurry was strained through four layers of cheese
cloth and the filtratewas centrifuged at 100,000 g for 90 min at 4"C. Supernalants were applied on an 
FPLC-Superose 12 column (HR 10/30, Pharmacia LKB Fine Chemicals, Uppsala, Sweden). Elution (24 
ml h- 1

) took place with NH4HC0
3 

(100 mM, pH 8.0) at room temperature. Fractions (1.5 ml) were col
lected with a Pharrnacia Frac 100 fraction collector and the effluents monitored at 254 nrn. Cadmium in 
the fractions was determined by atomic absorption spectrophotometry (Perkin-Elmer 4000, Überlingen 
FRG). 

0 and 40 ILM Cd, on a FPLC-Superose-12 column we obtained the following profiles 
(Fig. 1). Only in extracts from both types of plants, grown on 40 ILM Cd, one major 
Cd-containing peak with an apparent m.m. of 14.5 kDa and containing more than 
900Jo of the cadmium, was present. No distinct Cd-containing peak with a lower 
Mol. Wt. was found in cantrast to analyses of Cu-containing compounds in plants 
grown on 40 ILM Cu6• The A25/ A280 ratio of the 14.5 kDa peakswas about 1.5, sug
gesting the presence of mercaptide bonds. In extracts from plants, grown on a control 
solution, we could not detect these 14.5 kDa compound. Both tolerant and sensitive 
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Tab/e 1. The amount of Cd {nmol/ ~g protein) bound to the 14.5 kDa, A254-absorbing compound. Isola
tion and purification were similar to the methods described under Fig. I Cd was determined by atomic 
absorption spectrophotometry and protein witb Coomassie Brilliant Blue RZS014• 

Cd-treatment 

0 
40 

Cd-tolerant 

0,07 ( ± 0.01) 
7.56 (±0.23) 

Cd-sensitive 

0.12 ( ± 0.02) 
3.31 (±0.21) 

plants synthesized nearly the same amounts of Cd-binding compounds after Cd
treatment based on the absorption at 254 nm. However, the amount of Cd bound 
to the 14.5 kDa compound, calculated on protein basis, distinctly differed between 
the tolerant and sensitive plants (Table 1). A somewhat similar result was obtained 
in Agrostis gigantea, in which a Cd-tolerant clone produced in the roots more 'Cd
binding proteins' to which a higher percentage of Cd was associated compared with 
the sensitive clone7• The Mol.Wt. estimates of the observed Cd-binding compounds 
are of the same order of those obtained in tomato, cabbagge and tobacco8•9• 

Upon gelfiltration on Sephadex G-75 of the cell-free extracts of both plants, nearly 
all of the eluted Cd was associated with a high m.m., UV-absorbing fraction B (Fig. 
2a,b). Cadmium was always present in the Iarge m.m. complex and never eluted with 
the total included volume. The fractions, containing the highest Cd content (frac
tions 29, 30) were chromatographed on an anion-exchange FPLC-Mono-Q column 
and at 0.6 M NaCl one major Cd-containing peak eluted, which accounted for nearly 
1000Jo ofthe recovered metal (Fig. 3). We did not detect any difference in elution pat
tern between material obtained from Cd-tolerant or -sensitive plants. Peak-fractions 
obtained from anion-exchange chromatography were further purified on FPLC
Superose-12 gelfiltration. The elution profiles from both types of plants reveal only 
one peak with an apparent molecular mass of 14.5 kDa containing nearly all the reco
vered cadmium (Fig. 4a,b). 

The amino-acid composition of the purified Cd-containing compounds from both 
types of plants revealed a striking similarity with the amino-acid composition of the 
so-called phytochelatins or poly('y-glutamyl cysteinyl)glycine: Glx, Cys and Gly ac
counted for more than 90% of all amino-acids in the ratio 2:2:1 (Table 2) or 3:3:1 
respectively. These presumably bis- and tris-forms of phytochelatins were detected 
in the tolerant as well as in the sensitive plants. Furthermore, in the Cd-sensitive and 
-resistant Datura cell-suspension cultures only the bis- and tris-forms were present10• 

In the presence of Cd-ions these polypeptides form multimeric aggregates in vivo, 
which show high affinity to Cd and bind most of the soluble free Cd ( > 900!o ). Acid
labile sulfide seems tobe involved in the Sequestration of Cd to these compound and 
could explain the difference in Cd-binding between tolerant and sensitive plants 3• 

After SDS-Polyacrylarnide gel electrophoresis we detected low m.m. silver stain
able compounds migrating with almost the same mobility as the tracking dye (Bromo 
Phenol Blue). They were only detectable in root extracts of both types of plants after 
exposure to high concentrations of cadmium. 

There is now strong evidence that phytochelatins are produced in higher plants or 
plant cell suspension cultures, algae and fission yeast when exposed to Cd4• Our 
studies on Cd-sensitive and tolerant Silene vulgaris under Cd-treatment strongly sug
gest the induction of similar compounds, which are evidently related to these pep-
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Fig. 2-4. In order to purify and characterize the cadmium-binding compounds supernatants were chro
matographed an Sephadex G-75 column (Pharmacia). Elution (24 ml h-1) was carried out with Tris-HCl 
(20 mM, pH 8.0) at 4°C (upper Figure). Top fractions obtained by G-75 filtration containing high concen
trations of Cd were subsequently applied on FPLC-mon Q anion exchange chromotography colurnn (HR 
5/5) and eluted by a linear salt gradient (0.0-1. 5 NaCl)in 20 mM Tris-HCI, pH 8.0. Top fractions obtained 
by anion exchange chromatography an FPLC-Mono Q (fractions from peak I, middle Figure) were chro
matographed on an FPLC superose 12 column (HR 10/30) equilibrated with 100 mM NH4HC03, pH 8.0 
(lower Figure). Cd was deterrnined by AAS (Perkin & Eimer 1100 Graphite furnace). Columns were 
calibrated with BSA, trypsin inhibitor, cyt c, aprotinine, insuline, insuline-a and -fJ chain having a m.m. 
of 134/67, 20.0, 12.5, 6.5, 5.7, 3.4 and 2.4 kDa, respectively. 
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Table 2. Amino-acid composition of 14.5 kDa Cd-binding compounds of root extracts of a Cd-sensitive 
(a} and a Cd-tolerant (b) Silene vulgaris. 0.5 ml fractions of 14.5 kDa Cd-containing material from the 
last purification step in a FPLC-Superose-12 column (following FPLC-Mono-Q anion exchange chro
matography} were freeze dried, oxidized with perfonnie acid, freeze dried and hydrolyzed in 6 N HCI with 
0.01 DJo phenol for 1 h at 150"C in evacuated sealed tubes, followed by phenylisothiocyanate (PITC) 
derivatization and separation by reversed phase (PP)HPLC15• 

Amino Acid Residue OJo of Total Residues 
sensitive (a) tolerant (b} 

•cysteine 
Aspartate 
Glutamate 
Glycine 
Serine 
Histidine 
Arginine 
Threonine 
Alanine 
Praline 
Tyrosine 
Valine 
Methionine 
Isoleueine 
Leueine 
Phenylalanine 
Lysine 

* Determined as half cystine. 

31.2 
3.0 

33.2 
16.5 
3.6 
0.6 
0.8 
1.6 
1.1 
0.3 
2.7 
0.9 
0.1 
1.4 
1.8 
0.6 
1.2 

33.9 
1.4 

35.2 
17.2 
3.7 
0.5 
1.3 
0.6 
0.3 
0.6 
2.4 
0.6 
0.1 
0.4 
0.5 
0.8 
0.5 

tides. Because most of the cellular Cd appeared to be bound to this complex it seems 
obvious to conclude that these compounds play a key role in the Cd-detoxification 
mechanism. 

However, it is doubtful if such compounds play a major role in naturally selected 
Cd-tolerance based on the following observations: 
1. Cd-tolerant as well as sensitive plants produce approximately the same amount of 
PC when exposed to the same Ievel of Cd-exposure. 
2. Zn-tolerant plants of Silene vulgaris from a zinc-lead mine (containing very low 
Ievels of Cd) and Zn-Cd-tolerant ones from a zinc-lead-cadmium mine exhibit the 
samehigh Cd-tolerance. After exposure to Zn, PC-production seems to be absent in 
sensitive and -tolerant plants. 
3. Most of the studies on PC-production under Cd-stress were performed with cell
suspension cultures of vegetables and crop plants. In fact, none of these species from 
which Cd-tolerant celllines have been selected thus far, exhibits genetically evolved 
and fixed metal-tolerance at the Ievel of the intact plant11 • 

Therefore, it is likely that these metal-binding peptides (PC) play a role in the 
homeostatic control of metal ions. This function may be important in response to 
extracellular concentrations and, in the case of essential micronutrients, in the 
intracellular control of the metal metabolism12, as was proposed for metallothio
neins13. If PC are involved in the mechanism of metal-tolerance, their role is more 
limited and differentiated and cannot be generalized4• Resistance to metals in higher 
plants is mostly very specific and the primary toxic effects of metals in cells and or
ganisms are hardly known2• 
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EFFECT OF CHILLING ON GLUTATHIONE REDUCTASE 
AND TOTAL GLUTAmiONE IN SOYBEAN LEA VES 
(GLYCINE MAX (L) MERR)1 

Thomas L. Vierheller and Ivan K. Smith 
Department of Botany, Ohio University, Athens, Ohio 45701, USA 

Exposure oj cold-sensitive soybean plants (Giycine max (L) Merr) to chilling Iernper
atures (5 °C) had Jittle ejject on the kinetic characteristics oj glutathione reductase 
(GR) (EC I. 6.4.2). Highest affinity jor substrates was jound to occur at lower assay 
temperatures. At saturating substrafe concentrations, the rate of oxidized gluta
thione reduction in vitro had a Q10 of 2 in the temperature range oj 5°C to 35°C. 
Growth oj soybean plants at 5 °C or 35125 ° jor 3 weeks had no significant effect on 
the amount of extractable GR when the developmental decline oj enzyme activity is 
considered. Chilling exposure produced a 4-fo/d increase in total g/utathione in se
cond trifo/iate leaves and a significant decrease in the GSH/ GSSG ratio. 

The idea that glutathione and glutathione reductase (GR) (EC 1.6.4.2) are involved 
in tolerance to or avoidance of biological stresswas developed in Levitt's thiol:di
sulfide hypothesis of frost injury and resistance in plants1• According to this hypo
thesis, frost resistance would result from prevention of thiol oxidation, thiol:di
sulfide interchange, and formation of intermolecular disulfides. The requirements 
are: a pool of GSH for the oxidant scavenging or reducing system, an active GR to 
regenerate GSH, a supply of NADPH, and most importantly, Operation of the sys
tem at low temperature. A variety of studies have shown that a frequent response to 
low temperature is an increase in the amount of glutathione and/ or GR in leaves. The 
study of Esterbauerand Grill is representative: they measured an annual fluctuation 
of glutathione and GR Ievels in needles of field-grown spruce (Picea abies L.), with 
the maximum amounts of both being present in the winter months. The seasonal vari
ation in GR activity also occurred in 22 other evergreen winter-hardy pJants2 and 
seasonal variation of glutathione in Picea abies L. was recently confirmed by Schupp 
and Rennenberg3• 

Because cold-tolerant plants have been used in most studies on the rote of gluta
thione in low temperature stress, our goal is to determine the effects of chilling tem
peratures on the in vitro characteristics of GR and the in vivo Ievels of glutathione 
and GR of a chili-sensitive plant, soybean (Giycine max (L) Merr). 

Effect of temperature on GR in vitro 

The effect of temperature on GR activity in vitro is shown in Fig. I. Within the range 
of 5° to 35° , the rate of GSSG reduction increased with a Q10 of approximately 2. 

1 Supported by a grant from the National Science Foundation (DMB 842106S) to I.K. Sm.ith. 
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Fig. 1. Effect of assay temperature on soybean OR activity in vitro. OR activity was measured in crude 
tissue homogenates by monitaring the increase in absorbance at 412 nm when DTNB (S,S'-dithiobis
(2-nitrobenzoic acid)) is reduced by OSHIZ. The components of the reaction mixture, 1.1 ml 0.2 M 
potassium-phosphate buffer (pH 7.5) containing 1 mM EDTA, O.S m1 3mM DTNB, 0.1 ml 2 mM 
NADPH, and 0.1 ml 20 mM GSSG, were mixed in a 4.5 ml cuvette and temperature equilibrated in a 
Model 900 Isotemp Refrigerated Circulator (Fisher Scientific, Pittsburgh, PA) attached to a spec
trophotometer. The reaction was initiated by adding 0.2 ml of plant extract. 

These results were obtained using saturating concentrations of NADPH (100 1-LM) 
and GSSG (1 mM). The effect of temperature at non-saturating concentrations, as 
indicated by an effect on the apparent Kms, is presented in Table I. The range of 
KNADPH and K0550 are in generat agreement with those obtained by several workers, 
using a variety of plants4. For plants grown at 25°/20°, an increase in assay temper
ature from 15° to 35° caused a decline in the affinity of the enzyme for both sub
strates. The effect of temperature on affinity was not as large as that reported by 
Mahan et a/_~, but was similar to the results of Guy and Carter6, who reported that 
the KNADPH (8 ~oLM) was similar at so and 25° and the Kassa was 24 ,.,.M at so and 
38 ,.,.M at 25°C, using the enzyme from non-hardened spinach. In cold- hardened 
spinach, however, the kinetic characteristics were significantly different when the en
zyme was assayed at so (KNADPH 2 ,.,.M, Kosso S ~oLM) and 25°C (KNADPH 6 1-4M, 
Kosso 52 ,.,.M), and these differences were shown to be due to the synthesis of new 
isozymes6• By contrast, exposure of soybean to 5o for 2 weeks had little effect on the 
kinetic characteristics of extractable GR (Table I). 
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Tobte I. Effect of temperature on the kinetic constants of soybean GR. Soybean plants were grown on 
a regime of 12 h light (300 I'E/ m2/ s) at 25° and 12 h dark at 20°C until the sccond trifoliate lcaf was well
developed. Plants were then placed in soc environment with the same photoperiod and light intensity. 
GR was purified by modifying the protocol of Connell and Mullet13. Fifty g of leaf tissue was 
homogenized in 200 ml of 50 mM Tris/HCI buffer witb 2.5 g PVP and S mM EDTA. GR was precipitated 
in the 40-SO'lo fraction of (NHJ2S04, applied to a DEAE-cellu1osc column and eluted with a 0.05-0.25 
M KCI gradient. GR was further purified with a 5 ml column of ADP-agarose and eluted with NADP. 
Thc GSSG concentration was O.S mM for the determination of KNADPH and 0.1 mM NADPH was uscd 
to determine KoSSG. 

Assay KNADPH Kosso 
temperature I'M I'M 

Plants grown 15 2.8 15 
at 25/20°C 25 3.8 21 

35 4.2 24 

Plants grown at 15 4.0 14 
5/ soc for 2 weeks 2S 8.4 21 

35 1 .S 26 

Effect of chiJiing on extractable GR activity 

In soybean, the amount of extractable GR, on a U/g FW basis, declines as the Ieaf 
matures. Growth of plants at 5°C or 35° /25°C had no significant effect on the 
amount of extractable GR, when this developmental decline is taken into considera
tion (Table 2). This observation contrasts with previous work with spinach, where 
hardening at 5° for 4 weeks caused a 1.6-fold increase in extractable GR that was cor
related with an increase in GSH/ GSSG ratio6• 

Effect of cold on glutathione Ievels in soybean Ieaves 

Exposure of soybeans to 5°C caused an increase in the totaJ glutathione and a 
decrease in GSH/GSSG ratio, although the exact quantitative Ievels differed in ma
ture and immature leaves (Table 3). In mature primary leaves the total amount of 
glutathione increased more than two-fold in the first week, but then remained rela
tively stable for two weeks during which time the pool of glutathione became progres
sively more oxidized. Whereas in immature second trifoliate leaves, glutathione con
tinued to accumulate over a three-week period, but again, the GSH/ GSSG ratio 
declined. These results emphasize the importance of determining GSH and GSSG 
separately in any studies of the effect of stress on glutathione Ievels: the two-fold in
crease in total glutathione in primary leaves over a 3 week period, which might super
ficially be regarded as desirable, is revealed by the GSH/ GSSG ratio as indicating 
extreme stress. The data in Table 3 indicate that at 5°C the rate of GSH oxidation 
exceeds the rate of GSSG reduction. 
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Tab/e 2. Effect of chilling on GR activity in soybean leaves. Leaf tissue was ground with a little sand in 
a mortar in 10 volumes 0.1 M potassium-phosphate buffer (pH 7.5) containing 0.5 mM EDTA, the brei 
was filtered through cheese cloth and the filtrate centrifuged at 20,000 g (10 min) to sediment particulate 
matter. GR was assayed by monitaring the change in absorbance at 412 nm as DTNB is reduced12. 

Leaf 

Primary 

Second 
Trifoliate 

Conditions 
weeks at "C 

0 
I 
2 
3 

0 
1 
2 
3 

0 
1 
2 
3 

0 
1 
2 
3 

515 

35/25 

5/5 

35/25 

OR 
U/g FW 

2.2 
1.8 
1.8 
1.8 

2.2 
1.8 
1.7 

2.1 
2.2 
1.7 
1.7 

1.8 
2.0 
1.5 
1.4 

Table 3. Effect of cold on glutathione Ievels in soybean leaves. Glutathione was measured by the coupled 
GR assay14 • Plants were grown at 25/ 20°C until the second trifoliate leaf was weil developed and then 
transferred to the temperature regime given in the table. 

Conditions: nmollg FW GSH 
Leaf Weeks at oc GSH GSSO OSSG 

Primary 0 S/ 5 860 10 86 
I 1880 230 8.2 
2 1060 590 1.8 
3 290 1390 0.2 

0 35/25 930 10 93 
I 470 10 47 
2 390 10 39 
3 700 10 70 

Second 0 515 1090 20 55 
Trifoliate I 2690 160 17 

2 2450 760 3.2 
3 2200 2190 1.0 

0 35125 940 10 94 
I 870 10 87 
2 680 10 68 
3 900 10 90 
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Discussion 

Because the sole function of GR is the reduction of GSSG, we would expect GR 
localization close to the sites of GSSG production. In peas, two-thirds of the enzyme 
is localized in the chloroplast and a third is extrachloroplastic7•8• Previous estimates 
of chloroplastic and cytoplasmic glutathione concentrations7•8•9 and the amounts 
reported in Table 3 suggest that usuaUy GR would be saturated with GSSG (see Km 
in Table 1). The amount of GR does not appear limiting, in soybean the total activity 
at 5°C is 0.5 U/g FW or 500 nmollmin/g FW (250Jo of 25°C rate; Table 2). This is 
enough activity to reduce approximately one-half the glutathione pool in one minute 
and would appear sufficient unless there is a very high rate of cycling. 

If the NADPH concentration in soybean is similar to that in oat mesophyll cells 
(30 1-4M)10, the enzyme would also be saturated by NADPH (see Table 1). However, 
there is no a priori reason for the sites of NADPH production and glutathione oxida
tion to correspond, because of the multiple uses of NADPH in plant metabolism, nor 
can it be assumed that plants grown at 5°C have the same ability to generate NADPH 
as do plants grown at 25°C. We conclude that the accumulation of GSSG at chilling 
temperature is primarily due to an inadequate supply of NADPH to enzyme; Burke 
and Hatfield11 also concluded that when winter wheat (Triticum aestivum L. var 
Kanking) is stressed due to water deficits the NADPH concentration may be limiting. 

Experimentsare in progress to determine NADPH concentrations of chilled and 
non-chilled soybean plants. Additional work to determine glutathione Ievels and GR 
activity in more chili-tolerant varieties of soybean is also in progress. 
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