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The low sulfur amino acid content of legume seeds restricts their nutritive value for animals. We have investigated the
limitations to the accumulation of sulfur amino acids in the storage proteins of narrow leaf lupin (Lupinus angustifolius)
seeds. Variation in sulfur supply to lupin plants affected the sulfur amino acid accumulation in the mature seed. However,
when sulfur was in abundant supply, it accumulated to a large extent in oxidized form, rather than reduced form, in the
seeds. At all but severely limiting sulfur supply, addition of a transgenic (Tg) sink for organic sulfur resulted in an increase
in seed sulfur amino acid content. We hypothesize that demand, or sink strength for organic sulfur, which is itself responsive
to environmental sulfur supply, was the first limit to the methionine (Met) and cysteine (Cys) content of wild-type lupin seed
protein under most growing conditions. In Tg, soil-grown seeds expressing a foreign Met- and Cys-rich protein, decreased
pools of free Met, free Cys, and glutathione indicated that the rate of synthesis of sulfur amino acids in the cotyledon had
become limiting. Homeostatic mechanisms similar to those mediating the responses of plants to environmental sulfur stress
resulted in an adjustment of endogenous protein composition in Tg seeds, even when grown at adequate sulfur supply.
Uptake of sulfur by lupin cotyledons, as indicated by total seed sulfur at maturity, responded positively to increased sulfur

supply, but not to increased demand in the Tg seeds.

Animals are unable to synthesize Met, and must
therefore obtain this essential amino acid from their
diet. Legume seeds such as soybean (Glycine max),
pea (Pisum sativum), or lupin (Lupinus angustifolius),
although rich in protein, are deficient in the sulfur
amino acids, from the point of view of animal nutri-
tion. In recent years, gene transfer technology has
been used to increase seed sulfur amino acid content
in several plant species, but in most cases the modi-
fied levels were still less than those required for
optimal animal production (Tabe and Higgins, 1998).

The nutritional quality of narrow leaf lupin seeds
has been improved by the addition of a sulfur-rich
sunflower (Helianthus annuus) seed albumin (SSA).
Of the 104 amino acids in SSA, 16 are Met and eight
are Cys, making the protein a rich store of sulfur
amino acids. SSA accumulated in mature seeds of
narrow leaf lupins expressing a chimeric SSA gene
controlled by the promoter from a pea seed storage
protein gene. The accumulation of SSA was associ-
ated with a doubling of seed Met relative to non-
transgenic (control), parental lupins, and an increase
in nutritive value of the seed for rats (Rattus norvegi-
cus) and sheep (Ovis aries; Molvig et al., 1997; White
et al., 2000). However, the sulfur amino acid content
of the transgenic (Tg) seeds was still less than would
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be necessary to balance the seed protein for optimal
animal nutrition.

Because SSA contains both Cys and Met, an in-
crease in the seed’s content of both these amino acids
was predicted. However, Tg seeds containing SSA
and increased Met had either the same or a slightly
lower content of Cys than controls. One reason for
this lack of an additive effect of Cys in the foreign
protein with the endogenous seed Cys could be a
limitation in sulfur amino acid availability in the
developing seed during storage protein synthesis.

Plants take up sulfur from the soil in the form of
sulfate. Sulfate is subsequently reduced to sulfide
and incorporated into Cys and then Met. These pro-
cesses are thought to take place predominantly in the
plastids of green tissue, utilizing reducing power
generated by photosynthesis (Leustek et al., 2000;
Saito, 2000). We have demonstrated recently that the
assimilation of sulfur into amino acids can occur to a
significant extent in the cotyledons of developing
lupin seeds during maturation (Tabe and Droux,
2001). Similarly, it has been reported that seed tissue
is the dominant site of ATP sulfurylase activity dur-
ing reproductive growth of soybean (Sexton and
Shibles, 1999). These findings provide evidence that
biosynthesis of Cys and Met in the developing seed
itself is an important source of sulfur amino acids for
storage protein synthesis, at least in the case of grain
legumes.

In the current study, we aimed to identify limita-
tions to the accumulation of Cys and Met in lupin
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seed protein. We investigated the effects of plant
sulfur nutrition and the addition of SSA, as a sink for
sulfur, on the accumulation of sulfur amino acids in
lupin seed protein. The pathway of sulfur assimila-
tion was surveyed in control and Tg SSA lupin seeds
grown under three regimes of sulfur supply. The
activities of four enzymes of sulfur amino acid bio-
synthesis were measured, along with the sizes of
various sulfur pools during and at the completion of
seed maturation. It was concluded that, except in
conditions of sulfur stress, demand for organic sul-
fur, which is itself normally regulated by sulfur sup-
ply, limited Cys and Met accumulation in non-Tg
lupin seed protein. In soil-grown Tg seeds with an
artificially increased sink for organic sulfur, de-
creases in metabolite pools indicated that flux
through the sulfur amino acid biosynthetic pathway
in the cotyledon became limiting. Sulfur uptake by
lupin seeds, as indicated by total seed sulfur at ma-
turity, increased with increasing sulfur supply, but
did not respond to increased demand for sulfur
amino acids in the Tg seeds.

RESULTS
Composition of Mature Lupin Seeds Expressing SSA

SSA accumulated in mature Tg lupin seeds grown
in conditions of controlled mineral nutrition with
three different sulfur nutrition regimes. The amount
of SSA was only slightly less in Tg seeds grown in
severely limiting sulfur than it was in Tg seeds
grown at a luxurious level of sulfur supply (Fig. 1).
The presence of SSA protein in the Tg seeds grown at
low sulfur (Tg:Low group) indicates that the chi-
meric SSA gene was not subject to down-regulation
in conditions of sulfur stress, as has been reported for
many genes encoding sulfur-rich seed storage pro-
teins (Chandler et al.,, 1984, and refs. therein). The
plants grown at low sulfur showed symptoms of
sulfur stress including yellowing, and smaller size
than plants in the other groups. Two SSA polypep-
tides of slightly different mobility were resolved in
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Figure 1. SSA in mature lupin seeds grown at different levels of sulfur
supply. The figure shows a western blot probed with an SSA-specific
antibody. Each track contains 10 ug of total seed protein from non-Tg
lupin (C) or Tg (Tg) grown at low sulfur, medium sulfur (Med S), or
high sulfur (for growth conditions, see “Materials and Methods”).
Track 7 (SSA) contains 40 ng of SSA purified from sunflower seeds.
M. marker sizes (X107 %) are shown at the left.
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protein extracts from all the Tg seeds. N-terminal
amino acid sequencing showed one to be a truncated
polypeptide (data not shown), possibly resulting
from some degradation or aberrant processing of the
SSA primary translation product.

X-ray fluorescence spectrometry (XRFS) was used
to quantify sulfur in flour from mature seeds of con-
trol and Tg lupins grown under the three sulfur
regimes. The technique was used to differentiate be-
tween sulfur in the +6 oxidation state (oxidized) and
sulfur with an oxidation number of less than zero
(reduced). These two fractions correspond mainly to
sulfate and sulfur amino acids, respectively, in plant
material (Pinkerton et al., 1989). The oxidized sulfur
quantified in seed flours in this study by XRFS was
shown by ion chromatography to correspond to sul-
fate, as expected (data not shown). The total sulfur
contents of the seeds varied widely with different
sulfur nutrition of the plants (Table I). At all levels of
sulfur nutrition, seeds of Tg lupins expressing SSA
had no more total sulfur than seed from the corre-
sponding control group of lupin plants. However, at
all except the lowest level of sulfur nutrition, the Tg
seeds contained significantly more reduced sulfur
and correspondingly less oxidized sulfur than the
control seeds grown under the same conditions. Tg
seeds contained approximately the same concentra-
tion of nitrogen as control seeds, so the ratios of
reduced sulfur to nitrogen were higher in the Tgs
than in the controls (data not shown). Average seed
weight varied relatively little among all but the Tg
plants grown in low sulfur, although there was a
tendency for Tg seeds to be slightly lighter than
controls grown in the same conditions (data not
shown).

At the lowest level of sulfur nutrition, Tg seeds
contained approximately the same concentration of
reduced sulfur as controls (Table I). Control seeds
grown under these conditions were in the normal
weight range for the cultivar (mean seed weight 171
mg), and contained the same concentration of nitro-
gen as the control seeds grown with the higher levels
of sulfur nutrition (nitrogen = approximately 5% of
seed dry weight). The Tg seeds grown with low
sulfur had a similar concentration of nitrogen to
those in the other groups, but weighed less (mean
seed weight 116 mg). Seeds from all experimental
groups except the Tg:Low group germinated readily
when sown in soil. Seeds of all plants of the latter
group had a shrunken appearance and failed to ger-
minate in soil (0 of 10 seeds from one Tg:Low plant
germinated compared with 10 of 10 seeds of one
plant from each of the other groups grown in con-
trolled mineral nutrition).

The total sulfur amino acid concentrations in flour
from mature control and Tg seeds grown in sand/
perlite with the three levels of sulfur nutrition were
determined (Table II). In seeds from Tg plants grown
at high sulfur (Tg:High) and Tg plants grown at
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Table 1. Sulfur in mature lupin seeds

Values shown are the mean = sp of the means of duplicate determinations on flour from pools of 6 g
of mature seed from each of either two or three plants for each group grown in soil or sand/perlite in
the greenhouse. For plants grown in the field, figures are the mean of the means of duplicate
determinations on flour from pooled samples of approximately 40 seeds, n = 4. Total sulfur was
determined separately; therefore, the total sulfur figures are not necessarily the perfect sum of the other

two figures. C, Control; Tg-C, difference between Tg and control.

Sulfur in Mature Seed

Plant Sulfur Nutrition Lupin
Genotype Reduced Oxidized Total
wmol sulfur g~ dry wt

High sulfur nutrient C 73.4 %19 52.2 2.4 123.4 %52
Tg 87.8 £ 1.6 28.4 = 0.6 111.6 £5.8
Tg— C 14.4 —23.8 -11.9

Medium sulfur nutrient C 58.8 =2.4 12.8 +0.2 68.8 + 2.1
Tg 71.6 £ 1.1 1.3 1.1 68.8 = 2.3
Tg—C 12.8 -11.6 0

Low sulfur nutrient C 26.3 = 1.2 0 25.0 £ 0.9
Tg 27.8 £1.9 0 259+ 1.8
Tg— C 1.6 0 0.9

Soil with sulfur supplement C 70.6 = 1.4 48.8 0.8 116.3 £ 1.3
Tg 89.7 £ 0.8 225+ 4.2 108.4 £ 4.4
Tg— C 19.1 —-26.3 —-7.8

Field C 734 2.4 26.6 + 3.8 98.8 = 5.4
Tg 85.6 = 2.7 12.8 = 3.1 97.5*+5.5
Tg— C 12.2 —-13.8 -1.3

medium sulfur (Tg:Med), total Met was doubled,
whereas total Cys was slightly less, compared with
the corresponding controls. These effects of the trans-
gene on seed sulfur amino acid composition were
similar to those observed when the two lupin geno-
types were grown in the field (Molvig et al., 1997). At
low sulfur supply, a slight increase in seed Met in the
Tg compared with the control was almost completely
offset by a corresponding decrease in seed Cys. At all
three levels of sulfur supply, Met plus Cys accounted
for approximately 65% to 70% of the reduced sulfur
measured in the mature seed by XRFS. The balance of
the reduced sulfur was probably in the form of me-
tabolites such as vitamins and cofactors or modified
amino acids such as S-adenosyl-Met. Some of the
difference between the reduced sulfur quantified by

XRFS and the total amino acid content of the seeds
may simply be because of a discrepancy between the
two analytical techniques.

Pools of Sulfur Metabolites in Developing Lupin Seeds

We measured the concentrations of three major,
reduced sulfur metabolites in developing seeds and
in other organs of control lupins and Tg SSA-lupins
grown in soil with supplementary sulfur. Free Cys
and Met and the tri-peptide glutathione were all
more abundant in cotyledons of developing seeds
than in the leaves, pods, or testa of developing seeds
(Table III). Leaves, pods, and testa of Tg plants with
the seed-expressed SSA gene contained approxi-
mately the same levels of the sulfur metabolites as

Table Il. Total sulfur amino acid contents of mature lupin seeds grown in sand/perlite at three levels

of sulfur nutrition

Separate samples of approximately 40 mature seeds from each of two plants per experimental group
were milled to fine flour. Sulfur amino acids were measured after performic oxidation and acid
hydrolysis. Figures are the mean = sp of a single determination on each of the two samples. C, Control.

. . Met/Cys
Sulfur Nutrition Lupin Genotype Met Cys Ratio
wmol g~ dry wt

High C 14.4 0.5 33.0*+1.2 0.44
Tg 26.8 = 0.9 31.0*+2.9 0.86

Medium C 13.9 0.2 25.6 = 0.0 0.54
Tg 26.8 = 0.9 22.7 1.8 1.18

Low C 9.7 £ 0.5 9.5+ 1.8 1.02
Tg 12.7 £ 0.9 74 *+1.2 1.72
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Table Ill. Pools of sulfur metabolites in organs of control lupins and Tg lupins grown in soil supple-

mented with sulfur

Each figure is the mean = sp of measurements on two separate extracts from the same pool of organs
representing approximately 40 seeds, 12 pods, or 30 leaves. All organs were harvested when the seeds
were at mid-maturation (approximately 30 d after flowering [DAF]). n.d., Not detected.

Sulfur Metabolite

Genotype Organ
Glutathione Free Cys Free Met
nmol g~ dry wt

Control Cotyledon 3,140 + 42 223 £ 6 1,108 = 160
Testa 390 £ 9 35 +2 111 = 11
Pod 241 £ 11 23 £ 3 n.d.
Leaf 493 £ 17 19 +£3 29 + 5

Tg Cotyledon 1,211 = 66 90 £ 7 139 = 30
Testa 321 £ 20 31 £10 55+ 6
Pod 218 £ 11 21 =5 n.d.
Leaf 450 = 52 16 £2 17 =1

the corresponding organs of control plants. How-
ever, the Tg cotyledons expressing SSA contained
smaller pools of all three metabolites in comparison
with the control cotyledons (Table III). The difference
was particularly notable for free Met, whose concen-
tration in Tg cotyledons was approximately 12% of
the concentration of Met in the control cotyledons.
However, in terms of the number of moles of reduced
sulfur, the largest difference between the Tg and
control cotyledons was in the level of glutathione.
It was not possible to measure oxidized sulfur in
the same cotyledon samples as above. However, ox-
idized sulfur was determined in pooled seeds, rang-
ing in age from early to late maturation, from plants
grown in sand/perlite with high sulfur nutrient. De-
veloping control lupin seeds contained 32.4 umol
oxidized sulfur g~' dry weight compared with 20.7
pmol oxidized sulfur g~' dry weight in Tg seeds
expressing SSA. Thus, the difference between the
oxidized sulfur pools in control and Tg seeds ex-
ceeded the differences in reduced sulfur metabolites
between the two genotypes during maturation.

Enzymes of the Sulfur Assimilation Pathway in
Developing Seeds of Control and Tg Lupins at Three
Levels of Sulfur Supply

The activities of four enzymes of the pathway of
sulfur amino acid biosynthesis were assayed in low-
salt extracts from developing seeds of control and Tg
lupins grown in soil or in sand/perlite at the three
levels of sulfur nutrition. The enzymes assayed were:
Ser acetyltransferase (SAT), which supplies carbon
and nitrogen skeletons for Cys biosynthesis;
O-acetyl-Ser (thiol) lyase (OASTL), which catalyzes
the combination of O-acetyl-Ser and sulfide to form
Cys; cystathionine y-synthase (CGS), the first enzyme
of the pathway committed to Met biosynthesis, and
cystathionine B-lyase (CBL), the second enzyme in
the trans-sulfuration pathway leading to Met. Devel-
oping seeds were harvested at an early (21 DAF),
middle (30 DAF), or late (40 DAF) stage of seed
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maturation (Tabe and Droux, 2001). The activities of
SAT, OASTL, CBL, and CGS were assayed in low-salt
extracts from the whole developing seeds (i.e. includ-
ing both cotyledon and testa).

Figure 2 shows the effects of sulfur nutrition on the
enzyme levels in the control lupins. The specific ac-
tivities of SAT and OASTL showed similar patterns
through seed development and a tendency to be
lowest in control:Low seeds, but they were not par-
ticularly sensitive to sulfur nutrition of the plants.
The specific activity of CBL showed the opposite
trend, with the highest activities found in control:
Low seed extracts (Fig. 2), indicating that the amount
of enzyme in seeds is up-regulated to some extent by
sulfur nutritional stress. The activities of SAT,
OASTL, or CBL did not differ consistently between
control seeds and Tg seeds expressing SSA at any of
the three levels of S nutrition (Fig. 3, and data not
shown for high and low sulfur nutrient).

CGS activity was measured in whole developing
seeds at mid-maturation (30 DAF) from plants grown
at either low or high sulfur nutrition. CGS activity
was also quantified in extracts from mid-maturation
developing cotyledons (approximately 30 DAF) from
plants grown in soil with a sulfur supplement (Table
IV). CGS activity showed little difference between the
seeds grown in low or high levels of sulfate. How-
ever, CGS activity in Tg whole seeds was substan-
tially higher than the activity found in the control
seeds. The CGS activity extracted from developing
Tg cotyledons was double that from cotyledons of
control soil-grown seeds. Thus, the increased sink for
sulfur amino acids in the Tg seeds was consistently
associated with an increase in CGS activity in the
developing seed.

We have calculated previously that the maximum,
in vitro activities of SAT, OASTL, and CBL from
developing lupin seeds are theoretically sufficient to
account for all the reduced sulfur that accumulates
in the mature seed (Tabe and Droux, 2001). Simi-
larly, the theoretical maximum activity of CGS dur-
ing seed development was calculated by multiply-

Plant Physiol. Vol. 128, 2002
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Figure 2. Activities of enzymes of the sulfur amino acid biosynthetic
pathway in developing seeds of narrow leaf lupins grown at three
levels of sulfur supply. Activities of SAT, A; OASTL, B; and CBL, C; in
extracts from developing whole seeds of lupins grown at high (@),
medium (CJ), or low (O) sulfur supply. Values are means = sp of two
(CBL) or four (SAT and OASTL) measurements on aliquots of a single
extract from a pooled sample representing approximately 40 seeds
from a total of six plants.

ing the CGS activity measured in vitro by the time
period over which storage proteins accumulate in
the developing seeds. The calculated CGS maximum
activity was theoretically more than sufficient to
account for all the accumulated Met in the mature
seed (Table V).

Protein Composition of Mature Control and Tg
Lupin Seeds

Total protein was extracted from mature seeds of
control and Tg lupins grown either in soil or in
sand/perlite at each of the three levels of sulfur
supply. There were subtle differences in the profiles

Plant Physiol. Vol. 128, 2002
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of proteins visualized by silver staining in seed ex-
tracts of the two different genotypes in each of the
growth conditions. In the low sulfur conditions, the
protein profile of the Tg seeds was noticeably differ-
ent from that of the control seeds (Fig. 4). Some of
these differences were probably because of incom-
plete proteolytic processing of seed storage protein
precursors in the severely stressed Tg:Low seeds.
Some proteins seemed more abundant in the control
seeds grown at high or medium sulfur nutrition than
in either the control seeds grown in low sulfur or in
the Tg seeds at any of the levels of sulfur nutrition
(for example, see asterisk in Fig. 4). These proteins
probably correspond to endogenous sulfur-rich pro-
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Figure 3. Activities of enzymes of the sulfur amino acid biosynthetic
pathway in developing seeds of control and SSA-Tg lupins grown
with medium sulfur nutrient. Activities of SAT, A; OASTL, B; and
CBL, G; in extracts from developing seeds of control lupins (CJ) or Tg
lupins expressing SSA (M). Values are means = sp of two (CBL) or
four (SAT and OASTL) measurements on aliquots of a single extract
from a pooled sample representing approximately 40 seeds from a
total of six plants. The error bars are too small to show on the SAT
and CBL graphs.
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Table IV. CGS activity in 30-DAF developing cotyledons of lupins
grown in soil supplemented with sulfur, or in 30-DAF developing
whole seeds of lupins grown in sand/perlite with low or high sulfur
nutrient

Values represent the means *+ sp of two separate determinations
on a single extract from a pooled sample of approximately 40 seeds
or 80 cotyledons representing six plants.

CGS Activity
Lupin Genotype Cotyledon Whole seed
Soil High sulfur Low sulfur

nutrient nutrient

nmol min~" mg~" protein

0.01 0.15 = 0.01 0.22
0.01 0.25 = 0.01 0.30

Control 0.17
Tg 0.38

0.01
0.01

I+ I+
I+ 1+

teins whose abundance is controlled by sulfur avail-
ability (Blagrove et al., 1976).

Developing cotyledons at early (18 DAF) and mid-
maturation (30 DAF), from soil-grown plants, were
labeled with *SO, to investigate specifically the
sulfur-rich proteins synthesized in the two geno-
types. Early in the phase of storage protein synthesis,
sulfur-labeled proteins from the two genotypes were
very similar, except for the appearance of SSA in the
Tg cotyledons (arrow in Fig. 5). By mid-maturation,
SSA was the most strongly labeled protein in the Tg
cotyledons. Comparison with an equal loading of
labeled protein from control cotyledons revealed that
some endogenous *°S-containing proteins were di-
minished in the Tg seeds relative to the controls (for
example, see asterisk in Fig. 5).

Conglutins gamma and delta are sulfur-rich stor-
age proteins of lupin seeds (Blagrove et al., 1976;
Lilley and Inglis, 1986). Northern-blot analysis
revealed that the levels of mRNA coding for con-
glutin-& were strongly diminished in Tg:Med cotyle-
dons expressing SSA, compared with control:Med
cotyledons (Fig. 6). Levels of conglutin-y mRNA in
the Tg:Med cotyledons showed similar but much less
pronounced trends to those of the conglutin-6 mRNA
(Fig. 6).

DISCUSSION

We have investigated the factors that constrain the
accumulation of sulfur amino acids in seed protein of
narrow leaf lupins. We examined the effects of ma-
nipulating the sulfur supply to the plant, and the
effect of introducing a seed specifically expressed
sulfur-rich protein as an added sink for Met and Cys.

Effects of Manipulating Sulfur Supply

The results presented in Table I confirm previous
reports that the reduced sulfur content of narrow leaf
lupin seeds can vary over a wide range in response to
sulfur supply to the plant. In conditions of sulfur
limitation, lupin seeds accumulate increased
amounts of sulfur-poor storage proteins, and de-
creased amounts of relatively sulfur-rich proteins
like conglutins-a and -y (Blagrove et al., 1976). Sim-
ilarly, we have observed that mRNA coding for the
very Cys-rich conglutin-8 is diminished in control
lupin seeds grown with low and medium sulfur com-
pared with those grown in high sulfur medium (data
not shown). These conglutins contain more Cys than
Met; therefore, their decreased abundance is reflected
in an increase in the ratio of total Met to total Cys in
seeds grown with progressively less sulfur in the
nutrient (Table II). Thus, developing lupin seeds
were able to sense sulfur availability and adjust their
protein composition or sink strength for organic sul-
fur, according to sulfur supply. Little or no changes
were observed in the levels of four enzymes of sulfur
amino acid biosynthesis in lupin seeds grown with
widely differing sulfur supply.

Effects of Increasing the Demand for Cys and
Met in the Developing Lupin Seed

The presence of a high proportion of oxidized sul-
fur in mature seeds of control plants in most growing
conditions (Table I) indicated that the sulfur supply
to the seed exceeded either the demand for sulfur
amino acids for storage protein synthesis, or the ca-

Table V. Maximum activity of CGS in lupin seeds throughout storage protein accumulation

Storage proteins accumulated between 20 and 40 DAF in narrow leaf lupin seeds grown in sand/
perlite and watered with high sulfur nutrient (Tabe and Droux, 2001). It was assumed that the CGS
activity measured in whole developing seeds at mid-maturation (30 DAF) represented a mean activity
over this period. A theoretical maximum amount of product that could be generated by the enzyme
over the entire period was calculated by multiplying the maximum enzyme activity by time. It was
assumed that the enzyme operated at maximum activity for 12 h a day, and seed flours contained an
average of 55 mg low salt extractable protein g~' dry wt. One mol of cystathionine gives rise to 1 mol
of Met; therefore mol of product calculated in column 2 can be compared directly with mol of Met

in column 3.

Lupin Genotype

CGS Activity at Mid-Maturation

Total Met in
Mature Seed

Total Maximum CGS Activity
during Seed Maturation

nmol product min™'

Control 0.15
Tg 0.25

mg~" protein

wmol product g dry wt™’ wmol g dry wt
119 14.4
198 26.8

1142

Plant Physiol. Vol. 128, 2002



Control SSA-Tg
M H L M H
116~
— —- --I —— g
66— "Tum
45— et (il B

= _.——JH-‘

3 —““

— ——
- el *.._.
— oo 4

. “* - s
14.4- , s
6.5- NP <

Figure 4. Total protein from mature narrow leaf lupin seeds grown in
low, medium, or high sulfur. Each track contains 5 ug of total protein
from finely ground flour from mature seeds of either control or Tg
lupins grown with low (L), medium (M), or high (H) sulfur nutrient.
Proteins were visualized by silver staining; the asterisk marks an
example of a protein that was more abundant in control seeds grown
in sulfur adequate conditions than in control seeds grown at low sulfur,
or in Tg seeds at any of the levels of sulfur nutrition, the arrow marks
the position of SSA. M, marker sizes (X107?) are shown at the left.

pacity of the seed to metabolize oxidized sulfur into
sulfur amino acids. Expression of a transgene encod-
ing a sulfur-rich protein was associated with an in-
crease in total sulfur amino acid in the seed, consis-
tent with the view that it was demand from storage
protein synthesis that limited Met and Cys accumu-
lation in the non-Tg seeds.

18 DAF 30 DAF
C Tg C Tg
27 - e
14 -
. =
6.5 —

Figure 5. *>S-labeled proteins in developing lupin cotyledons. Cot-
yledons at 18 DAF or 30 DAF from control or Tg lupins grown in soil
were labeled with **SO, for 4 h. Total proteins were subjected to
SDS-PAGE and fluorography. Equal numbers of trichloroacetic acid
(TCA)-insoluble counts were loaded in each track. The arrow indi-
cates SSA; the asterisk indicates proteins that are less abundant in Tg
than in the corresponding control seed protein extract. M, marker
sizes (X1072) are shown at the left.
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The higher levels of reduced sulfur in the Tg:Med
and Tg:High mature seeds compared with the con-
trol:Med and control:High mature seeds, respec-
tively, were entirely because of increases in seed Met,
despite the fact that 8% of the amino acid residues in
SSA are Cys and 16% are Met. At all three levels of
sulfur nutrition, SSA constituted a comparable pro-
portion of total protein in Tg seeds (Fig. 1). Thus,
similar quantities of Cys and Met were sequestered
in SSA in each nutritional treatment. The lack of an
increase in Cys content of Tg seeds in any of the
groups implies that a decrease in the accumulation of
Cys in some other pool must compensate for the
allocation of some Cys to SSA. Such a response
would seem to imply the existence of a limitation in
the supply of sulfur amino acids for protein synthesis
in the developing lupin seeds expressing SSA. Con-
sistent with this suggestion, pools of free Cys, gluta-
thione, and free Met were all found to be significantly
smaller in the cotyledons of developing soil-grown
Tg seeds compared with controls (Table III). Similar
but less pronounced differences were seen when com-
paring the pools of free Cys and glutathione in devel-
oping whole seeds or cotyledons of Tg versus control
nutrient-fed plants (data not shown).

Limits to the Accumulation of Sulfur Amino Acids in Tg
Lupin Seeds with an Increased Sink for Organic Sulfur

The processes that precede, and could potentially
limit the accumulation of sulfur amino acids in seed
storage proteins can be summarized as follows. Sul-
fate enters the cotyledon cell, then the plastid; it is
reduced to sulfide, incorporated into Cys, then Met,

Control  SSA Tg
21 27 30 21 27 30
SSA - -

Conglutin y - e = —

Conglutin 8 ” " L

total RNA

Figure 6. Sulfur-rich storage protein-encoding mRNAs in control
lupins, and Tg lupins expressing SSA. Total RNA was isolated from
control or Tg developing lupin cotyledons aged 21 DAF (21), 27 DAF
(27), or 30 DAF (30) from plants grown with medium sulfur nutrient.
Ten micrograms of total RNA was loaded in each track. The same
nylon membrane was sequentially probed with *?P-labeled DNA
probes specific for SSA, conglutin-y, or conglutin-8. Ethidium
bromide-stained RNA in the original gel is shown at the bottom.
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transferred to tRNA, and finally incorporated into
the polypeptide chains encoded by the seed mRNA.

In all but the low sulfur growing conditions, ma-
ture, Tg seeds expressing the sulfur-rich SSA con-
tained less oxidized sulfur than the corresponding
control seed. The decreases in moles of sulfate were
of the same order of magnitude as the increases in
moles of sulfur amino acid, resulting in little change
in total seed sulfur in Tg compared with control
mature seeds (Table I). Therefore, the increased de-
mand for sulfur amino acids in the Tgs did not lead
to an increase in sulfur import into the developing
seeds. This is perhaps not surprising in the cases of
the lupins grown in conditions of abundant sulfur
supply. In high sulfur nutrient, in soil with a sulfur
supplement, and in the field, even Tg lupin seeds
containing SSA had large reserves of oxidized sulfur
at maturity (Table I). In the medium sulfur treatment,
oxidized sulfur constituted as much as 20% of the
total sulfur in control mature seeds. However, the
Tg:Med seeds contained essentially no oxidized sul-
fur at maturity. Thus, even the complete depletion of
oxidized sulfur in the seed by the Tg sulfur sink did
not lead to an increase in sulfur uptake, despite the
existence of significant pools of oxidized sulfur in
other plant organs, particularly stems (29 umol oxi-
dized sulfur g ' dry weight in the case of Tg:Med
stems). It was previously demonstrated that the ma-
jority of the oxidized sulfur in lupin seeds was in the
cotyledon rather than the testa (Tabe and Droux,
2001). Therefore, uptake into the cotyledon over the
course of seed maturation represented the ultimate
limit to sulfur amino acid accumulation in lupin seed
storage protein when demand was increased by ad-
dition of a Tg sink for sulfur. In the control:Low,
Tg:Low, and Tg:Med experimental treatments, the
absence of detectable sulfate in the mature seeds
indicated that sulfur uptake into the cotyledon was
also the proximate limit to sulfur amino acid accu-
mulation in these seeds. If there was no more oxi-
dized sulfur available in the seed, no more sulfur
amino acid could be produced and incorporated into
storage protein.

In the cases where seeds still contained significant
quantities of sulfate at maturity, analysis of develop-
ing seeds was performed to look for proximate limits
to sulfur amino acid accumulation. Mid-maturation
seeds of the lupins grown with high sulfur nutrient
already contained large pools of oxidized sulfur,
which were diminished in the Tg (20.7 umol oxidized
sulfur g~ ' dry weight) compared with control (32.4
umol oxidized sulfur g~' dry weight). Thus, the rate
of import of sulfate into the developing seed ap-
peared to exceed the rate of its reduction, even in the
lupins with the added Tg sulfur sink. The first po-
tential limitation after the import of sulfate into the
cotyledon cells of the developing seeds is the rate of
transport of sulfate across intracellular membranes;
for example, from the cytoplasm into the plastid.

1144

Depending on relative fluxes across different mem-
branes in the cell, sulfate may accumulate first in the
vacuole before transport to the plastid. Therefore,
either import into the plastid, or efflux from the
vacuole, could limit the supply of sulfate for reduc-
tion in the plastids of the developing seed. It is rele-
vant to note that transport out of the vacuole has
been suggested to limit the remobilization of sulfate
within whole plants in conditions of sulfur deficiency
(Clarkson et al., 1983).

The next potential limit to sulfur amino acid accu-
mulation is the rate of sulfur reduction to sulfide in
the developing cotyledons, either because of a limi-
tation in ATP sulfurylase, adenosine 5'-phosphosul-
phate reductase, or sulfite reductase, or because of a
limit in the supply of reductant in the cotyledon. We
were not able to assay the activity of enzymes in this
part of the sulfur metabolic pathway; however, our
finding that free Cys and glutathione pools were
diminished in soil-grown Tg lupin cotyledons at
mid-maturation pointed to a bottleneck upstream of
Cys in the pathway of sulfur amino acid biosynthesis
in these growth conditions (Table III). Such a bottle-
neck could be in the intracellular transport or reduc-
tion of sulfate, or in the supply of the amino acid
backbone of Cys by the action of SAT and OASTL.

We have calculated that the maximum total activ-
ities of SAT, OASTL, CBL (Tabe and Droux 2001),
and CGS, based on in vitro measurements, would be
more than sufficient to synthesize all of the Cys and
Met that accumulated in control or Tg lupin seeds
during maturation. On the basis of this reasoning, it
is unlikely that the amounts of SAT or OASTL are
limiting in the developing cotyledon. However, it is
possible that specific subcellular isoforms of OASTL,
or more probably SAT, could become limiting.

Downstream of Cys formation, CGS and CBL are
expected to be single isoforms in lupin, as they are in
Arabdopsis (Ravanel et al., 1998). CGS was the only
enzyme to vary between control and Tg developing
seeds. Its activity was doubled in extracts from de-
veloping cotyledons from Tg plants compared with
control plants grown in soil (Table I1V). This corre-
lated with a doubling of total Met in the mature Tg
seeds. This suggests a role for CGS abundance in
determining seed Met content. A significant percent-
age of the flux through the pathway between Cys and
Met flows through to S-adenosyl-Met (Ravanel et al.,
1998); therefore, measuring total seed Met may un-
derestimate the requirement of the seed for CGS and
CBL activity. Thus, CGS may be limiting for lupin
seed Met synthesis in both control and in Tg seeds
with an increased sink for sulfur amino acids. We
cannot exclude the possibility that tRNAs charged
with Cys or Met become limiting in the Tg seeds;
however, a bottleneck at this late step would seem to
be inconsistent with the observed decreases in pools
of sulfur metabolites in the cotyledons of the soil-
grown Tg lupins.
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The mechanisms that limit the Cys content of Tg
lupin seeds expressing SSA are likely to be the same
as those that mediate the responses of seed protein
composition to conditions of sulfur deficiency. There
are many reports of sulfur limitation evoking specific
changes in protein profiles of seeds (Chandler et al,,
1984; Gayler and Sykes, 1985), including narrow leaf
lupin (Blagrove et al., 1976). In general, the accumu-
lation of sulfur-rich proteins is down-regulated,
whereas sulfur-poor proteins become overrepre-
sented. Both transcriptional and posttranscriptional
mechanisms mediating such effects have been de-
scribed (Beach et al., 1985; Hirai et al., 1995). In the
case of the B-subunit of soybean conglycinin,
O-acetyl-Ser was proposed to be the signaling mol-
ecule that stimulated the transcription of the
B-conglycinin gene when nitrogen supply was suffi-
cient and sulfur supply was limiting (Kim et al.,
1999). The end results of such changes are viable
seeds that contain the same amount of nitrogen, but
less sulfur than seeds grown in conditions of suffi-
cient sulfur supply.

In narrow leaf lupin, up to 70% of the sulfur amino
acid in the mature seed resides in conglutin-6 (in
which 9% of amino acid residues are Cys and 0% are
Met; Lilley and Inglis, 1986). Our results show that
conglutin-6 mRNA was strongly diminished in SSA-
expressing, Tg lupin cotyledons grown in medium
sulfur conditions (Fig. 6). A similar, but less pro-
nounced decrease was observed in conglutin-8 mRNA
in developing Tg versus control cotyledons of lupins
grown with the high sulfur nutrient (results not
shown). Some **S-containing lupin proteins were also
shown to be less strongly labeled in sulfur-adequate,
soil-grown Tg cotyledons expressing SSA than in con-
trols. SSA sequestered a large proportion of the total
%3S label incorporated by mid-maturation cotyledons
in this experiment (Fig. 5). We conclude that the lack
of increase in Cys in total seed protein of Tg SSA lupin
seeds grown in adequate sulfur was mediated by
down-regulation of the accumulation of endogenous,
Cys-rich lupin proteins. A similar, apparent realloca-
tion of sulfur from endogenous proteins to a heterol-
ogous sulfur-rich protein has been seen in Tg corn (Zea
mays) expressing a sulfur-rich zein (Anthony et al,,
1997) and in Tg soybeans expressing a Brazil nut
Bertholletia excelsa albumin (Jung et al., 1997). The
mechanisms of these effects are probably the same as
those that allow wild-type seeds to modulate their Cys
and Met content in response to the availability of
sulfur in the environment. The SSA gene was able to
escape such control by virtue of possessing the pro-
moter from a pea vicilin gene whose activity is not
down-regulated by sulfur deficiency (Beach et al.,
1985).

In conclusion, our results show that under most
growing conditions, the Cys and Met content of nar-
row leaf lupins is limited by the sulfur sink strength
of the seed, which is regulated by a conservative
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mechanism that senses the availability of sulfur in
the environment. In Tg lupin seeds with an artifi-
cially increased sink for sulfur amino acids, uptake of
sulfate into the cotyledon was the ultimate limit to
sulfur accumulation. In soil-grown plants, decreases
in the pools of organic sulfur metabolites in Tg cot-
yledons were indicative of a proximate limit in the
pathway of sulfur assimilation in the seeds. Consid-
ering our results in the context of the literature, the
most likely steps limiting the accumulation of sulfur
amino acids in Tg lupin seeds with an increased sink
strength for organic sulfur are transport of sulfate
across intracellular membranes, or the amounts of
adenosine 5'-phosphosulphate reductase, a specific
subcellular isoform of SAT, or CGS.

MATERIALS AND METHODS
Plant Material

Narrow leaf lupins (Lupinus angustifolius) of two geno-
types were grown under three different conditions to gen-
erate material for this study. The lupins were either cv
Warrah (referred to as control), or a homozygous, Tg line of
lupins from cv Warrah (line 55-38, referred to as Tg) ex-
pressing SSA (Molvig et al., 1997).

Soil-Grown Plants

Lupins of each genotype were grown in soil containing
0.6g L™ of slow-release fertilizer (“Aboska,” containing
15.2% [w/w] nitrogen, 6.9% [w/w] phosphorus, and 5.2%
[w/w] potassium sulfate) in 25-cm pots in a controlled
temperature greenhouse. Each pot, containing 9 L of soil,
received a supplement of 2 g of solid calcium sulfate (gyp-
sum), which was applied to the surface of the soil when the
plants started to flower. Pots were watered from the sur-
face as required. These plants are referred to as soil-grown
lupins. The plants from which fresh, developing seeds
were harvested for *°SO, labeling were grown as de-
scribed, except that they did not receive a supplement of

gypsum.

Field-Grown Plants

Lupins of each genotype were grown in the field, in
natural rain-fed conditions, at Wongan Hills, Western
Australia.

Nutrient-Fed Plants

Eighteen control plants and 18 Tg plants were grown in
a controlled-temperature greenhouse in separate 25-cm
pots in a perlite-sand mixture and watered with defined
nutrient solution. All plants were watered for 4 weeks after
sowing with solution containing 0.3 mm MgSO,, 4 mm
KNO;, 4 mm Ca(NO;),, 1 mm Na KH,PO,, 0.1 mm ferric
citrate/EDTA, 37 um H;BO;, 10 um MnCl,, 1.5 um ZnCl,,
0.6 um CuCl,, and 0.2 uMm H,MoO,. Subsequently, the
plants of each genotype were divided into three groups of
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six. One group of six control plants and one group of six Tg
plants were watered with the same nutrient as shown
above, i.e. containing 0.3 mMm MgSO,. These plants are
referred to as nutrient-fed lupins grown at a medium level
of sulfur supply (control:Med and Tg:Med). One group of
control and one group of Tg plants were watered with the
same basal nutrient containing 3 mm instead of 0.3 mm
MgSQO,. These plants are referred to as nutrient-fed lupins
grown at a high level of sulfur supply (control:High and
Tg:High). One group of control and one group of Tg plants
were watered for a further 2 weeks with the same basal
nutrient containing 0.02 mwm instead of 0.3 mm MgSO,.
Thereafter, this group was watered with basal nutrient
containing no MgSO,. These plants are referred to as
nutrient-fed lupins grown at a low level of sulfur supply
(control:Low and Tg:Low). In all nutrient solutions, the
concentration of Mg was maintained at 3 mm by balancing
the MgSO, concentration with MgCl,.

All pots were watered with 300 to 600 mL of nutrient
once a day (until liquid started to drain from the pots) for
6 d a week. On the 7th d, plants received 600 mL of
deionized water. In addition, during the second 3 months
of growth, all pots were flushed with 600 mL of deionized
water twice a week.

Sample Preparation

Samples of leaves, pods, or developing seeds were col-
lected from either soil-grown or nutrient-fed plants at var-
ious stages of development, and pooled before being fro-
zen in liquid nitrogen, then freeze dried. Some of the seeds
were dissected into cotyledons and testa. Each sample con-
sisted of approximately 50 individual leaves or seeds. Pod
material represented approximately 12 to 20 individual
pods at the same stage of development as the appropriate
seed sample. The leaf samples used for enzyme analysis
consisted of 10 to 15 g fresh weight of fully expanded
leaves harvested on the same day as the 30-DAF seed
samples. All samples were frozen in liquid nitrogen imme-
diately after harvest, then stored for several days at —80°C
before being freeze dried. The dried samples were con-
served in a sealed container, with silica gel, at 4°C, for
between 6 and 10 weeks, then at room temperature for 1
week, before analysis.

Determination of Sulfur by XRFS

Mature lupin seed samples weighing approximately 6 g
(approximately 40 seeds) were milled to fine flour using a
Cyclone sample mill (Udy, Collins, CO) with a 0.5-mm
screen. Powdered samples were pressed into aluminum
planchettes, then total sulfur, reduced sulfur, and oxidized
sulfur were determined using a PW 1404 spectrometer
(Philips, Eindhoven, The Netherlands) as previously de-
scribed (Pinkerton et al., 1989; Tabe and Droux, 2001).

Protein Extraction and Enzyme Assays

Protein extraction from the dried samples and assays for
SAT (EC 2.3.1.30), OASTL (EC 4.2.99.8), and CBL (EC
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4.4.1.8) were performed as previously described (Tabe and
Droux, 2001). CGS (EC 4.2.99.9) was assayed by measuring
the production of cystathionine using derivatization with
O-phthaldialdehyde (OPA) and separation by HPLC (Ra-
vanel et al., 1995). Reactions contained 20 mm MOPS-
NaOH, pH 7.5; 1 mm L-Cys; 10 mM O-phosphohomo-Ser; 1
mM dithiothreitol; and 50 uL of lupin extract (approximate-
ly 400 pg of protein) in a volume of 100 uL. After incuba-
tion at 25°C for between 10 and 30 min, the reaction was
stopped by the addition of 50 uL of 20% (w/v) TCA. The
precipitated protein was removed by centrifugation at
15,000¢ for 5 min. Cystathionine in the supernatant was
quantified by HPLC of OPA adducts.

Analysis of Amino Acids and Thiols

Samples of approximately 20 mg of dried, powdered
plant material were extracted into 1 mL of 25 mm HCI at
100°C for 8 min. Insoluble material was removed by cen-
trifugation in a bench microfuge at 10,000¢ for 5 min. For
quantification of Cys and glutathione, a sample of the acid
supernatant was reacted with monobromobimane, then
analyzed by reversed phase HPLC as described previously
for homo-Cys (Droux et al., 1995; Tabe and Droux, 2001).

For quantification of free amino acids, a sample of the
supernatant was reacted with OPA immediately before
separation by reversed-phase HPLC using an Uptisphere
250- X 4.6-mm C-18 column (Bio-Tek, Winooski, VT). Mo-
bile phases used for elution of the OPA adducts were as
follows: A, 50 mm sodium acetate and 3% (v/v) tetrahy-
drofuran, adjusted to pH 5.7 with acetic acid; and B, meth-
anol containing 5% (v/v) tetrahydrofuran. The elution pro-
tocol (1 mL min~ ') employed a linear gradient as follows:
initial, 16% (v/v) B in A, 0 to 30 min; 16% to 45% (v/v) B
in A, 30 to 35 min; 45% to 55% (v/v) B in A, 35 to 55 min;
55% to 75% (v/v) B in A, 55 to 56 min; 75% to 100% (v/v)
Bin A, 56 to 59 min; 100% (v/v) B; and re-equilibration of
the column for 10 min in 16% (v/v) B in A before new
injection. Fluorescence of the OPA adducts was detected
using a SFM25 fluorimeter (Bio-Tek) at 455 nm, upon ex-
citation at 340 nm. Met was quantified by measuring peak
areas using the Kromasystem 2000 software (Bio-Tek) and
comparing with OPA-Met standards.

The total amino acid composition of mature seeds was
determined after complete hydrolysis of finely ground
flour as previously described (Tabe and Droux, 2001).

35S0, Labeling and SDS-PAGE

Developing seeds were harvested from lupins grown in
soil at early (approximately 18 DAF) and middle (approx-
imately 30 DAF) stages of seed storage protein accumula-
tion (Gayler et al., 1984). Cotyledons were removed from
the seeds within 30 to 60 min of the pods being harvested.
The cotyledons from two seeds of each age were incubated
with carrier-free Na,[>*S]O, as described previously (Tabe
and Droux, 2001). Protein samples were electrophoresed on
SDS-polyacrylamide gradient minigels (15% to 30% [w/v]
acrylamide) with equal numbers of TCA-insoluble counts
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loaded in each track. The gels were fluorographed after
soaking in 20% (w/v) naphthalene and 0.5% (w/v) 2,5-
diphenyloxazole in dimethylsulfoxide (Gill et al., 1981).
Total protein from mature seeds was electrophoresed on
the same type of SDS-polyacrylamide gradient minigel and
protein was visualized by silver staining using a kit (Bio-
Rad, Hercules, CA).

Western and Northern Blotting

SSA was quantified in total protein extracted from lupin
seeds using techniques described by Molvig et al. (1997).
Total protein was extracted from flour from whole, mature
lupin seeds milled as for XRFS analysis. Ten micrograms of
total seed protein was electrophoresed in each lane. SSA
purified from sunflower (Helianthus annuus) seeds was
used as a standard for quantification.

Northern-blot analysis was performed on total RNA ex-
tracted from developing cotyledons by grinding plant tissue
to a fine power in liquid nitrogen using a mortar and pestle
then extracting into the following buffer: 1 m Tris-HCI, pH
9.0; 1% (w/v) SDS; and 0.5% (v/v) B-mercaptoethanol. Pro-
tein was removed by extraction with 2 volumes of a mixture
of phenol:chloroform:isoamyl alcohol at a ratio of 25:24:1
(v/v). After 5 min of incubation on ice, the extracts were
centrifuged in a bench microfuge at 10,000¢ for 10 min at
room temperature. The aqueous phase was re-extracted
twice with an equal volume of phenol:chloroform:isoamyl
alcohol, then nucleic acids were precipitated with isopro-
panol. The pellet was dissolved in water and then RNA
was precipitated with LiCl, final concentration 0.2 M, on ice
for 4 h. After centrifugation at 10,000¢ in a bench microfuge
at room temperature for 10 min, the RNA pellet was dis-
solved in 200 uL of 0.3 M Na,CH;COO, pH 4.5, then
precipitated with ethanol. After a second centrifugation as
described above, the resulting pellet of RNA was washed
with 70% (v/v) ethanol, then dissolved in water. Ten-
microgram samples of RNA were electrophoresed on a
1.2% (w/v) agarose gel containing 5% (v/v) formaldehyde.
RNA was transferred to Hybond N* nylon membrane
(Amersham Pharmacia Biotech, Piscataway, NJ) by capil-
lary blotting.

%2P-Labeled DNA probes were prepared using a mega-
prime kit (Amersham). Membranes were hybridized at
42°C overnight according to the method of Khandjian
(1987) and membranes were washed at high stringency
(twice in 2X SSC and 0.1% [w/v] SDS at 65°C for 15 min,
then once in 0.1X SSC and 0.1% [w/v] SDS at 65°C for 15
min). Membranes were sealed in plastic bags and exposed
to x-ray film for between 2 and 10 d.
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