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The SNF1/AMP-activated protein kinase subfamily plays central roles in metabolic and transcriptional responses to
nutritional or environmental stresses. In yeast (Saccharomyces cerevisine) and mammals, activating and anchoring subunits
associate with and regulate the activity, substrate specificity, and cellular localization of the kinase subunit in response to
changing nutrient sources or energy demands, and homologous SNF1-related kinase (SnRK1) proteins are present in plants.
We isolated cDNAs corresponding to the kinase (LeSNF1), regulatory (LeSNF4), and localization (LeSIP1 and LeGALS3)
subunits of the SnRK1 complex from tomato (Lycopersicon esculentum Mill.). LeSNF1 and LeSNF4 complemented yeast snfl
and snf4 mutants and physically interacted with each other and with LeSIP1 in a glucose-dependent manner in yeast
two-hybrid assays. LeSNF4 mRNA became abundant at maximum dry weight accumulation during seed development and
remained high when radicle protrusion was blocked by abscisic acid (ABA), water stress, far-red light, or dormancy, but was
low or undetected in seeds that had completed germination or in gibberellin (GA)-deficient seeds stimulated to germinate
by GA. In leaves, LeSNF4 was induced in response to ABA or dehydration. In contrast, LeSNF1 and LeGALS83 genes were
essentially constitutively expressed in both seeds and leaves regardless of the developmental, hormonal, or environmental
conditions. Regulation of LeSNF4 expression by ABA and GA provides a potential link between hormonal and sugar-sensing

pathways controlling seed development, dormancy, and germination.

The transition between seed development and ger-
mination is accompanied by large-scale changes in
gene expression patterns and metabolic pathways.
During seed maturation, enzymes and pathways in-
volved in storage reserve accumulation and prepara-
tion for desiccation predominate (Girke et al., 2000).
Upon imbibition after seed maturation and desicca-
tion, different sets of genes are expressed for reserve
mobilization, tissue weakening, and embryo expan-
sion associated with radicle protrusion and seedling
growth (Bradford et al., 2000; Gallardo et al., 2002).
Abscisic acid (ABA) is an important regulator of seed
development and maturation, and several transcrip-
tion factors determining ABA sensitivity, including
ABI3/VP1, ABI4, and ABI5, along with biosynthetic
enzymes controlling ABA amount (ABA1, ABA2, and
ABA3), are involved in promoting reserve accumu-
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lation, developmental arrest, and the imposition of
dormancy (Finkelstein et al., 2002; Koornneef et al.,
2002). GAs, on the other hand, are essential for ger-
mination and subsequent reserve mobilization to
support seedling growth (Karssen, 1995; Debeaujon
and Koornneef, 2000). Antagonistic interactions be-
tween ABA and GA in regulating reserve mobiliza-
tion in cereal aleurone layers are well documented
(Gomez-Cadenas et al., 2001).

Recently, screens for mutants altered in their sen-
sitivity to the presence of sugars during germination
and early seedling development have revealed inter-
actions between sugar and hormonal signaling path-
ways (Finkelstein and Gibson, 2001; Rolland et al.,
2002). In particular, a series of mutations have been
identified in Arabidopsis based on the ability of mu-
tant seeds to complete germination and of seedlings
to develop in the presence of concentrations of Glc,
Man, or Suc that are inhibitory to wild-type seeds.
These include mig (Man-insensitive germination), sun
(Suc-uncoupled), sis (sugar-insensitive), gin (Glc-
insensitive), isi (impaired Suc induction), and other
mutants exhibiting altered germination or seedling
growth responses to sugars (for review, see Finkel-
stein et al., 2002). Interestingly, a number of muta-
tions identified in this way are allelic to previously
known mutations in ABA synthesis (aba) or sensitiv-
ity (abi). For example, sun6, sis5, ginb, and isi3 are
allelic to abi4; sis4, ginl, and isi4 are allelic to aba2;
and some (abi4, abi5, abal, aba2, and aba3), but not all
(abil, abi2, and abi3), aba and abi mutants exhibit
sugar-insensitive phenotypes (Finkelstein et al.,,
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2002). Furthermore, provision of additional sugars
partially overcame the inhibition of germination by
ABA in both wild-type and abi mutant seeds (Gar-
ciarrubio et al., 1997; Finkelstein and Lynch, 2000a).
Conversely, ABA increased the expression of a starch
biosynthetic gene (ApL3) in response to sugars, sug-
gesting that ABA can enhance the ability of tissues to
respond to sugar signals (Rook et al., 2001). ABA also
plays important but distinct roles in sugar, osmotic,
and cold stress signaling during germination and
early seedling growth (Cheng et al., 2002; Kim et al.,
2003). Interactions between sugar and hormonal sig-
naling pathways have also been reported for GA,
ethylene, and cytokinins (for review, see Gazzarrini
and McCourt, 2001; Rolland et al., 2002). Thus, hor-
monal and sugar regulation of gene expression and
plant function are intimately linked, particularly in
the case of the transition from seed maturation to
germination.

The mechanisms by which plant cells sense sugars
and regulate carbohydrate metabolism are complex
and multiple pathways have been identified (Gibson,
2000; Smeekens, 2000; Rolland et al., 2002). The SNF1-
related kinase (SnRK1) complex is thought to be a
central component of the sugar sensing and response
mechanism (Halford and Hardie, 1998; Halford et al.,
2000, 2003). First identified genetically in yeast (Sac-
charomyces cerevisiae) as mutants incapable of dere-
pressing Glc-regulated genes and, therefore, unable
to grow on sugars other than Glc, the SNF1 (Suc
non-fermenting 1) kinase complex and the related
mammalian AMP-activated protein kinase (AMPK)
complex are metabolic sensors of Glc availability and
AMP to ATP ratios, respectively (Hardie et al., 1998).
Protein sequence and functional homologies exist be-
tween the yeast and mammalian kinase («) subunits
(SNF1/AMPKe), regulatory (y) subunits (SNF4/
AMPKYy), and specification/localization (8) subunits
(SIP1/SIP2/GAL83/AMPKp) that constitute the
functional kinase complexes. In yeast, Glc regulates
the protein-protein interactions, substrate specificity,
and subcellular localization of this complex that
modulate SNF1 kinase activity, resulting in the phos-
phorylation of activators and repressors that control
transcription of multiple genes in metabolic path-
ways required for the utilization of alternative en-
ergy sources (Carlson, 1998; Schmidt and McCartney,
2000; Vincent et al., 2001). In mammals, activation of
AMPK due to increases in the AMP to ATP ratio
during metabolic stress results in the enhancement of
ATP-producing pathways and the inhibition of ATP-
consuming pathways (Kemp et al., 1999).

Members of several subfamilies of SnRKs have
been identified in diverse plants (Halford et al., 2000,
2003). Those most closely related to SNF1 (SnRK1
family) exhibit kinase activity on substrates common
to the mammalian and yeast kinases and complement
yeast snfl mutants (e.g. Alderson et al., 1991, Mu-
ranaka et al., 1994; Sugden et al., 1999). Antisense
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suppression experiments in potato (Solanum tubero-
sum) and wheat (Triticum aestivum) indicated that
SnRK1s are involved in regulation of carbon metab-
olism in planta (Purcell et al., 1998; Laurie et al.,
2003). Candidate SNF4-related genes have been iden-
tified, including Pv42 in bean (Phaseolus vulgaris; Abe
et al., 1995) and AKINvy (Bouly et al., 1999) in Arabi-
dopsis. Plant genes having predicted sequence ho-
mology to SnRK1-B subunits are also known, includ-
ing StubGALS83 from potato (Lakatos et al., 1999) and
AKINB1 and AKINB2 from Arabidopsis (Bouly et al.,
1999). Genes in maize (Zea mays; ZmAKINBy-1) and
Arabidopsis (AtSNF4 or AKINBvy) contain domains
homologous to both the B- and y-subunits of the
SnRK1 complex (Lumbreras et al., 2001). Thus, plants
contain homologs of all three components common
to the yeast and mammalian SNF1/AMPK com-
plexes, and these components interact in a manner
consistent with a heterotrimeric structure (or a
dimeric structure in the case of the By-type proteins)
based on yeast two-hybrid and in vivo protein inter-
action studies (Bouly et al., 1999; Lakatos et al., 1999;
Kleinow et al., 2000; Crawford et al., 2001; Ferrando
et al., 2001; Lumbreras et al., 2001). Distinct regula-
tory components such as PRL1 may mediate addi-
tional functions of SnRK1 kinases in vivo (Bhalerao et
al., 1999; Farrés et al., 2001).

In experiments to identify genes expressed or re-
pressed in association with tomato (Lycopersicon es-
culentum Mill.) seed germination, we isolated a
cDNA having sequence homology to the y-subunit of
the SnRK1 complex (LeSNF4). We report here the
functional characterization of this gene and of tomato
SnRK1-a and SnRK1-8 homolog genes in yeast and
their differential expression patterns during tomato
seed development and germination. In addition, we
show that expression of only LeSNF4 is responsive to
GA, ABA, and water stress in tomato seeds and
leaves. Our results suggest that hormonal regulation
of expression of the y-subunit of the SnRK1 complex
could be one mechanism for cross talk between
sugar-sensing pathways and hormonally and envi-
ronmentally regulated pathways during seed devel-
opment and germination and plant responses to
stress conditions.

RESULTS
Isolation of Tomato SnRK1 Complex Genes

Differential cDNA display using GA-deficient mu-
tant (gib-1) tomato seeds imbibed in the presence or
absence of GA was employed to identify candidate
gene(s) involved in the regulation or mechanism of
seed germination (Cooley et al., 1999). An mRNA
identified by one of the cDNAs was present in ma-
ture gib-1 seeds and remained abundant in gib-1
seeds imbibed in water (which do not complete ger-
mination), but declined within 12 h in the presence of
GA, which stimulated germination (expression data

1561



Bradford et al.

presented later). A full-length cDNA corresponding
to this mRNA was isolated from a tomato seed cDNA
library prepared from gib-1 seeds imbibed for 24 h in
water. The complete cDNA (GenBank accession no.
AF143742) encoded a predicted protein of 373 amino
acids (41,319 kD) having highest sequence homology
to a predicted protein from bean (Pv42; 56% identity,
71% similarity) and a predicted protein from the
Arabidopsis genome (AAD39660; 55% identity, 70%
similarity; Fig. 1A). Regions of homology were also

Figure 1. LeSNF4 encodes a y-subunit homolog
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present in yeast SNF4 protein (21% identity, 40%
similarity), in other Arabidopsis SnRK1-y proteins
(AKIN+vy and AtSNF4), and in the y-domain of the
maize ZmAKINBy-1 protein. The LeSNF4, Pv42, and
AAD39660 sequences clustered together, as did the
AtSNF4, ZmAKINBy-1, and SNF4 sequences,
whereas the AKINy sequence was divergent from the
rest (Fig. 1B). A motif initially identified in the
cystathionine-B-synthase protein (CBS motif) that is
repeated four times in the yeast SNF4 and mamma-
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lian AMPKYy proteins (Bateman, 1997; Kemp et al.,
1999) also appeared four times in the tomato se-
quence (Fig. 1A). Sequence conservation was greatest
in the C-terminal regions of the proteins, coinciding
with two of the CBS domains. Based on the sequence
homology and functional complementation (see be-
low), we termed the tomato gene LeSNF4.

Hybridization analysis of tomato genomic DNA
using LeSNF4 as probe revealed only single strong
bands, indicating that the mRNA is likely to be en-
coded by a single gene (Fig. 2A). Genetic mapping
supported this conclusion because Chen and Foolad
(1999) used LeSNF4 as a DNA hybridization marker
and mapped it to a single locus (CG43) on chromo-
some 6 of the tomato genome. A genomic DNA frag-
ment was isolated encoding LeSNF4 (termed gLeSNF4;
AF419320) that contained 1,234 bp 5’ to the translation
start site and two introns of 323 bp (starting at bp 43
from the initial ATG of the open reading frame) and
923 bp (starting at bp 793; data not shown).

A cDNA encoding the tobacco (Nicotiana tabacum)
SnRK1-a NPK5 (D26602; Muranaka et al., 1994) was
used to isolate a homologous cDNA (termed LeSNF1I;
AF143743) from a tomato seed cDNA library (data
not shown). The predicted amino acid sequence en-
coded a protein of 514 amino acids (58,824 kD) that is
closely related to potato StubSNF1 (U83797; 95% sim-
ilarity; Lakatos et al., 1999), NPK5 (87% similarity),
and kinases from other species in the SnRKla group
(>80% amino acid similarity; Halford et al., 2000).
The entire protein sequence of LeSNF1 shared 38%
and 43% similarity with yeast SNF1 (M13971) and rat
(Rattus norvegicus) AMPKa (U40819), respectively.
The kinase domains comprising the N-terminal one-
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Figure 2. DNA gel-blot analysis of tomato genomic DNA. A, Tomato
genomic DNA (10 pg) was restriction digested with Xbal (X), EcoRI
(E), or BamHI (B), separated on an agarose gel, and hybridized with
LeSNF4 cDNA. B, As above, hybridized with LeSNF1 cDNA. C, As
above, hybridized with LeSIPT cDNA. D, As above, hybridized with
StubGAL83 cDNA. In a separate experiment using the same restric-
tion enzymes, hybridization with StubGAL83 or LeGAL83 cDNAs
resulted in identical banding patterns (data not shown).
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half of the protein shared 97% similarity among these
plant proteins and >60% similarity among the plant,
yeast, and mammalian proteins. In the more variable
C-terminal region, LeSNF1 shared 92% and 76% sim-
ilarity with StubSNF1 and NPKS5, but only 12% to
16% similarity with SNF1 and AMPKa. Pien et al.
(2001) reported a partial tomato cDNA encoding 161
C-terminal amino acids having 92% similarity with
the corresponding region of StubSNF1, which they
also termed LeSNF1. The reported sequence is iden-
tical with our sequence over this region. Based on
DNA gel-blot analysis, LeSNF1 may be a member of
a small gene family in the tomato genome (Fig. 2B).

A tomato expressed sequence tag (EST; AI486580)
having significant homology to known SnRK1-8
subunits, or SNF1-interacting proteins (SIPs), was
used to isolate a full-length cDNA (termed LeSIPI;
AF322108) from a tomato seed cDNA library. The
predicted amino acid sequence of LeSIP1 shared 50%
and 53% amino acid sequence similarity with AKINS1
and StubGALS3 (Fig. 3A) and 70% with AKINB2 (not
shown). LeSIP1, StubGALS83, and AKIN1 fell into a
phylogenetic group distinct from the yeast (SIP2 and
GALS83) and the mammalian (AMPKR1) proteins
(Fig. 3B). The predicted LeSIP1 amino acid sequence
contained a conserved internal kinase-interacting se-
quence (KIS) domain and a C-terminal association
with the SNF1 kinase complex (ASC) domain (Fig.
3A). These domains have been shown in yeast to
interact with SNF1 (a-subunit) and with SNF4 (y-
subunit), respectively (Jiang and Carlson, 1997). The
plant and mammalian proteins are considerably
smaller than the yeast GAL83 and SIP2 proteins, with
deletions in the region between the KIS and ASC
domains and in the N-terminal region (Fig. 3A).
DNA gel-blot analysis of tomato genomic DNA using
LeSIP1 as a probe detected one major band and sev-
eral weaker bands, suggesting a small family of re-
lated genes in tomato (Fig. 2C). This was confirmed
by probing tomato genomic DNA with StubGALS3,
which resulted in specific hybridization with a re-
striction fragment pattern distinct from that of LeSIP1
(Fig. 2D). Little cross hybridization was detected be-
tween the two probes at similar DNA fragment sizes,
indicating the specificity of the probes for the respec-
tive genes. The tomato genome apparently contains
at least two SIP-like sequences, LeSIP1 and a tomato
homolog of StubGAL83. We subsequently recovered
by reverse transcription-PCR a partial tomato cDNA
sharing 98% identity in both nucleotide and amino
acid sequences with the potato StubGALS83 cDNA
(Fig. 3). A Southern blot of tomato genomic DNA
using this tomato cDNA as a probe exhibited a
hybridization pattern identical to that found when
StubGALS3 was used as the probe (data not shown;
Fig. 2D). Although not full length (230 amino acids
versus 289), this tomato cDNA is evidently the to-
mato homolog of StubGAL83, so we have termed it
LeGALS83 (accession no. AY245177).
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Figure 3. LeGAL83 and LeSIP1 have sequence A
homology with other SnRK1-B subunits. A, Pre- i s i P " &
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LeSNF4 and LeSNF1 Encode Functional Proteins

Whether LeSNF4 and LeSNF1 encode functional
tomato homologs of the corresponding yeast genes
was tested by complementation of mutants deficient
in these genes. In yeast, the SNF4 protein is required
for activation of SNF1 kinase, which is essential for
derepression of sugar-metabolizing enzymes in the
absence of Glc. As a consequence, snf4 mutants are
able to grow on Glc but not on Suc or other carbo-
hydrate sources (Fig. 4A). Expression of LeSNF4 in a
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yeast strain having a deletion in the SNF4 gene (snf4-
A2) restored growth on Suc (or on 2% [w/v] each of
Gal, glycerol, and ethanol plus 0.05% [w/v] Glc)
essentially equivalent to that in the mutant yeast
complemented with the wild-type SNF4 gene (Fig.
4A). Complementation was confirmed by measuring
invertase activity from yeast cells in either repressed
(2% [w/v] Glc) or derepressed (0.05% [w/v] Glc)
conditions (Fig. 5A). Wild-type yeast exhibited an
8-fold increase in invertase activity under dere-
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Glucose

B snf1-410

Sucrose

Glucose
Figure 4. Complementation of yeast snf4-A2 and snf1-A70 mutants
by LeSNF4 and LeSNF1. A, The snf4-A2 mutant was transformed with
the empty vector (sector 1), with yeast SNF4 (sector 3), tomato
LeSNF4 (sector 4), tomato LeSNFT (sector 5), or yeast SNFT (sector 6).
Wild-type yeast transformed with the empty vector is shown in sector
2. Transformed strains containing gene inserts were initially identi-
fied on selective synthetic complete (SC) medium containing Suc
(except those containing empty vector, which were grown on Glc),
then were grown on selective SC plates with 2% (w/v) Glc (left) or
Suc (right) for 10 d at 29°C. B, The snf1-A 10 mutant was transformed
with the empty vector (sector 1) or with tomato LeSNFT (sector 2) or
yeast SNF1 (sector 3). Transformed strains were selected as above,
then were grown on selective SC plates with 2% (w/v) Glc (left) or
Suc (right) for 3 d at 29°C. No colonies were recovered on Suc plates
after transformation of snf1-A70 with vectors containing either Le-
SNF4 or SNF4 (data not shown). For both A and B, results similar to
those shown on Suc medium were obtained when strains were grown
on medium containing 2% (w/v) each of Gal, glycerol, and ethanol
plus 0.05% (w/v) Glc (data not shown).

pressed conditions. In contrast, only a 50% increase
in invertase activity was detected under derepressed
conditions in the snf4-A2 mutant transformed with
the empty vector. However, when snf4-A2 yeast cells
were transformed to express either SNF4 or LeSNF4
genes, invertase activity increased by 14- and 13-fold,
respectively, under derepressed conditions (Fig. 5A).
Thus, LeSNF4 is a functional homolog of SNF4 in
regulating derepression of invertase in yeast.
Similar experiments were conducted to test
whether LeSNF1 encodes a functional homolog of the
yeast SNF1 kinase. The yeast snflI-A10 deletion mu-
tant can grow on Glc but not on Suc (Fig. 4B). Ex-
pression of LeSNF1 suppressed the mutation and
allowed growth on Suc, as did expression of SNF1
(Fig. 4B). In addition, expression of either SNF1 or
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LeSNF1 stimulated secretion of invertase by snfI-A10
cells under both repressed and derepressed condi-
tions, but invertase activity was greater in low Glc
(Fig. 5B). When LeSNF4 was expressed in snfl-A10
cells, no transformants could be recovered from Suc
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Figure 5. Invertase activity of yeast snf4-A2 and snf1-A710 mutants
expressing LeSNF4 and LeSNF1. A, Invertase activity from wild-type
and snf4-A2 mutant yeast cells under either repressed (R, 2% [w/v]
Glc) or derepressed (D, 0.05% [w/v] Glc) conditions. Mutant cells
had been transformed with the empty vector or vectors expressing
SNF4, LeSNF4, SNF1, or LeSNF1. Error bars indicate +95% confi-
dence intervals around the means for assays of three to four inde-
pendent colonies. B, Invertase activity from snf1-A70 mutant yeast
cells under either repressed (R, 2% [w/v] Glc) or derepressed (D,
0.05% [w/v] Glc) conditions. Mutant cells had been transformed with
the empty vector, SNF1, or LeSNF1. Error bars = = 95% confidence
intervals around the means for assays of three to four independent
colonies.
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plates, as expected from the inability of SNF4 to
substitute for SNF1 kinase activity (Celenza et al.,
1989). On the other hand, expression of either SNF1
or LeSNF1 in snf4-A2 mutant yeast cells restored the
ability to grow on Suc (Fig. 4A) and stimulated in-
vertase secretion under both repressed and dere-
pressed conditions (Fig. 5A; Jiang and Carlson, 1996).
Thus, we conclude that LeSNF1 encodes a functional
homolog of SNF1.

LeSNF1, LeSNF4, and LeSIP1 Interact in Yeast
Two-Hybrid Assays

The presence of conserved KIS and ASC domains
predicted that LeSIP1 would bind to LeSNF1 and
LeSNF4. Therefore, we tested whether the tomato
components of the SnRK1 complex interacted with
each other using the yeast two-hybrid assay (Table I).
As expected (Jiang and Carlson, 1997), yeast SNF4
and SNF1 proteins showed an interaction that was
enhanced under derepressing (0.05% [w/v] Glc) con-
ditions. LeSNF1 and LeSNF4 proteins exhibited little
interaction in high (2% [w/v]) Glc, but low Glc en-
hanced binding by 19-fold. LeSIP1 interacted
strongly with both LeSNF1 and LeSNF4 even in high
Glc, and this interaction was enhanced approxi-
mately 8-fold under low-Glc conditions. LeSNF1 and
LeSNF4 showed little binding activity with SNF4 and
SNF1, respectively, in high Glc, but strong interac-
tions occurred in low Glc. LeSIP1 showed some bind-
ing to SNF1 and SNF4 but much less than with the

corresponding tomato proteins. Both LeSNF1 and
LeSIP1 exhibited apparent interaction with them-
selves under low-Glc conditions. We attempted to
test the ability of StubGALS3 to interact with LeSNF1
and LeSNF4, but high expression was detected in
controls when StubGALS83 was expressed alone in
either the binding or activation domains, precluding
meaningful tests (data not shown).

Differential Expression of SnRK1-Related
Genes in Tomato

As noted earlier, LeSNF4 was identified as an
mRNA that was present in mature gib-1 seeds but
declined in the presence of GA (Fig. 6). The expres-
sion pattern was actually more complex because Le-
SNF4 mRNA first declined somewhat in gib-1 seeds
imbibed in water before increasing to high abun-
dance after extended imbibition without completing
germination (Fig. 6). When imbibed in 100 um
GA, 5, on the other hand, an increased abundance of
LeSNF4 mRNA was detected after 1 h, but the
amounts then declined to low or undetectable levels
before radicle emergence began at approximately
48 h (Fig. 6). The expression pattern was similar in
the endosperm cap (endosperm tissue enclosing the
radicle tip), the radicle tip, and the rest of the seed
(including both the remainder of the embryo and the
lateral endosperm surrounding it; Fig. 6; tissue print
data not shown). Expression was apparently specific
to the seed because the mRNA was not detected in

Table I. Two-hybrid analyses of protein-protein interactions among tomato and yeast SnRK1 proteins

Bindin Activation . L

Domain (éait) Domain (Prey) Galactosidase Activity = se*

High Glc (R) Low Glc (D) D/R®

nmol min~" g fresh wt™'

SNF4 SNF1 64.2 = 5.8 300 * 23 4.7
LeSNF4 LeSNF1 2.79 = 0.20 52.3+59 19
LeSIP1 LeSNF1 235 = 32 1,880 = 220 8.0
LeSIP1 LeSNF4 222 £ 11 1,670 = 284 7.5
LeSNF1 SNF4 6.25 £ 0.82 392 + 75 63
LeSNF4 SNF1 1.94 = 0.60 473 *+59 24
LeSIP1 SNF1 173 £ 1.4 46.4 = 2.0 2.7
LeSIP1 SNF4 6.27 £ 1.05 21.0 = 5.0 3.4
LeSNF1 LeSNF1 1.59 = 0.31 62.7 £ 28.5 39
LeSNF4 LeSNF4 ND¢ 4.56 = 1.11 -
LeSIP1 LeSIP1 18.9 = 4.0 84.1 £ 19.1 4.4
LeSNF1 Empty 6.89 = 0.82 ND¢ -
Empty LeSNF1 5.13 £ 1.57 ND* -
LeSNF4 Empty 5.32 £2.23 ND* -
Empty LeSNF4 5.93 = 1.54 ND* -
LeSIP1 Empty 3.44 £2.29 ND* -
Empty LeSIP1 ND*¢ ND* -

? Yeast 190 cells transformed with different coding regions in the binding or activation domains of the
yeast two-hybrid vector were grown in SC-Trp-Leu-His plus 2% (w/v) Glc (high Glc [R = repressed]) or
2% (w/v) each of galactose/glycerol/ethanol plus 0.05% (w/v) Glc (low Glc [D = derepressed]) broth
containing 25 mm 3-amino-triazole. B-Galactosidase activities in crude protein extracts from three or four
yeast colonies were measured as described in “Materials and Methods.” n = 3 or 4.

low Glc (D) divided by value in high Glc (R).

©ND, Not detected.

b D/R = value in
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Endosperm caps Radicle tips Rest of seed FLR
Treatment Water GA Water GA Water GA
Hours 112 24 40 1 12 24 40 1 12 24 40 1 12 24 40 1 12 24 40 1 12 24 40

Lesnrs B .

0 IERLLTT TEC

Figure 6. Expression of LeSNF4 mRNA in gib-1 tomato seeds and wild-type tissues. Seeds were imbibed for the indicated
time in either water or 100 um GA,, , at 25°C before dissecting into the endosperm caps (endosperm tissue covering the
radicle tip), radicle tips, and the remainder of the seed (for diagram, see Cooley et al., 1999). In addition, flower (F), leaf (L),
and root (R) tissues were collected from field-grown wild-type (cv Moneymaker) plants. Extracted total RNAs were
hybridized to riboprobes prepared from LeSNF4 (upper) or from a cDNA fragment (G46) having homology to constitutively
expressed ribosomal protein sequences to confirm equal RNA loading of each lane (lower).

flowers, leaves, or roots of wild-type field-grown
plants (Fig. 6).

Because LeSNF4 mRNA was present in mature dry
seeds and became less abundant during germination
in response to GA, we examined the expression of
tomato SnRK1-related genes during both seed devel-
opment and germination. Tomato seeds initially in-
creased in fresh weight as the tissues expanded, fol-
lowed by dry weight accumulation due to deposition
of storage reserves (Fig. 7A). Fresh weight of ex-
tracted seeds then fell, apparently associated with
collapse of the testa cells (Fig. 7A; Berry and Bewley,
1991). Seed water content decreased during develop-
ment, reaching values of 40% to 50% (w/w, fresh
weight basis) at maturity inside the ripe fruit (Fig.
7A), followed by drying to 6% to 8% once removed
from the fruit. LeSNF4 mRNA was barely detectable
in tomato seeds at 20 and 25 DAF but increased in
abundance after 30 DAF and was most abundant in
mature seeds (60 DAF; Fig. 7, B and C). In contrast,
LeSNF1 mRNA was abundant at 20 DAP, then de-
clined somewhat before increasing again late in seed
development (Fig. 7, B and C). LeSIP1 mRNA could
not be detected in northern analyses of developing
or germinating seeds (data not shown). However,
StubGALS3 hybridized with an mRNA present late in
seed development, indicating the expression of the
highly homologous LeGALS3 gene (Fig. 7, B and C).
Therefore, we used probe prepared from StubGAL83
to assay for the presence of tomato LeGALS3 mRNA.
(These experiments were conducted before the isola-
tion of the partial LeGAL83 cDNA described above,
which confirmed the virtual identity of their
sequences).

LeSNF4 mRNA was abundant in mature dry wild-
type seeds but declined in seeds that had not com-
pleted germination by 48 h and was not detected in
seeds that had completed germination (Fig. 8, lanes
1-3). LeSNF1 and LeGALS3 transcripts were also
present in dry seeds and in imbibed germinating
seeds but persisted even after the radicle had pro-
truded (Fig. 8, lanes 1-3). Imbibing seeds in ABA (100
uM), in an osmotic solution (—1.3 MPa PEG), or

Plant Physiol. Vol. 132, 2003

under FR, all of which inhibited radicle emergence,
maintained LeSNF4 mRNA abundance (Fig. 8, lanes
4-6). LeSNF4 mRNA remained abundant in naturally
dormant seeds that had not completed germination
after 14 d in water (Fig. 8, lane 7). When these dor-
mant seeds were transferred to GA, LeSNF4 mRNA
decreased but was still present in seeds that had not
completed germination after 48 h and was absent in
germinated seeds (Fig. 8, lanes 8 and 9). In contrast,
ABA, osmoticum, dormancy, GA, or germination sta-
tus had relatively little effect on the abundance of
LeSNF1 or LeGAL83 mRNAs (Fig. 8, lanes 1-9).
Because LeSNF4 mRNA was present in mature dry
seeds, its continued presence under conditions pre-
venting germination could be due to increased sta-
bility or reduced turnover rather than continued syn-
thesis. Because its abundance declined in imbibed
seeds before radicle emergence, we tested whether
the transcript would accumulate again if germination
were blocked. When wild-type seeds were imbibed
for 36 h in water, LeSNF4 mRNA amounts decreased
before radicle protrusion (e.g. Fig. 8, lanes 1 and 2).
When these seeds were then transferred to —1.3 MPa
PEG or to 4°C, LeSNF4 mRNA abundance increased,
but LeSNF1 and LeGAL83 mRNA amounts were rel-
atively unaffected (data not shown). Thus, conditions
inhibitory to germination re-induced accumulation
after LeSNF4 mRNA amounts had initially declined.
Although LeSNF4 mRNA was not detected in
leaves or roots from plants grown under normal field
conditions (Fig. 6), we examined the expression of
LeSNF4, LeSNF1, and LeGALS3 in leaves exposed to
ABA or subjected to water stress (Fig. 9). LeSNF4
mRNA was initially low in leaves from well-watered
intact plants (Fig. 9, lanes 1 and 7), in agreement with
earlier results (Fig. 6). Excising leaves and maintain-
ing them at 100% RWC for 6 h also failed to induce
LeSNF4 expression, but LeSNF4 mRNA accumulated
in leaves allowed to dehydrate after excision, with
lower RWC resulting in greater accumulation (Fig. 9,
lanes 2—4). Similarly, excised shoots maintained with
their stems in water did not accumulate LeSNF4
mRNA, but when ABA solution was fed through the
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Figure 7. Expression of SnRKT-related genes during tomato seed
development. A, Fresh and dry weights and water contents (fresh
weight basis) of tomato seeds during development. B, Abundance of
LeSNF4, LeSNF1, and LeGAL83 mRNAs during tomato seed devel-
opment. Total RNA was extracted from freshly harvested seeds at the
times indicated and hybridized with probes prepared from the dif-
ferent genes (StubGAL83 probe was used to detect LeGAL83). Lower
panels in each pair labeled rRNA are ethidium bromide-stained gels
showing loading of RNA in each lane. C, Relative mRNA abundance
was quantified by densitometry from the images in B and normalized
for RNA loading in each lane. Within each panel, the normalized
signal intensity at 60 d after flowering (DAF) was set equal to 1, and the
normalized signal intensities in other lanes are shown relative to it.
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stems, LeSNF4 mRNA increased within 6 h (Fig. 9,
lanes 5 and 6). A single foliar spray of ABA applied
to intact plants also induced transient accumulation
of LeSNF4 mRNA within 6 h, followed by its decline
to undetectable amounts within 24 h (Fig. 9, lanes
7-10). In contrast, comparatively minor changes in
the abundance of LeSNF1 or LeGAL83 mRNAs oc-
curred in shoot tissues in response to these treat-
ments, although LeSNF1 mRNA abundance doubled
under mild water stress (Fig. 9, lanes 1-10).

DISCUSSION

Functional SnRK1-Related Genes Are
Present in Tomato

Plant enzymatic or a-subunits of SnRKs have been
grouped into three subfamilies (SnRK1, SnRK2, and
SnRK3) based upon amino acid sequence homologies
(Halford et al., 2000, 2003). We isolated an SnRK1-
type cDNA, termed LeSNF1, from germinating to-
mato seeds that exhibits high predicted amino
acid sequence homology to NPK5 of tobacco and
StubSNF1 of potato, as would be expected from their
close taxonomic relationship. In addition, LeSNF1
complemented an snfl mutant of yeast, restoring
both growth on Suc and derepression of invertase
(Figs. 4B and 5B) and indicating that it encodes a
functional kinase that can respond to Glc repression
signals in yeast. Strong binding of LeSNF1 to yeast
SNF4 in the two-hybrid assay only under low-Glc
conditions further supports this conclusion (Table I).
Like yeast SNF1 (Celenza and Carlson, 1989) and
Arabidopsis AKIN10 and AKIN11 (Bhalerao et al.,
1999), but unlike tobacco NPK5 (Muranaka et al.,
1994), LeSNF1 also suppressed an snf4 mutation in
yeast (Figs. 4A and 5A). Suppression of snf4 is likely
due to overexpression of LeSNF1 or SNF1 kinase
activity, resulting in induction of some invertase ac-
tivity even in the presence of high Glc concentrations
(Fig. 5). However, invertase expression was stimu-
lated severalfold under low-Glc conditions in yeast
snf4 mutants expressing LeSNF1 (Fig. 5A), indicating
that like SNF1 (Jiang and Carlson, 1996), LeSNF1
remains responsive to signals regulating the Glc re-
pression system in yeast even in the absence of SNF4.
Interestingly, interaction of LeSNF1 protein with it-
self in the two-hybrid assay was enhanced under
low-Glc conditions (Table I). In contrast, internal
binding of the SNF1 regulatory and kinase domains
in yeast is enhanced in high Glc (Jiang and Carlson,
1996). Apparent interaction of LeSNF1 with itself also
could be due to the presence of endogenous yeast
proteins that could bridge between two LeSNF1 pro-
teins in the two-hybrid system under low-Glc
conditions.

In contrast to the many known plant SnRK1-« ho-
mologs (Halford et al., 2000), relatively few candidate
genes for the B- and y-subunits of the complex have
been identified. The first plant y-subunit candidate,

Plant Physiol. Vol. 132, 2003
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Figure 8. Expression of SnRKT7-related genes in dry and imbibed
tomato seeds under different conditions. A, Total RNA was extracted
from mature dry wild-type (cv Moneymaker) seeds (lane 1) and seeds
imbibed at 25°C under various conditions (lanes 2-9) and hybridized
with probes from LeSNF4, LeSNF1, and StubGAL83 (to detect Le-
GAL83 mRNA). After imbibition in water for 48 h, seeds were
separated into ungerminated (lane 2) and germinated (lane 3) seeds.
Additional seeds were imbibed in 100 um ABA (lane 4) or in —1.3
MPa polyethylene glycol (PEG) solution (lane 5) or in water under
far-red (FR) irradiation (lane 6); these conditions prevented the com-
pletion of germination. Naturally dormant seeds were sampled after
failing to complete germination after 14 d of imbibition on water
(lane 7). These dormant seeds were transferred to 100 um GA, . to
stimulate germination, and after 48 h (approximately 50% germina-
tion), seeds were separated into ungerminated (lane 8) and germi-
nated (lane 9) fractions. rRNA, Ethidium bromide-stained gel show-
ing loading of RNA in each lane. Replicate gels were run with
identical samples and hybridized with RNA probes for LeSNF4,
LeSNF1, or StubGAL83. B, Relative mRNA abundance was quanti-
fied by densitometry from the images in A and normalized for RNA
loading in each lane. Within each panel, the normalized signal
intensity of dry seeds (lane 1) was set equal to 1, and the normalized
signal intensities in other lanes are shown relative to it.

termed Pv42, was isolated serendipitously from bean
(Abe et al., 1995), and no further information on this
gene has been reported. Bouly et al. (1999) used
sequence homology with SNF4 and AMPKY to iso-
late an Arabidopsis gene (AKIN7y) whose protein
product interacted with AKINal in two-hybrid as-
says. However, the sequence of AKINY is quite di-
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vergent from other plant y-subunit candidates (Fig.
1B), and it did not interact with yeast SNF1 protein or
complement a yeast snf4 mutant (Bouly et al., 1999),
so whether it functions in vivo as part of an SnRK1
complex is uncertain. Similarly, Slocombe et al.
(2002) identified an SnRKl-interacting protein
(S5nIP1) having slight similarity to other plant
SnRK1-y candidates that also was unable to comple-
ment a yeast snf4 mutant. Another candidate
vy-subunit gene (AtSNF4) was identified from Arabi-
dopsis as a “weak” suppressor of the yeast snf4 mu-
tation (Kleinow et al.,, 2000). It was subsequently
shown that expression of a longer transcript of this
gene containing a 5’ KIS domain in addition to the
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Figure 9. Expression of SnRKi-related genes in tomato seedling
leaves in response to water stress or ABA. A, Leaves were sampled
from well-watered plants and frozen immediately (lane 1) or were
excised and placed in plastic bags containing moist filter paper either
immediately (lane 2) or after different durations of initial water loss
resulting in 90% (lane 3) or 80% (lane 4) relative water content
(RWC). RNA was extracted from the leaves 6 h after excision. Excised
shoots were placed with their cut ends in water (lane 5) or in 100 pum
ABA (lane 6) for 6 h before the leaves were sampled for RNA. Intact
seedlings (lane 7 = initial leaf samples) were sprayed once with 100
M ABA and leaves were sampled at 6 (lane 8), 12 (lane 9), and 24 h
(lane 10) after treatment. rRNA, Ethidium bromide-stained gel show-
ing loading of RNA in each lane. Replicate gels were run with
identical samples and hybridized with RNA probes for LeSNF4,
LeSNF1, or StubGAL83 (to detect LeGAL83 mRNA). B, Relative
mRNA abundance was quantified by densitometry from the images
in A and normalized for RNA loading in each lane. Within each
panel, the normalized signal intensity of control leaves (lane 1) was
set equal to 1, and the normalized signal intensities in other lanes are
shown relative to it.
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y-subunit domain effectively complemented the
yeast snf4 mutation (Lumbreras et al., 2001). Simi-
larly, both the full-length ZmAKINSy-1 protein from
maize and the y-related region alone complemented
the yeast snf4 mutation and interacted with AKIN11,
an SnRK1-«a protein (Lumbreras et al., 2001). Because
the only functional plant homologs of SNF4 known at
that time were of the By-type, these authors proposed
that plant SnRK1 complexes may consist of dimers of
a- and fused By-type subunits (Lumbreras et al.,
2001).

We identified a putative SNF4 homolog from to-
mato (LeSNF4) that exhibited sequence homology to
both SNF4 and AMPK-vy and to other potential plant
SnRK1-y proteins (Fig. 1). The tomato protein com-
plemented a yeast snf4 deletion mutant and restored
derepression of invertase during Glc starvation (Figs.
4A and 5A). The expressed protein interacted
strongly with both yeast SNF1 and LeSNF1 proteins
only under low-Glc conditions (Table I). The LeSNF4
gene encodes only a y-type subunit and does not
contain B-related sequences in the 1,234-bp 5’ to the
translation start site or in the expressed mRNA. We
also identified two tomato c¢cDNAs (LeSIP1 and
LeGAL83) containing conserved KIS and ASC do-
mains characteristic of B-subunits (Fig. 3), and LeSIP1
exhibited Glc-sensitive binding to LeSNF4 and
LeSNF1 and to itself (Table I). We are not aware of
any other reports testing whether B-subunits can self-
associate under low-Glc conditions. We have not
tested LeGALS3 in the two-hybrid assay and were
unable to achieve meaningful results with StubGAL83
in that assay, but StubGAL3 was previously reported
to interact with StubSNF1 and SNF4 (Lakatos et al.,
1999). Thus, although plants possess genes for chi-
meric By-type proteins that can interact with
SnRK1-a proteins (Lumbreras et al., 2001), they also
contain genes encoding separate functional y- and
B-type subunits analogous to those in yeast and
mammals.

Halford et al. (2000, 2003) have discussed some of
the potential biochemical differences between the
plant SnRK1 complexes and those of yeast and mam-
mals, such as the likelihood that Suc, rather than Glc,
may be the primary sugar regulating the activity of
the kinase in plants. Plant SnRK1 kinases are in-
volved in multiple signal transduction and/or regu-
lation pathways, and a number of proteins in addi-
tion to SnRK1-B and -y subunits have been identified
that could potentially interact with SnRK1 kinases
to influence their activity or substrate specificity
(e.g. Bhalerao et al., 1999; Farrds et al., 2001;
Fordham-Skelton et al., 2002; Slocombe et al., 2002).
Biochemical studies are needed to identify the in vivo
substrates for LeSNF1 and whether its activity, local-
ization, and/or substrate specificity are altered by
the presence of LeSNF4, SIPs, or sugars. However,
the high sequence conservation among eukaryotic
SnRK1 components, the ability of LeSNF1 and
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LeSNF4 to interact with each other and with their
yeast counterparts, and their ability to respond to Glc
derepression signals in yeast all suggest that these
proteins are likely to be involved in regulating car-
bon metabolism in planta. We are developing trans-
genic tomato plants in which LeSNF4 expression can
be experimentally modified to test this possibility.

LeSNF# Is Differentially Expressed during Seed
Development and Germination and in Response to
Hormones and Water Stress

Relatively limited information is available about
the expression of genes of the SnRK1 complex in
plants. Different SnRK1-a-subunit genes are ex-
pressed in vegetative and seed tissues of barley (Hor-
deum vulgare), and a specific subfamily (SnRK1b) is
uniquely expressed in cereal seeds (Hannappel et al.,
1995; Takano et al., 1998; Halford et al., 2000). Potato
PKIN1 showed somewhat higher expression in sto-
lons than in other tissues (Man et al., 1997). In Ara-
bidopsis, AKINal, AKIN7y, AKINB1, and AKINB2 all
exhibited low expression in siliques, whereas mRNA
abundance of AKINB1 in leaves may be regulated by
light (Bouly et al., 1999). Abundance of StubSNF1
mRNA was low in various plant tissues except flow-
ers, where expression was high, whereas StubGAL83
mRNA was detected in all tissues tested, with lower
expression in roots and fruits (Lakatos et al., 1999).
AtSNF4 mRNA was most abundant in cell suspen-
sion cultures, flower buds, and shoot apices (Kleinow
etal., 2000). ZmAKINBy-1 mRNA was most abundant
during early embryogenesis, and its expression in
seedlings was not affected by ABA or temperature
stress (4°C or 37°C; Lumbreras et al., 2001). Tobacco
NPK5 and potato PKIN1 exhibited some variation in
mRNA abundance among tissues, but their mRNAs
were detected in all tissues tested (Muranaka et al.,
1994; Man et al., 1997). Thus, studies of the expres-
sion of genes of the plant SnRK1 complex have been
limited largely to tissue surveys and some alterations
of environmental conditions, and in only one study
were putative members of all three SnRK1 compo-
nents examined (Bouly et al., 1999).

The dramatic changes in carbon fluxes associated
with the deposition of reserves during seed develop-
ment and their mobilization during germination pro-
vide an opportunity to test whether expression of the
components of the SnRK1 complex are altered during
these metabolic transitions. During tomato seed de-
velopment, LeSNF4 mRNA was initially absent but
appeared at 30 d after flowering, which coincided
with maximum dry weight accumulation and the
first appearance of planteose, a Suc-galactosyl oligo-
saccharide that accumulates late in tomato seed de-
velopment (Fig. 7; Downie et al., 2003). The increase
in LeSNF4 mRNA coincided with increasing ABA
concentrations in tomato seeds between 30 and 40
DAF, and both ABA content and LeSNF4 mRNA
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remained high thereafter (Fig. 7, B and C; Hocher et
al.,, 1991; Berry and Bewley, 1992). LeSNF4 mRNA
was present in imbibed seeds under various condi-
tions where germination was inhibited and was ab-
sent from seeds after completion of germination
(Figs. 6 and 8). In contrast, LeSNF1I mRNA was
present throughout seed development, being the
most abundant in mature seeds (Fig. 7, B and C),
and LeSNFI mRNA amounts were essentially con-
stant after imbibition regardless of germination sta-
tus (Fig. 8). Comparable results were found with
true (botanical) potato seeds when LeSNF4 and Le-
SNF1 probes were used to detect homologous po-
tato mRNAs in similar types of experiments (Al-
varado et al.,, 2000). Although represented in an
imbibed seed cDNA library and in a tomato ovary
EST library, suggesting that it is not a pseudogene,
we were unable to detect LeSIP1 mRNA in develop-
ing or germinating seeds or unstressed leaves by
hybridization, whereas LeGAL83 mRNA was de-
tected during late seed development and through-
out germination (Figs. 7-9). Different p-subunits of
the SnRK1 complex apparently are differentially ex-
pressed in a tissue-specific manner, as shown pre-
viously for human and Arabidopsis genes (Thorn-
ton et al., 1998; Bouly et al., 1999). LeGAL83 mRNA
abundance was low during early seed development
but increased as seeds approached maturity (Fig. 7,
B and C), and like LeSNF1, remained relatively con-
stant in imbibed seeds, regardless of the germina-
tion status (Fig. 8). We conclude that at least one
SnRK1-a gene (LeSNF1) and one SnRK1-8 gene (Le-
GALS83) are expressed in developing and germinat-
ing tomato seeds and that their mRNA abundance is
relatively unaffected by conditions that markedly
alter expression of LeSNF4.

The expression pattern of LeSNF4 is reminiscent of
that of an SnRK2 kinase, PKABA1, which was iden-
tified from wheat embryos on the basis of its induc-
tion by ABA (Anderberg and Walker-Simmons,
1992). PKABA1 is involved in a signaling pathway by
which ABA suppresses the induction of gene expres-
sion by GA in cereal aleurone layers (Gomez-
Cadenas et al., 2001). Like LeSNF4, PKABAT mRNA
remains abundant in imbibed dormant seeds, but
declines soon after imbibition in nondormant seeds
(Verhey and Walker-Simmons, 1997). Furthermore,
its expression is up-regulated by ABA, dehydration,
cold, and osmotic stress in other plant tissues (Ho-
lappa and Walker-Simmons, 1995). Similarly, we
found that expression of the LeSNF4 gene can be
stimulated in leaves by ABA or water stress (Fig. 9).
This and the decrease in LeSNF4 mRNA after GA
treatment of gib-1 seeds (Fig. 6) are consistent with
direct regulation of LeSNF4 expression by these hor-
mones and with the presence of consensus ABA- and
GA-responsive elements in the promoter region of
the LeSNF4 gene.
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Regulation of LeSNF4 Expression Could Link
Hormonal and Sugar Response Pathways

Our discovery that ABA, GA, and other conditions
that influence seed germination regulate LeSNF4 ex-
pression provides a possible mechanism by which
hormonal and sugar-signaling pathways could inter-
act. In yeast and mammals, the SNF1/AMPK kinase
complex functions as a metabolic switch, acting on
both key enzymes and transcription factors to either
induce or repress entire metabolic pathways in re-
sponse to nutritional or environmental stress or en-
ergy demand (Carlson, 1998; Hardie et al., 1998).
Rook et al. (2001) proposed that ABA signaling mod-
ulates responses to a separate sugar signal, suggest-
ing an explanation for the altered sensitivity of ger-
mination to inhibition by sugars in several aba and abi
mutants (Cheng et al., 2002; Finkelstein et al., 2002;
Rolland et al., 2002). Rook et al. (2001) also proposed
that interactions between ABA and sugar-signaling
pathways shift development and metabolism be-
tween a “storage mode” in which storage reserves
are synthesized and their utilization is inhibited and
a “mobilization mode” in which storage reserves are
catabolized and growth is promoted. Similarly, Gaz-
zarrini and McCourt (2001) proposed that progres-
sion from germination to seedling growth involves a
transition from “State 1” in which ABA or sugars are
capable of blocking reserve mobilization and germi-
nation to “State 2” or autotrophic vegetative growth
that is much less sensitive to ABA or sugars. The
well-known antagonism between ABA and GA in
cereal aleurone cells (Gomez-Cadenas et al., 2001)
can also be viewed as switching metabolism between
the “storage” and “mobilization” modes. Consistent
with its role in other organisms and its expression
pattern during seed development and germination,
we propose that modulation of LeSNF1 kinase activ-
ity by the ABA-regulated expression of LeSNF4
could be involved in this metabolic shift (Fig. 10).

We hypothesize that when LeSNF4 is expressed
during seed maturation (probably in response to
ABA), it would bind to LeSNF1/LeGALS83 (or other
SIP proteins) and alter the kinase activity of the com-
plex to promote metabolic pathways involved in the
accumulation or maintenance of storage reserves
and to block those involved in the mobilization or
utilization of stored reserves (Fig. 10). For example,
LeSNF4 might modulate LeSNF1 activity or substrate
specificity to express metabolic pathways that result
in the reduction in Glc and accumulation of Suc and
oligosaccharides such as raffinose and planteose that
occur during seed maturation. After imbibition, ex-
pression of LeSNF4 is reduced in seeds that are not
dormant or are stimulated by GA, potentially alter-
ing LeSNF1 kinase activity to derepress genes encod-
ing enzymes required for reserve mobilization and
metabolism (Fig. 10). Conditions that block germina-
tion of imbibed seeds, including dormancy, ABA, FR
light, or low water potential, maintain LeSNF4 ex-
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Figure 10. Regulation and hypothetical roles of the SnRK1 complex during seed maturation and germination. This scheme
combines recent models (e.g. Gazzarrini and McCourt, 2001; Rook et al., 2001) with data presented here for the tomato
SnRK1 complex. ABA synthesis during seed development or in response to high sugar levels during germination results in
ABA accumulation, inducing LeSNF4 expression. Additional factors promoting LeSNF4 expression are shown on the left of
the ABA signaling pathway, whereas those inhibiting expression are shown on the right. Dashed lines both above and below
LeSNF4 are shown because it is unclear where each of these factors acts in influencing expression. When LeSNF4 is present,
it binds with LeSNF1/LeGAL83, potentially altering the kinase activity or its interaction with other regulatory factors or
substrates, resulting in the maintenance of a “maturation/dormancy” metabolic state and inhibiting reserve mobilization.
When LeSNF4 is absent, LeSNF1 may have altered activity, specificity, or interactions with other SIPs, resulting in transition
to the “germination/growth” mode required for reserve mobilization and seedling growth. In either of the metabolic modes,
the activity of the LeSNF1 complex may be sensitive to regulation by sugars (indicated by the broken lines) and could be
involved in the regulation of ABI3, ABI4, and ABI5 and other proteins that are known to influence the transition from seed

maturation and dormancy to germination and growth. (Arrows indicate promotion; bars indicate inhibition.)

pression (Fig. 10). Provision of sugars can overcome
the initial inhibition of germination by ABA (Gar-
ciarrubio et al., 1997; Finkelstein and Lynch, 2000a)
and induce germination in embryos of the cts (coma-
tose) mutant, which are deeply dormant due to a
defect in lipid reserve mobilization (Footitt et al.,
2002). Interestingly, ABA did not entirely block lipid
mobilization in imbibed Arabidopsis seeds but de-
creased utilization of Suc, resulting in a doubling of
Suc content (Pritchard et al., 2002). ABA action on
supply or utilization of metabolic substrates is also
consistent with the lack of effect of ABA on the
induction of germination-associated cell wall hydro-
lases and expansins by GA or on the initial weaken-
ing of the endosperm cap enclosing the radicle tip of
tomato seeds, nonetheless preventing germination
(Bradford et al., 2000; Chen and Bradford, 2000).
The developmental arrest associated with embryo
quiescence and dormancy that separates the matura-
tion and germination modes requires ABA and is
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absent in mutants of genes such as ABI3, FUS3, LEC1,
and LEC2, which encode transcription factors that
influence the expression of a number of genes asso-
ciated with seed maturation and germination (Nam-
bara et al.,, 2000; Raz et al., 2001; Koornneef et al.,
2002). Additional transcription factors that can bind
ABA-responsive elements (ABREs) have been identi-
fied in plants, including ABI5, ABRE-binding factors
(ABFs), and ABRE-binding proteins (AREBs; Choi et
al., 2000; Uno et al., 2000; Carles et al., 2002). In
Arabidopsis, ABI5 acts specifically at the postgermi-
nation transition in an ABA-dependent manner to
maintain the embryo in a quiescent state and block
further seedling development (Finkelstein and
Lynch, 2000b; Lopez-Molina et al., 2001, 2002). Over-
expression of ABF3 exerted an inhibitory effect on
germination and early seedling growth and con-
ferred hypersensitivity to ABA (Kang et al., 2002),
similar to the effects of ectopic ABI4 expression (S6-
derman et al.,, 2000). Genetic and molecular data
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indicate that ABI3-, ABI4-, and ABI5-related proteins
are involved in an interactive network regulating late
seed development and germination (S6derman et al.,
2000; Nakamura et al., 2001; Bensmihen et al., 2002;
Brocard et al., 2002; Niu et al., 2002). Many of these
genes are transcriptionally and/or posttranslation-
ally regulated by ABA (e.g. Lopez-Molina et al,,
2003), and some of them, including ABI5 (also known
as TRAB1), ABF2 (also known as AREB1), and ABF4
(also known as AREB2), are phosphorylated in re-
sponse to ABA (Uno et al., 2000; Lopez-Molina et al.,
2001, 2002; Kagaya et al., 2002; Lu et al., 2002). No
plant transcription factors have been demonstrated
to be substrates for SnRK1 kinase activity, but the
two Ser (S42 and S145) and one Tyr (T201) that are
phosphorylated in ABI5 (Lopez-Molina et al., 2002)
and Ser-102 in TRABI that is phosphorylated in re-
sponse to ABA and is essential for ABA-induced
transcription (Kagaya et al., 2002) are all found in
consensus recognition sequences for phosphoryla-
tion by SnRK1 (Halford et al., 2003). Interestingly, the
same consensus phosphorylation recognition se-
quence is present in a region of the Migl transcrip-
tional repressor in yeast that is required for its reg-
ulation by SNF1 in the absence of Glc (Ostling et al.,
1996). In addition, a wheat transcription factor, Ta-
ABF, related to the ABI5 family, was recently identi-
fied as a substrate for PKABA1 (Johnson et al., 2002).
Although experimental data are as yet lacking, an
intriguing possibility is that LeSNF1 is involved in the
kinase cascades that phosphorylate the transcription
factors regulating late embryogenesis, dormancy, and
the transition to germination. Two-hybrid interaction
assays with ABI3- and ABI5-related proteins (e.g.
Nakamura et al., 2001) conducted in yeast both with
and without Glc could be informative in this regard.
ABA and/or sugars, acting directly or via expression
of LeSNF4, could alter the activity, substrate speci-
ficity, or localization of the SnRK1 complex to phos-
phorylate alternative transcription factors resulting
in either the maturation/dormancy or germination/
growth metabolic states (Fig. 10).

In conclusion, our results indicate that mRNA
abundance of the y-subunit of the SnRK1 complex in
tomato (LeSNF4) is regulated by ABA and GA in a
manner consistent with its having a functional role in
the maturation to growth transition in seeds and in
stress responses in leaves. By adding hormonal reg-
ulation to the sugar-, energy-, and stress-sensing
functions of a prototypical SnRK1 complex, plants
apparently have adapted it for a variety of functions
related to source/sink relationships, developmental
transitions, and environmental responses.

MATERIALS AND METHODS
Isolation of LeSNF4, LeSNF1, and LeSIP1

Differential cDNA display was performed essentially as described by
Liang and Pardee (1992), using mRNA pools from GA-deficient (gib-1)
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tomato (Lycopersicon esculentum Mill.) seeds (Groot and Karssen, 1987) im-
bibed in water or in 100 um GA, ., for 24 h (Cooley et al., 1999). Anchor
primer (dT;sMG, where M = G, A, or C) and an arbitrary primer
(5" AATCGGGCTG3') amplified a 300-bp cDNA fragment that was present
only in seeds imbibed on water. This fragment was used to retrieve a partial
cDNA from a library prepared using mRNA from gib-1 seeds incubated for
24 h on water (Zap Express cDNA Synthesis Kit, Stratagene, La Jolla, CA).
The full-length cDNA was obtained using 5'-RACE (Life Technologies,
Gaithersburg, MD). The complete cDNA was subsequently used to isolate a
single 3.5-kb fragment from a tomato cv VENT Cherry genomic library in
Charon 35 vector (courtesy of R.L. Fischer, University of California, Berke-
ley). This genomic DNA contained the complete LeSNF4 coding region,
including two introns, and 1,234 bp in the promoter region.

LeSNF1

c¢DNA was isolated from a library prepared using mRNA from gib-1
seeds incubated for 24 h on 100 um GA, ., (Zap Express cDNA Synthesis
Kit, Stratagene) using tobacco (Nicotiana tabacum) NPK5 cDNA as a probe
(courtesy of Dr. Toshiya Muranaka, Sumitomo Chemical Co., Ltd., Takara-
zuka, Hyogo 665, Japan). LeSIP1 cDNA was isolated from the same library
using tomato EST AI486580 (provided by Clemson University Genomics
Institute, SC) as a probe. The partial cDNA of LeGALS83 was isolated by
reverse transcription-PCR using primers based on the StubGAL83 sequence.

cDNAs were sequenced at the Advanced Plant Genetics Facility (Univer-
sity of California, Davis). Sequence comparisons were made using DNAStar
software.

Yeast (Saccharomyces cerevisiae) Complementation

LeSNF4 or LeSNF1 cDNAs were fused in frame with pMA424 and pYES
and these or empty vectors were transformed into freshly prepared snf4-A2
(MCY3915 [MATa snf4-A2, His-3A200 Leu-2-3, and 112-Trp 1A63 Ura-3-52])
or snfl-A10 (MCY1846 [MATa snfl-A10 Lys-2-801 Ura 3-52]) yeast cells
(provided by Dr. Marian Carlson, Columbia University, New York) or
wild-type YPH500 competent cells by the lithium acetate method (Rose et
al., 1990). The transformed yeast colonies were plated on selective SC
medium at 29°C for 3 to 14 d, and growing colonies were characterized by
invertase assays and by re-isolation and restriction analysis of the shuttle
vector to confirm the presence of the inserted genes.

Invertase Assays

Yeast cells were grown in 3 mL of selective medium at 29°C and har-
vested at mid-log phase. After centrifuging for 5 min at 15,000¢ and noting
the weight of the pellet, the cells were chilled in ice and washed with 100 uL
of chilled sterile water. The cells were resuspended in 100 uL of glass bead
disruption buffer and shaken 6 X 1 min each with 80 mg of cooled glass
beads (Sigma, St. Louis). The supernatant was spun at 12,000¢ for 30 min to
yield the crude extract. Extract (4 uL) was assayed according to Goldstein
and Lampen (1975; except that O-dianisidine was dissolved in methanol)
using invertase (Sigma) as the standard.

Yeast Two-Hybrid Protein Interaction Assays

In-frame fusions of members of the SnRK1 complex from tomato and
yeast were made by PCR in pGBT9.BS (Trp; binding domain) and
pGAD.GH (Leu; activation domain) vectors. Competent Y190 cells were
transformed as above with equal quantities (0.25-0.5 ug) of the two vectors.
The cells were plated on SC-Trp-Leu-His with 25 mm 3-amino-triazole and
grown at 29°C for 3 to 14 d. The transformed colonies were characterized by
filter lift assays for B-galactosidase, and colonies showing blue color were
grown in 3 mL of selective broth containing 2% (w/v) Glc or 2% (w/v) each
of Gal, glycerol, and ethanol plus 0.05% (w/v) Glc with 25 mm 3-amino-
triazole. B-p-Galactosidase was assayed spectrophotometrically in extracts (as
described above for invertase) using chlorophenyl-red-B-p-galactopyranoside
as substrate (Kim et al., 1997). Galactosidase activity was calculated using an

extinction coefficient for chlorophenyl red at 570 nm of 75,000 L mol 'em ™.
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Seed Development

Tomato cv Moneymaker plants were grown in the field in the summer of
2000. Flowers were marked at anthesis, and fruits were harvested every 5 d
between 20 and 60 DAF. Seeds were separated from the locular tissue by
gentle rubbing, and RNA was extracted without drying the seeds.

Northern and Southern Hybridization

Northern hybridizations were conducted as described previously using
digoxigenin-labeled RNA probes (Cooley et al., 1999). Hybridization was
detected according to the instructions in the Genius System (Boehringer
Mannheim Corporation, 1995). All experiments involving mRNA abun-
dance were repeated at least twice with similar results. Southern hybridiza-
tions with DNA probes were conducted as described previously (Chen and
Bradford, 2000) and detected using enhanced chemiluminescence (ECL kit,
Amersham Life Science, Arlington Heights, IL). After hybridization, mem-
branes were washed twice at 42°C with 6 m urea, 0.5% (w/v) SDS, and then
washed twice for 5 min each with 2X SSC at room temperature.
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