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The NADPH/NADP-thioredoxin (Trx) reductase (NTR)/Trx system (NTS) is a redox system that plays a posttranslational
regulatory role by reducing protein targets involved in crucial cellular processes in microorganisms and animals. In plants,
the system includes several h type Trx isoforms and has been shown to intervene in reserve mobilization during early
seedling growth of cereals. To determine whether NTS was operational during germination of legume seeds and which Trx
h isoforms could be implicated, Trx h isoforms expression was monitored in germinating pea (Pisum sativum cv Baccara)
seeds, together with the amount of NTR and NADPH. Two new isoforms were identified: Trx h3, similar to the two isoforms
already described in pea but not expressed in seeds; and the more divergent isoform, Trx h4. Active recombinant proteins
were produced in Escherichia coli and used to raise specific antibodies. The expression of new isoforms was analyzed at both
mRNA and protein levels. The lack of correlation between mRNA and protein abundances suggests the occurrence of
posttranscriptional regulation. Trx h3 protein amount remained constant in both axes and cotyledons of dry and imbibed
seeds but then decreased 2 d after radicle protrusion. In contrast, Trx h4 was only expressed in axes of dry and imbibed seeds
but not in germinated seeds or in seedlings, therefore appearing as closely linked to germination. The presence of NTR and
NADPH in seeds suggests that NTS could be functional during germination. The possible role of Trx h3 and h4 in this

context is discussed.

Thioredoxins (Trxs) constitute a family of small
and ubiquitous proteins with two close and active
Cys residues in a conserved motif: WCG/PPC. In
their dithiol form, they are powerful disulfide reduc-
tases (Holmgren, 1985) that play a posttranslational
regulatory role on protein targets involved in an
ever-increasing number of cellular processes.

Plant cells have four different types of Trx iso-
forms, the well-known f and m types in the chloro-
plast (Buchanan, 1991), the recently described o type
in the mitochondria (Laloi et al., 2001), and the cyto-
solic h type possibly associated with plasma mem-
brane (Johnson et al.,, 1987; Florencio et al., 1988;
Rivera-Madrid et al., 1995) and also found in the
phloem sap (Ishiwatari et al., 1995; Schobert et al.,
1998). The reduction of Trx h isoforms by NADPH is
mediated by NADP-Trx reductase (NTR). These
three components are referred to as the redox NTR/
Trx system (NTS). Trx h is encoded by a multigenic
family comprising eight members in the Arabidopsis
genome (Rivera-Madrid et al., 1995; Sahrawy et al.,
1996; Laloi et al., 2001) that differ by their level and
cell-type expression, suggesting that they have spe-
cific functions (Reichheld et al., 2002). The best doc-
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umented function of Trx h is its implication in re-
serve breakdown that sustains early seedling growth
of germinated cereal seeds. The NTS was shown to
promote the activation of a-amylase, pullulanase,
and proteases and the reduction of storage proteins,
resulting in the degradation of carbohydrate and pro-
tein reserves (Kobrehel et al., 1991, 1992; Jiao et al.,
1992; Wong et al., 1995; Besse et al., 1996; Lozano et al.,
1996; Cho et al., 1999; Marx et al., 2003). The recent
finding that Trx h accumulates in aleurone and scu-
tellum cells of germinated seeds of wheat (Triticum
aestivum) is also consistent with a role in reserve mo-
bilization (Serrato et al., 2001). However, considering
the variety of functions reported for the counterpart
system found in microorganisms and animal cells,
including signal transduction, gene expression, and
cell proliferation or apoptosis (for review, see Muller,
1995; Besse and Buchanan, 1997; Arrigo, 1999; Powis et
al., 2000), it is likely that the multiple Trx h isoforms
play diverse roles during germination. This process,
which is a critical node in the life cycle of higher
plants, incorporates events that begin with the uptake
of water by the quiescent dry seed and ends with
radicle protrusion (Bewley and Black, 1994). The pro-
found changes in gene expression that are required to
orientate metabolism toward a germination pattern
are under the control of signal transduction pathways
that might include redox regulation by NTS. Several
potential targets of NTS, besides storage proteins,
were identified in peanut (Arachis hypogaea) seeds and
in germinating barley (Hordeum wvulgare): peroxire-
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doxin, late-embryogenesis abundant or heat shock
proteins, and dessication- and maturation-related
proteins (Yano et al., 2001; Marx et al., 2003).

To find out whether the NTS was operational dur-
ing germination of legume seeds, we characterized
the expression of Trx h isoforms in germinating pea
(Pisum sativum) seeds and brought to light two new
isoforms. We also determined the relative amounts of
NTR and the content in NADPH, the two compo-
nents of the system that drive Trx h isoform reduc-
tion. Expression was investigated separately in coty-
ledons that mainly serve to reserve breakdown and
in embryonic axes that prepare for cell elongation
and cell division associated with radicle emergence.
In this paper, we report for the first time, to our
knowledge, about a NTS in germinating pea seeds
that involves two new Trx h isoforms that are differ-
entially expressed at protein levels.

RESULTS
Trx h Isoforms Expressed in Seeds

As a preliminary to the Trx h expression studies
during germination, we established the germination
rate and water uptake of pea seeds (Fig. 1). When pea
seeds were imbibed at 20°C in the dark, 50% of the
seeds had germinated after 25 h of imbibition. As
expected, the water uptake curve shows the typical
triphasic shape (Bewley, 1997; Obroucheva and An-
tipova, 1997). Initial imbibition (phase I) is character-
ized by a rapid water uptake from 0 to approximately
14 h, followed by a lag phase (phase II) between 14
and 30 h. A further increase in water uptake occur-
ring after 30 h of imbibition (phase III) corresponds to
post-germinative growth. Because the major meta-
bolic events of germination take place during phase
I to prepare for radicle emergence (Bewley and
Black, 1994), seeds imbibed for 22 h were selected for
initial investigations concerning the presence of Trx h
isoforms related to germination.
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Figure 1. Water content and percentage of germination of pea seeds.
Percentages of germination (@) and water content (m) of seeds,
allowed to germinate on wet filter paper at 20°C in the dark, are
indicated for different times after the beginning of imbibition.
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Two different isoforms of Trx h (GenBank acces-
sion nos. AJ319808 and AJ310990) have been identi-
fied previously in pea. Because both genes were
given the same name, they will be referred to as Trx
h1l and Trx h2. To investigate whether both genes
were expressed in seeds, reverse transcription (RT)-
PCR was performed using specific primers (Table I),
using as templates cDNAs from dry or 22-h-imbibed
seeds and cDNAs from 7-d-old green leaves. Figure 2
shows that Trx hl and h2 were easily amplified in
leaves but could not be detected in seeds even after
35 cycles of amplification. Cloning and sequencing of
the PCR products amplified from leaf cDNAs con-
firmed that they actually encoded Trx hl and h2,
allowing the further use of these probes in northern
experiments.

The lack of expression of these Trx h isoforms in pea
seeds led us to investigate whether other unknown
isoforms could be specifically expressed during ger-
mination. The presence of two conserved motives
(WCG/PPC and Q/EAMPTF) in most plant Trx h
allowed the design of degenerated oligonucleotide
primers for RT-PCR experiments performed on
cDNAs from 22-h-imbibed seeds (Table I). Two for-
ward primers, Xs-1A and Xs-1B, were derived from
the WCG/PPC sequence to take into account the
presence of either a G (Xs-1A) or a P (Xs-1B) in
the third position. Similarly, two reverse primers,
Xa-anti2A and Xa-anti2B, were designed in the
Q/EAMPTF consensus sequence, respectively. Of the
four primer combinations, only those using forward
primer Xs-1A and reverse primers Xa-anti2A or Xa-
anti2B yielded products with an expected size of 170
bp (data not shown). Cloning and sequencing of the
PCR products revealed two new Trx h cDNAs that
will be referred to as Trx h3 and Trx h4. Among all the
clones analyzed, Trx h3 and h4 were encountered
several times, suggesting that they correspond to
major transcripts of Trx h in germinating seeds. The
full-length sequences of 13 and h4 cDNAs (647 and
533 bp) were obtained by RACE and found to encode
proteins of 113 and 130 amino acids, respectively,
with theoretical masses of 12,578 and 14,549 D (Gen-
Bank accession nos. AY170650 and AY170651). The
protein sequences deduced from Trx h3 and h4 were
aligned with those of Trx hl and h2 (Fig. 3A). The
sequence of Trx h3 appeared similar to those of hl
and h2 (72% and 64% identity, respectively), whereas
that of Trx h4 was more divergent because it shared
only 37% to 41% identity with the three other iso-
forms. In addition, Trx h4 exhibits an N-terminal
17-amino acid extension enriched in hydrophobic
residues (Fig. 3A). A comparison of the four pea
sequences with all the Trx h sequences in databases
revealed that they were more similar to those of
Arabidopsis than to any other species (data not
shown). Thus, a phylogenetic tree was constructed
with pea and Arabidopsis sequences (Fig. 3B). Pea
Trx h1, h2, and h3 were found in the same subgroup
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Expression of Trx h Isoforms in Pea Seeds

Table I. Primers, annealing temperatures, and no. of cycles of PCR reactions

Primers Sequences Annealing Temperatures X Cycle Nos.
h1-sens acgegtcgac®-ATGGCAGCAGAAAATGAG 50°C X five cycles then 60°C X 30 cycles
h1-anti acgcgtcgac-AGCAGTAGCAACAGTTGT
h2-sens acgcgtcgac-ATGGCAGGTTCATCAGAA 50°C X five cycles then 60°C X 30 cycles
h2-anti acgegtcgac-AGCATTAGATGAAGCCACA
Xs-TA ggcggatccgecactge-TGGTGYGGNCCNTGYM 45°C X five cycles then 62°C X 30 cycles
or Xs-1B ggcggatccgecactgc-TGGTGYCCNCCNTGYM
Xa-anti2A gcgactggatccgegeg-RAANGTNGGCATNGCYTC
or Xa-anti2B gcgactggatccgegcg-RAANGTNGGCATNGCYTG
h3-5"1° AGCTTTTTAGCAATCTCTGC 65°C X five cycles then 56°C X 30 cycles
h3-5'20 GTCAACCTTAAGGAAAGTG 50°C X 30 cycles
h3-3"1° TTTATTGCCCCAATTTTGGC 65°C X five cycles then 50°C X 30 cycles
h3-3'2° AAAAAGCTTACACATGTCAC 50°C X 30 cycles
h4-5'1° CGATCTTGATGAATTCAACG 65°C X five cycles then 56°C X 30 cycles
h4-5'2P CATAAACAATCGGTTCCATC 50°C X 30 cycles
h4-371° ATGGAACCGATTGTTTATGC 65°C X five cycles then 50°C X 30 cycles
h4-3720 TTATGCCATGGCTAACGAAT 50°C X 30 cycles
h3-sens GAAGAAAGAGGAAAATG 35°C X five cycles then 30°C X 30 cycles
h3-anti CAAAGTTTTGTTCATGAC
h4-sens TATCAAGCAAGCAAGTCAACGAACC 65°C X five cycles then 50°C X 30 cycles
h4-anti CAAACAAATACATAAACATCATTCAACC
h3pASK-sens ATGGTAGGTCTCAAATGGCGGAAGAGGGACAAGTGATCG 62°C X 20 cycles
h3pASK-anti ATGGTAGGTCTCAGCGCTAGCTGCATGCTTGTCAATTTTCAAT
h4pASK-sens ATGGTAGGTCTCAAATGGGCTCAATTCTCTCTTCCCTCAT 62°C X 20 cycles
h4pASK-anti ATGGTAGGTCTCAGCGCTAGCTCTGTATTTTTTAATCTTGTTTTTG

18S rRNA-sens

CCAGGTCCAGACATAGTAAG

55°C X 25 cycles

18S rRNA-anti GTACAAAGGGCAGGGACGTA
h1-for AGGCTATGCCAACCTTCTTGC
h1-rev TGCATGCTTGGTTATTGCCA
h2-for GCGTTGATGCATGGAACGATAT
h2-rev AGGAATGGTGCAATGAAACGG
h3-for GTGGATGCTTGGAAGGAACAGT
h3-rev GGCAATAAAACGGCATGGAC
h4-for TTAGAATCCTCCGATCACGCC
h4-rev TCAATCACAACGAGACGAGGC

60°C X 40 cycles
60°C X 40 cycles
60°C X 40 cycles

60°C X 40 cycles

 The part of the sequence that appears in lower case for several primers was arbitrarily defined to either insert a Sall restriction site (underlined)
at both ends of the PCR product and then facilitate the subcloning of the PCR products or to increase the temperature in course of the PCR process

according to Weighardt et al. (1993).
primers provided with the GeneRacer Kkit.

b'5'1,5'2, 3'1, or 3’2 primers were used for RACE reactions with the 5’, 5’-nested, 3’, or 3’-nested

as Arabidopsis Trx h1, whereas Trx h4 was clustered
in another subgroup that included Trx h2 from Ara-
bidopsis. This last cluster comprised so far only four
isoforms: Trx h2 from Arabidopsis, Trx hl and h2
from soybean (Glycine max; Shi and Bhattacharyya,
1996), and Trx h4 from pea.

S0h S22h GL 7d
h1 h2z hi h2 h1 h2

I - oo

Figure 2. Expression of Trx h1 and h2 in pea. Trx h1 and h2 mRNAs
were amplified by RT-PCR using specific primers (h1-sens/h1-anti
and h2-sens/h2-anti, respectively; see Table 1) on different templates:
cDNAs from either dry (S 0 h) or 22-h-imbibed seeds (S 22 h) and
cDNAs from 7 d-old green leaves (GL 7 d). The PCR products were
resolved in 1.5% (w/v) agarose gel and stained with etidium bromide.
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Overexpression in Escherichia coli of Trx h3 and
Trx h4 and Production of Discriminating Antibodies

To investigate whether Trx h3 and Trx h4 encoded
functional proteins, cDNAs were cloned into the ex-
pression vector pASK-IBA3 designed to produce re-
combinant proteins with a C-terminal Strep-tag. Re-
combinant Trx h3st and Trx h4st were found to be
highly expressed in E. coli as soluble proteins and
were purified using Strep-Tactin-Sepharose (Fig. 4A).
The purified recombinant proteins were used to raise
polyclonal antibodies in rabbits. The specificity of the
two antisera (anti-Trx h3st and antiTrx h4st) was
demonstrated by the absence of cross reactions using
the recombinant proteins as antigens (Fig. 4B). Both
purified Trx h3st and Trx h4st readily reduced insu-
lin with similar kinetics. They appear to promote a
faster insulin reduction than the E. coli Trx used as a
control (Fig. 5).
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Figure 3. Primary sequences of Trx h1 to h4 from
pea and comparison with those of Trx h isoforms |
from Arabidopsis. A, Pea Trx h protein sequences

(GenBank accession nos.: h1, AJ319808; h2, L
AJ310990; h3, AY170650; and h4, AY170651) h3 —mmmmmm e
were aligned. Identical residues are indicated by h2
an asterisk. Consensus sequences used to define i

degenerated primers and the possible endoplas-
mic reticulum retention motif KDEL present in h4
sequence are underlined. B, A phylogenetic tree 80
was built using Trx h protein sequences from pea |
and Arabidopsis (h1, At3g51030; h2, At5g39950;

20 30 50 60 70

| I I I I I
---MAARENEVIAVHSDESWKEQIQKGTESKKLIVVDFTASWCGPCRFIAPILAETA

40

—-——MAEEGOVIGVHTVDAWKEQLEKGKASKELIVVDF TASWCGPCRFIAFILAEIA

______________ MAGSSEEGQVISCHSVDAWNDILHRGNESKKLIVVDF TASWCGPCRFIAPFLGELA

MGEILSSLIGGEPAARALESSDHAVETFHS SARWQLHFNE IEDSPRLVVIDF SATWCGPCEMMEFIVYAMA

* * * * * * %% % kkkkk * *

90
| | I | I

100 110 120 130
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At3g08710 from The Institute for Genomic Re-
search) according to Corpet (1988).
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Differential Expression of Trx h3 and
Trx h4 during Germination

The expression of the four Trx h isoforms during
germination and early seedling growth of pea was
first investigated by northern-blot analysis using
DNA probes derived from the cDNA coding regions.
Because cross-hybridization could occur between the
different isoforms (Brugidou et al., 1993; Serrato et
al., 2001), the specificity of the probes was tested with
dot blots. No cross reaction was found between h2,
h3, and h4, whereas hl and h3 slightly hybridized
with each other (results not shown). The cross reac-
tion between h1 and h3 is most likely due to their
high degree of identity at the nucleotide sequence
level (72% in the coding regions).

Transcripts of Trx h1 and h2 were not detected by
northern blot in germinating seeds (Fig. 6), which
confirmed the lack of detection by RT-PCR (Fig. 2).
Thus, the signals obtained with the 13 probe in ger-
minating seeds cannot be attributed to h1. Among the
other organs tested during early seedling growth, h1
and h2 were only found in green leaves, albeit in a
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Figure 4. Purification and immunological characterization of Trx
h3st and Trx h4st overexpressed in E. coli. A, Soluble extracts from E.
coli transformed with pASK-IBA3-Trx h3st (lane 1) or pASK-IBA3-Trx
h4st (lane 2) and 1 pg of respective proteins purified on StrepTactin
(lanes 3 and 4) were resolved by 15% (w/v) SDS-PAGE, and then the
gel was stained with Coomassie Blue. Molecular masses of standard
proteins are indicated at the left of the figure. The respective apparent
molecular masses determined for recombinant proteins Trx h3st or
Trx h4st are 15 and 14 kD. B, Purified proteins (200 ng) resolved by
SDS-PAGE were transferred onto nitrocellulose membranes that were
probed with a 1:1,000 (v/v) dilution of antibodies raised against
either Trx h3st or Trx h4st using the phosphatase alkaline assay.
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Figure 5. Insulin reduction by Trx h3st and Trx h4st. The disulfide
reductase activity of Trx h3st and Trx h4st (20 ug mL™") was assayed
by measuring the rate of insulin reduction, which was followed by
turbidimetry at 650 nm. Control assays were performed in the ab-
sence of Trx (none) or in the presence of 20 ug mL™" Trx from E. coli.

very low amount (Fig. 6). In contrast, Trx h3 and h4
were clearly detected in dry and imbibed seeds and
in all other organs examined (Fig. 6). In dry seeds,
Trx h3 and h4 transcripts were present both in em-
bryo axes and cotyledons, transcript levels of h3 be-
ing higher than that of h4. Trx h3 and h4 were found
to be differentially expressed during germination. In
the course of imbibition, the content in 13 gradually
decreased in cotyledons but increased in embryo
axes before the onset of radicle protrusion (22 h) and
afterward (Fig. 6). However, because a slight increase
(600-650 b) in the size of detected band was system-
atically observed between early germination (0, 6,
and 12 h) and latter stages (22 and 46 h), including
7-d-old seedlings, the presence of two very similar
transcripts cannot be excluded. Trx h4 (550 b) amount
started to increase during phase II of imbibition in
both embryo axes and cotyledons (Fig. 6) and re-
mained high during early seedling growth.

A further analysis of Trx h isoform expression was
performed by quantitative RT-PCR. The lack of ex-
pression of Trx h1 and h2 during germination was
further confirmed (data not shown). As for the north-
ern blot, Trx h3 and h4 were found to be expressed in
dry and imbibed seeds and in green leaves and roots
(Fig. 7). In contrast, they showed similar expression
profiles upon imbibition, with a strong induction of
expression in axes after the radicle protrusion (46 h)
and in cotyledons just before and after radicle pro-
trusion (22 and 46 h). Concerning the isoform h4, this
pattern is in accordance with that obtained in north-
ern blot. Considering the expression of Trx h3 tran-
scripts in cotyledons at early stages of germination,
quantitative RT-PCR yielded different results be-
cause the amount of transcript was much lower than
expected from the northern-blot signal (Figs. 6 and
7). Such a result might be explained by the presence
of another cross-hybridizing isoform.

Plant Physiol. Vol. 132, 2003

Expression of Trx h Isoforms in Pea Seeds

To investigate the expression of the protein iso-
forms Trx h3 and h4 in seeds during germination and
early seedling growth, western blots were performed
upon soluble proteins using the specific anti-Trx h3st
and anti-Trx h4st antibodies (Fig. 8). Trx h4 exhibited
an apparent higher molecular mass (14.5 kD) than
Trx h3 (13 kD), which agrees well with the different
theoretical molecular masses (14.549 and 12.578 kD,
respectively) deduced from the cDNAs. Trx h3 was
easily detected from 0 to 46 h of imbibition, both in
cotyledons and embryo axes (Fig. 8). Although its
level remained constant in both parts until 46 h, Trx
h3 could not be detected anymore in cotyledons at
72 h, and its amount was markedly reduced in em-
bryo axes at 72 h. It could be detected, albeit at low
levels, in 7-d-old seedlings root tissues, but not in
leaves (Fig. 8). The expression profile of Trx h4 was
clearly different because the protein was only de-
tected in embryo axes of dry or imbibed but unger-
minated seeds (6-22 h), its amount decreasing
slightly upon imbibition. The protein could not be
detected in embryo axes and cotyledons of germi-
nated seeds (46 and 72 h) or in the organs from
7-d-old seedlings examined. Thus, Trx h4 could be a
seed-specific isoform.

Expression of NTR during Imbibition and
Content in NADPH

A functional NTS requires the presence of the two
other components of the system, namely NTR and
the co-enzyme NADPH. The amount in NTR in em-
bryo axes and cotyledons was investigated by west-
ern blotting using antibodies raised against Arabi-
dopsis NTR, which revealed a single polypeptide

Cotyledons Axes GL R
hi -
h2
650D
o , ¥ . . ~ 600 b
ha ' .8 . w 550 b

mb!!!'j'd

6 12 22 46 0 6 12 22 46h
UG uG

Figure 6. Expression of Trx h isoforms in seeds and seedlings on
northern blots. Total RNA from cotyledons and embryo axes from
mature seeds imbibed for 0 to 46 h (UG, ungerminated seeds; G,
germinated seeds) and from green leaves (GL) and roots (R) from
7-d-old seedlings were resolved per lane of 1.4% (w/v) agarose
denaturing gels. They were transferred onto Hybond N membrane
and probed with [*?P]-labeled coding regions of Trx h1 to h4 cDNA
or [*?P]-labeled 18 S cDNA from Medicago truncatula. After hybrid-
ization and stringent washing (0.2X SSC and 0.02% [w/v] SDS at
65°C), membranes were autoradiographied for 3 d at —80°C.
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Figure 7. Expression of Trx h3 and h4 isoforms in seeds and seed-
lings by quantitative PCR. cDNAs produced by RT of total RNAs from
cotyledons and embryo axes from seeds imbibed for 0 to 46 h (UG,
ungerminated seeds; G, germinated seeds) and from green leaves
(GL) and roots (R) from 7-d-old seedlings were used as templates in
quantitative PCR realized in the presence of Sybr Green. Copy
number of each isoform was determined using a standard curve
established with the recombinant plasmid containing the corre-
sponding full-length sequence.

with the expected size of 35 kD. NTR, which was
detected in both tissues, was more abundant in em-
bryo axes than in cotyledons. Its content slightly
increased in axes after radicle protrusion, whereas it
remained almost constant in cotyledons (Fig. 8).
Because NADPH is an essential metabolite un-
doubtedly required for germination, we effectively
measured NADPH amounts of 2 nmol g ' dry
weight in germinating seeds, which agrees well with

other values reported in seeds and seedlings (Zhao et
al., 1987).

DISCUSSION

Because the NTS is known to intervene in redox
regulation of crucial molecular events in microorgan-
isms and animal cells, similar functions in plant cells
may be envisioned. The system has been extensively
studied in germinated cereal seeds where its role in
the mobilization of reserves was clearly established
(for review, see Besse and Buchanan, 1997). We have
addressed whether the NTS could be functional in
legume seeds by monitoring the expression of Trx h

Figure 8. Expression of Trx h3, Trx h4, and NTR
in seeds and seedlings. Soluble proteins from

isoforms and NTR during early germination and
seedling growth of pea seeds.

All three components of the system, NADPH, NTR,
and Trx h, were demonstrated to be present in dry
pea seeds and in germinating seeds, indicating a role
of the system during germination. Trx h being en-
coded by multiple genes in plants, we have dissected
the system by analyzing the expression of Trx h
isoforms in germinating seeds. Because the tran-
scripts of already known hl and h2 isoforms were
not detected, we designed a strategy to clone other
putative isoforms that could be expressed in seeds.
This approach revealed that two new isoforms, Trx
h3 and h4, were expressed both at mRNA and pro-
tein levels during germination.

The two new isoforms, h3 and h4, exhibit a primary
structure highly similar with other Trx h and with the
canonical disulfide active site (WCGPC). The analysis
of the pea sequences indicated that Trx hl, h2, and
h3, which were clustered together, differed more
from Trx h4 than from Arabidopsis Trx hl. Such an
observation is consistent with the hypothesis that the
apparition of the numerous h isoforms had started
before higher plant divergence (Sahrawy et al., 1996;
Juttner et al., 2000; Laloi et al., 2001). Trx h1, h2, and
h3 are also similar to the majority of h isoforms
already isolated from different species and, likewise,
they are also expected to be localized in the cytosol.

In contrast, Trx h4 belongs to the subgroup that
includes Trx h2 from Arabidopsis and Trx h1l and h2
from soybean (Shi and Bhattacharyya, 1996). These
isoforms exhibit a hydrophobic N-terminal extension
of 15 or more amino acids, suggesting that they could
be bound to membranes. They also contain a KDEL
motif in the C-terminal region that was described to
confer retention in the endoplasmic reticulum. It is
noteworthy that because this motif is replaced by a
similar one (KEEL) in the other pea isoforms ex-
pected to be cytosolic, it might not be actually re-
lated, therefore, to localization. In fact, divergent re-
sults were obtained concerning the localization of
these isoforms in soybean (Shi and Bhattacharyya,
1996) and Arabidopsis (Rivera-Madrid et al., 1995).
Soybean proteins were reported to be bound to the
plasma membrane, whereas Arabidopsis h2 and pea
Trx h4 were both extracted as soluble proteins. An

Cotyledons o Axes
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cotyledons and embryo axes of seeds imbibed for Imbibition time(h) 0 6 12 17 22 46 72 0 6 12 17 22 46 72 7d

0 to 72 h (UG, ungerminated seeds; G, germi- Trx h3 (13 kDa) _‘------J | TR __‘ ‘ |
nated seeds) and those from green leaves (GL) A — . ;
and roots (R) from 7-d-old seedlings were re- Trx h4 (14.5 kDa)A{ 1 ’-d-.— ‘ ‘ ‘
solved by SDS-PAGE. For respective expression -
analysis of Trx h3, Trx h4, and NTR, 15%, 15%,
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cellulose membranes that were probed with anti-
Trx h3st, anti-Trx h4st, or anti-Arabidopsis NTR.
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important question is the subcellular localization of
the numerous Trx h isoforms; we are currently inves-
tigating the expression of green fluorescent protein
fusions transiently expressed in pea leaf protoplasts.

At the mRNA level, among the four known pea Trx
h, only Trx h3 and h4 were found to be expressed in
dry and germinating seeds, but also in seedlings. No
transcript encoding Trx h1l and h2 could be detected,
suggesting these isoforms do not intervene in germi-
nation. In addition, they were only slightly detected
in green leaf tissue. The only clues regarding their
function consist in their annotations in GenBank (ac-
cession nos. AJ319808 and AJ310990), with h2 being
linked to oxidative stress and development. Because
Trx h3 and h4 were the major Trx h in seeds, we
produced recombinant proteins that proved to be
active in terms of insulin reduction, thus confirming
the Trx activity of the isoforms. We were then able to
raise antibodies that were highly specific and, thus,
allowed to discriminate Trx h3 and Trx h4 expression
at the protein level. It is noteworthy that antibodies
previously raised against Trx h generally cross-
reacted with several isoforms (Lozano et al., 1996;
Serrato et al., 2001; Marx et al., 2003).

Both Trx h3 and h4 were found in dry seeds either
only in embryo axes (h4) or in both axes and cotyle-
dons (h3), indicating that they were synthesized be-
fore germination. During germination, Trx h3
amount remained constant both in embryo axes and
cotyledons, whereas h4 was found only in axes, its
level decreasing slightly upon imbibition and the
protein disappearing after radicle protrusion. After
germination, Trx h3 amount decreased slowly but
was still detected in 7-d-old seedlings. A decrease in
the overall Trx h content was also reported in cereals
during germination and early seedling growth
(Lozano et al., 1996; Serrato et al., 2001; Marx et al.,
2003). As a whole, our results point out the differen-
tial expression pattern between the two isoforms at
protein level, Trx h4 being intimately linked to the
germination process. However, no correlation could
be found between mRNA amount, determined by
quantitative PCR, and protein expression, with even
an inverse relation in cotyledons where mRNAs for
Trx h4 were abundant and the protein was not de-
tected. Considering that quantitative PCR is a spe-
cific method for sequence detection, the only expla-
nation is that in pea as in other higher organisms,
posttranscriptional regulation intervenes in the con-
trol of Trx h genes, taking into account the low cor-
relation coefficient between mRNA and protein
abundances (Anderson and Seilhamer, 1997; Gygi et
al., 1999).

The main result inferred from this work is the
expression in seeds of two new isoforms Trx h3 and
h4, which raises the question of their functions. The
growing body of evidence that Trx h are involved in
reserve mobilization in cereals (Besse and Buchanan,
1997; Wong et al., 2002) speaks in favor of a similar
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role in legume seeds that harbor starch and protein
reserves. We have identified in the soluble proteins
of germinating pea seeds (22 h of imbibition) several
proteolytic peptides derived from storage proteins
(data not shown), which confirms that solubilization
and proteolysis were already engaged. To demon-
strate the potential role of Trx h3 or h4 in reserve
mobilization, the characterization of their redox sta-
tus together with the proteolysis and redox status of
storage proteins during germination will be required,
using for instance the monobromobimane approach
(Lozano et al., 1996). Another general role that could
be envisioned is the protection against reactive oxy-
gen species that are highly produced with the re-
sumption of metabolism (Leprince et al., 1990; Pun-
tarulo et al., 1991; Cakmak et al., 1993; Aalen, 1999).
Trx h has been suggested to act as hydrogen donor to
1Cys-peroxiredoxin, which protects embryo macro-
molecules from oxidation during early imbibition
(Aalen, 1999). However, such a role for Trx h3 and h4
is questionable because their Arabidopsis orthologs
could not confer hydrogen peroxide tolerance by
complementation of a yeast (Saccharomyces cerevisiae)
mutant deficient in Trx and that exhibited hydrogen
peroxide hypersensitivity, Met auxotrophy, inability
to reduce Met sulfoxide, and a perturbed cell cycle
(Muller, 1995; Mouaheb et al., 1998). Interestingly,
although some redundancy (complementation of cell
cycle defect) was observed in the complementation
experiments performed with Trx hl to h5 from Ara-
bidopsis, only the ortholog of pea Trx h4 was able to
both restore Met prototrophy and allow growth on
Met sulfoxide (Mouaheb et al., 1998). In connection
with these observations, pea Trx h4 could play a role
in sulfate assimilation and in the repair of protein
damaged by oxidative stress. Trx h4 expression is
restricted to embryonic axes, where the assimilation
of sulfate and the reduction of Met sulfoxide into Met
could be crucial processes to provide sulfur-
containing amino acids that are necessary in embryo
axes to sustain early protein synthesis.

The results presented here provide the first char-
acterization, to our knowledge, of the NTS in legume
seeds. The system, which appeared operational, in-
volves new Trx h isoforms differentially expressed in
seeds and, thus, expected to carry different roles
during germination. Further understanding of the
function of the system with regard to germination of
legume seeds will be addressed through the identi-
fication of Trx h isoforms targets using mutated pro-
teins as ligands in affinity chromatography or as baits
in yeast double-hybrid screening (Verdoucq et al.,
1999).

MATERIALS AND METHODS
Materials

Pea (Pisum sativum L. cv Baccara) seeds harvested in 2000 were obtained
locally from an agronomical research institute (Fédération Nationale des
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Agriculteurs Multiplicateurs de Semences, Brain-sur-1"Authion, France) and
stored in sealed plastic bags at 5°C (70% relative humidity).

Mature seeds were allowed to germinate on folded filter paper moistened
with water (0.18 mL cm?) at 20°C in the dark or in the light (16 h of light/8
h of dark). Water content was determined by measuring the fresh and dry
weight of the seeds (the latter was determined after heating at 100°C for 3 d).

Total RNA Extraction, RACE, and RT-PCR

Total RNAs were extracted according to Verwoerd et al. (1989). Full-
length 5'- and 3'-adapted ends cDNAs from dry or 22-h-imbibed pea seeds,
obtained as already reported (Duval et al., 2002) using the GeneRacer kit
from Invitrogen (Groningen, The Netherlands), or 7-d-old green leaves
cDNAs, obtained by classical RT (Huang et al., 1996), were used as tem-
plates in RACE and nonquantitative RT-PCR experiments. PCR reactions
were performed using oligonucleotides and conditions (annealing temper-
ature and number of cycles) described in Table I, with a preliminary
denaturation step of 4 min at 94°C, followed by one or two sets of cycles
(94°C X 1 min, annealing temperature X 1 min, and 72°C X 1 min) and then
a final elongation step of 15 min at 72°C.

The two already known sequences of pea Trx h cDNAs (GenBank acces-
sion nos. AJ319808 and AJ310990, respectively, numbered h1 and h2 for
convenience in this paper) were amplified by RT-PCR using specific primers
designed at the 5" and 3’ ends of their coding sequence (Table I). To amplify
cDNAs from Trx h that could be expressed during seed germination, four
degenerated primers (Xs-1A, Xs-1B, Xa-anti2A, and Xa-anti2B) were derived
from two motifs conserved in protein sequences of Trx h from different
sources. PCR products were then cloned into the PCR4-TOPO vector of the
TOPO TA Cloning Kit for Sequencing (Invitrogen) according to the manu-
facturer’s instructions. To obtain the corresponding full-length cDNAs, 3'1,
3'2,5'1, and 52 primers (Table I) were designed to perform RACE accord-
ing to the GeneRacer kit’s instructions. DNA sequencing was performed by
MWG-Biotech AG (Ebersberg, Germany).

For quantitative RT-PCR experiments, cONAs—obtained from 2 ug of
total RNAs by classical RT (Huang et al., 1996) in a total volume of 50
uL—were used as templates using forward and reverse primers (-for and
-rev, Table I) designed with the Primer Express software (PE-Applied Bio-
systems, Foster City, CA). Quantitative PCR was performed in a total
volume of 25 pL containing 2 uL of cDNAs, 0.3 um each primer, and 12.5 uL
of 2X Sybr Green master mix (Applera, Courtaboeuf, France), with a pre-
liminary step of 5 min at 94°C, followed by 40 cycles of 94°C X 15 s and
60°C X 1 min (ABI Prism 7000 SDS, PE-Applied Biosystems). For quantifi-
cation, standard curves were realized with 5,000 to 100,000 copies of recom-
binant plasmids containing full-length sequences of Trx hl to h4.

Northern-Blot Analysis

Total RNA aliquots (7.5 ug) were run on 1.4% (w/v) agarose denaturing
gel as described by Lehrach et al. (1977), transferred onto Hybond N
membrane (Amersham Biosciences, Piscataway, NJ), and UV cross linked.
Prehybridization and hybridization of the membranes were then performed
according to the manufacturer’s instructions. Membranes were probed with
[**P]-labeled coding regions of Trx h1 to h4 cDNA (using [**P]dCTP and the
Rediprime II kit, Amersham Biosciences). Then, they were washed (0.2X
SSC and 0.02% [w/v] SDS for 1 h at 65°C) and subsequently exposed to film
(Hyperfilm MP, Amersham Bioscience) for 2 to 3 d at —80°C. Equal loading
of RNA per lane was checked by using Medicago truncatula 18 S cDNA
(amplified with 18 S primers, Table I) as a control probe.

Specificity of the Trx h probes was ascertained by a dot-blot analysis. One
nanogram of each plasmid containing a pea Trx I sequence was denaturated
by 0.4 M NaOH, dotted in the edge of each blot, and UV cross linked.

Overexpression of Pea Trx h3 and h4 in Escherichia coli

The coding sequences of pea Trx h3 and h4 were subcloned in the Bsal site
of the pASK-IBA3 plasmid (IBA, Gottingen, Germany) using the primers
h3pASK-sens/h3pASK-anti and h4pASK-sens/h4pASK-anti, respectively
(Table I), which were designed with the Primer D’Signer software (IBA,
Gottingen, Germany). The pASK-IBA3 plasmid was designed to express
target proteins fused to a C-terminal tag, allowing the purification of re-
combinant on Strep-Tactin resin (IBA).
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The recombinant plasmids were introduced into competent E. coli XL2
blue (Hanahan, 1983). Overexpression and purification of the recombinant
protein were carried out according to the manufacturer’s instructions. The
activities of recombinant Trx h (Trx h3st or Trx h4st) were assayed by
following, at optical density 650 nm, the reduction of insulin according to
Holmgren (1979) in the reaction mixture: 100 mMm potassium phosphate
buffer (pH 7), 2 mm EDTA, 0.8 mg mL ™! insulin, 1 mM dithiothreitol, and
20 pg mL~! Trx h3st or Trx hdst. Control assays were performed in the
absence of Trx (none) or in the presence of 20 ug mL™* Trx from E. coli.

Western-Blot Analysis

For soluble protein extraction, embryo axes and cotyledons from pea
seeds imbibed for 0 to 46 h were ground in liquid nitrogen and 5 mL g fresh
weight ! (or 10 mL for tissues from dry seeds) of 50 mm Tris-HCl (pH 7.8),
5 mm EDTA, and 5 mm 2-mercaptoethanol was added. The resulting ho-
mogenates were centrifuged (50,000¢ for 20 min at 4°C), and the soluble
proteins were stored at —20°C. Protein contents were determined by using
bovine serum albumin as a standard (Bradford, 1976).

For western-blot analysis, 15 to 50 ug of proteins was resolved per lane
on 12% or 15% (w/v) acrylamide gels by SDS-PAGE (Laemmli, 1970) and
transferred onto nitrocellulose membranes (Schleicher & Schull, Dassel,
Germany) as previously described (Duval et al., 2002). Membranes were
probed with a 1:1,000 (v/v) dilution of antibodies raised against pea Trx
h3st, Trx h4st, or Arabidopsis NTR, and immunodetection was performed
using the phosphatase alkaline assay in the presence of 5-bromo-4-chloro-
3-indolyl phosphate and nitroblue tetrazolium.

Rabbit antibodies raised against pea Trx h3 and h4 were produced by
Davids Biotechnologie (Regensburg, Germany). Rabbit antibodies raised
against Arabidopsis NTR were a gift of Y. Meyer (Unité Mixte de Recherche
5096, Centre National de la Recherche Scientifique, University of Perpignan,
France).

Measurement of NADPH Amounts

Freshly separated embryo axes and cotyledons from pea seeds imbibed
for 0 to 46 h were ground at room temperature in 0.1 m NaOH for the
extraction of NADPH (16 mL g~ ' dry seeds or 12 mL g~ ! imbibed seeds)
according to Zhao et al. (1987). Measurements of NADPH amounts were
performed using Glc-6-P dehydrogenase of baker’s yeast (Saccharomyces
cerevisiae) in the presence of phenazine ethosulfate and methylthiazoletet-
razolium (Delumeau et al., 2000).
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