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CHAPTER 1

INTRODUCTION

Nitrogen is a limiting factor to plant growth, and undergtanding its metabolism has soon
rased interest by early physologists Later, with the advent of molecular techniques, efforts
focused on the characterization of geres involved in its metaboliam and didribution. Nitrogen
upteke and assmilation have been reatively wdl characterized, however, less is known
regarding the molecular aspects of transport of organic N compounds in higher plants.
Inorganic nitrogen is taken up by the roots and its incorporation into amino acids takes place
mainly in roots and mature leaves. In mogt plants, amino acids represent the mgor transport
form of organic nitrogen, and account for the main component of xylem sgps, and the second
of phloem sgps, behind sucrose only (Pate et al., 1977). From the primary dtes of
assmilation, amino acids are didributed through the vascular system to sink organs, such as
developing leaves, merisem and seeds, where they may be immediatdly metabolized or used
for storage protein synthess. Storage proteins accumulate transently in vegetdive tissues, as
in leaves for ingance, or for a long term in Sink organs, such as seeds and root tubers, and are
degraded and remobilized under certain circumstances during the life cycle of a plant, eg. leaf
senescence and seed germination. Part of the nutrient supply that reaches developing seeds
emanates from the proteolysis of trandently accumulated storage proteins, when the transport
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of peptides assumes aso an important role for the rgpid relocation of organic nitrogen
(Sopanen et al., 1977; Higgins and Payne, 1978; and review by Frommer et al., 19944).

Legume seeds store high amounts of protein in their cotyledons, which confers them gresat
economica importance.  Protein synthess in these seeds rdies on the avalability of
nitrogenous compounds that are delivered by the phloem conduits and made accessble to the
embryo, and changes of avalable nutrients can fundamentaly dter amount and composition
of storage proteins (Banex et al., 1992; and review by Thorne, 1985). In addition to the
genetical  background, the mechanisms controlling protein accumulation respond to a series of
environmenta and physiologicd aspects (see below).

1.1. SEED DEVELOPMENT IN RELATION TO STORAGE PRODUCT ACCUMULATION IN VICIA FABA

Deveoping legume seeds ae typicd dnk organs in which the anatomica and physiologica
agoects of metabolite assmilation have been extensvely dudied (Offler and Patrick, 1993;
Patrick and Offler, 1995; Wang et al., 1995). V. faba seeds accumulate storage proteins as the
man energy reserve and provide, therefore, a suitable system for andyzing the reationship
between transport of nitrogen compounds and Storage protein accumulation. Moreover, its
large seeds enable combined efforts a physologicd and molecular levels. A detaled
description of seed development in V. faba can be found in Boriguk et al. (1995). Briefly, the
firsd phase of embryogeness is marked by an embryo undergoing intensve cdl divisons
(stage 1-1V), followed by a phase of cel differentiation and deposition of storage compounds
in the cotyledons (stages V-VII). Accumulation of starch and proteins darts in the inner
adaxid region of the cotyledon a mid developmentd stage (stage V) and gradualy expands,
reaching its whole extenson a late embryogeness (sage VII; Figure 1). Storage proteins are
deposited in vacuoles frequently referred as protein bodies and serve as source of carbon,
nitrogen and sulfur for the groming seedling upon germination. Globulins, which form the
bulk of dorage proteins, are proportionaly rich in nitrogen, but poor in sulfur-contaning
amino acids. The second most abundant class of proteins found in the seeds are the dbumins,
which frequertly contain eevated amounts of sulfur compared to globulins. In many legumes,
induding V. faba, vicilins and legumins, which are the two mgor dasses of globulins, consst
of oligomers formed by non-identical subunits (reviewed by Nielsen et al., 19974).
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Avallability and partitioning of sugars and nitrogen compounds confer regulatory control on
dorage activities, and their levels are developmentdly controlled during seed development
(reviewed by Weber et al., 1997a; 1998a; Wobus and Weber, 1999). Evidence shows that
sucrose works as a sgnding molecule for the beginning of the storage (Wang and Hedley,
1993; Weber et al., 1998a, b), and that a high sucrose to hexoses ratio in the embryo is
regponsble for triggering differentistion and dorage processes (Weber et al., 1995).
Expresson of viclin and legumin genes is tightly coupled to the cesstion of mitoss cdl
expangon and endopolyploidization (Boriguk et al., 1995; Wobus et al., 1995).

The amount of protein accumulated is regulated a different levds induding the avalability
of assmilates and genetic background (reviewed by Weber et al., 1997a; 1998a; Wobus and
Weber, 1999). Studies usng soybean cultured embryos showed that cotyledon N
accumulation and concentration incressed in a direct proportion to the N concentration in the
media, however, differences in the degree of accumulation were dependent on the genotype
used (Hayati et al., 1996). Smilaly, Sgnificant correation has been found between seed
protein and free amino acid concentration in the cotyledons of V. faba (Barratt, 1982). Using
two genotypes that differed in their protein contents, Golombek et al. (2001) have shown that
despite no mgor differences in the amount of amino acids ddivered by the seed coats, the
genotype with higher protein had higher capability to take up the amino acids. Growing
evidence suggedts that the synthess of storage proteins is regulated by the embryo itsdlf rather
than by the maternd plant (Golombek et al., 2001).
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Figure 1. V. faba seed development.

According to morphological and physiological changes seed development in V. faba can be
divided in 7 stages (a). Mitotic activity is followed by differentiation creating a developmental
gradient within the seed, to which the accumulation of starch and proteinsis directly coupled.
The storage phase begins in stage VI, with cessation of fresh weight gain (b). Reproduced
from Boriguk et al. (1995) and Weber et al. (1997a).
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1.2. PLANT AMINO ACID AND PEPTIDE TRANSPORTERS

Shortly after a proton-coupled uptake system for amino acids had been proposed by Bush
(1993), the firgt plant amino acid transporter AtAAPL/NAT2 was isolated from Arabidopsis
thaliana through functiond complementation in yesst by two independent groups (Frommer
et al.,, 1993, Hsu et al., 1993). Afterwards, severa other members of the amino acid
transporter  super-family (ATF1) have been identified. Based on sequence smilarities and
uptake properties these members have been cdlassfied into subfamilies (for review see
Rentsch et al., 1998). Cetanly, the amino acid permease (AAP) subfamily is the best
represented, from which a least six isoforms are present in Arabidopsis, induding both high
and low afinity transporters (Fischer et al., 1995; Kwart et al., 1993; Rentsch et al., 1996).
Severa members of this subfamily were shown to function as proton symporters (Boorer et
al., 1996; Borrer and Fischer, 1997), and they can be further sub-divided in regard to the
trangported subgtrate into general or neutra/acidic transporter systems (Fischer et al., 1995).
The Arabidopsis AAPs show overlapping uptake properties, however, most of them are
characterized by paticular tempora and spatid MRNA  expresson paterns, denoting a
refined network controlling gene regulation (see Fischer et al., 1998).

In addition to amino acid transporters, proton-coupled oligopeptide (POT) transporters have
aso been identified in bacteria, yeadt, animads and plants (reviewed by Fe et al., 1998). In
plants, biochemicd andyses showed that active transport of peptides is frequently related to
periods of rgpid proteolysis, such as seed germination and leasf senescence, when efficiency of
trangport may be increased by direct uptake of peptides (Sopanen et al., 1977; Higgins and
Payne, 1978). Expresson in a yeast mutant of two peptide transporters, one isolated from A.
thaliana (Frommer et al., 1994b; Rentsch et al., 1995; Song et al., 1996) and the other from
barley (West et al., 1998), showed that these transporters have low sdectivity, mediating te
trangport of several di- and tripeptides, and as the amino acid permeases, they include both
high and low &ffinity sysems.

Further reading on different molecular and physologica aspects of planit amino acid and
peptide transport can be found in one of the severa reviews that have been published during
the last few years (Fischer et al., 1998; Rentsch et al., 1998; Ortiz-Lopez et al., 2000; Delrot
et al., 2000).
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1.3. ACTIVE POSTPHLOEM TRANSPORT OF ASSIMILATESINTO THE SEEDS

Most reports on AAPs concentrate on the vegetative parts of the plants and source organs.
Seeds, on the other hand, are dnk organs and thus provide a digtinct physiologica
environment. Assmilates are trangported through the phloem seve dements and reach the
seeds through the funiculus. Phloem unloading and postphloem transport through the seed
coat occur symplasmicaly (Offler and Patrick, 1993; Patrick and Offler, 1995). The embryo,
however, is symplasmicaly isolated from maternd tissues, and assmilaies need to cross an
gooplastic space before reaching it. Unloading from the seed coat into the apoplast happens a
the thinwadled parenchyma (Wang et al., 1995), a tissue which covers the whole inner
aurface of the coat and is morphologicdly specidized in metabolite transfer (Offler and
Petrick, 1993). The mechanisms involved in unloading processes are dill controversd; a
putative sucrose H'-antiporter locdized in the thin-waled parenchyma of V. faba seed coats
has been proposed (Patrick and Offler, 1995), whereas in pea unloading has been shown to be
entirdly passve (De Jong et al., 1996). Assamilaes are then taken up by the embryo from the
surrounding gpoplastic space. Saturable trangport systems have been characterized for sugar
(McDonad et al., 1996) and amino aids uptake (Lanfermeijer et al., 1990) by the embryos,
indicating the presence of energy dependent carriers. During early seed development in pea, a
nonsaturable amino acid trangport system is of primary importance, and later, when ca. 2/3 of
the storage proteins have been deposited, a saturable system emerges (Lanfermajer et al.,
1990). In soybeans, about hdf of the glutamine uptake into cotyledons was shown to be
energy dependent (VerNooy et al., 1986).

AtAAP1 and AtAAP2 from Arabidopsis were the firs AAPS to be shown to be expressed in
seeds, indicating a potentid role in supplying the seeds with organic nitrogen during
development and germination (Kwart et al., 1993; Hirner et al., 1998) (Figure 2). Legume
cotyledons are covered by a layer of cdls tha is differentiaied into an epidermis, which plays
a primary role in the active uptake of nutrients by the embryo (Gunning and Pate, 1974;
McDondd et al., 1996; Offler et al., 1989); this is the exclusve Ste of expression of hexose
and sucrose (VfSUT1) H" co-transporters within V. faba cotyledons (Weber et al., 1997b). The
only report that focuses directly on molecular aspects of amino acid transport in developing
legume seeds describes that PSAAPL is expressed in the transfer cdl layer of pea cotyledons,
and may play a role in the uptake of the full spectrum of amino acids released from the seed
coat (Tegeder et al., 2000).
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Figure 2. Model for amino acid import into seeds.

AtAAP2 is expressed in the vascular system of stems and siliques where it might function in
(i) phloem loading, (ii) retrieval of amino acids and (iii) in xylem-to-phloem transfer.
AtAAPL might be responsible for active uptake of amino acids into the endosperm and the
embryo (taken from Hirner et al., 1998).

Peptides dso seem to be actively trangported in seeds. Biochemicd studies have shown that a
peptide trangport system is present during germinaion of barley grains (Higgins and Payne,
1978). Among the peptide transporters isolated from plants, AtOPT1 from arabidopss was
found to be expressed in embryos, implicating a role in the nourishment of developing seeds
(Rentsch et al., 1995). Moreover, transgenic Arabidopsis plants with reduced leves of
AtOPT1 mRNA had fewer and larger seeds per dlique (Song et al., 1997). In barley, a low
affinity peptide transporter was expressed in the scutelum of germinating seeds, and seems to
be responsble for rgpid absorption of peptides originated from the hydrolysis of endosperm
storage proteins (West et al., 1998). No peptide transporter has so far been identified in
legume seeds.



8 CHAPTER 1. INTRODUCTION

In addition to the transport of photoassmilates into the embryo, the thinrwaled parenchyma
of V. faba seed coats exhibits numerous wal ingrowth projections and is responsible for the
exchange of assmilates between the coat cdls and the gpoplast (Grusak and Minchin, 1988;
Offler and Patrick, 1993; Offler et al., 1989). Since H co-transporters do not seem to mediate
efflux, expresson of the VFSUT1 in thinwal parenchyma cdls offers evidence for active
retrieval of assmilates from the gpoplast back to the seed coat (Weber et al., 1997b). Possible
reesons why the seed coat cdls would rely on active transport to take up sugars from the
gpoplast are of speculative nature, but it could be to supply the coat cels with nutrients for
their own metabolism and/or to keegp an osmoatic gradient (De Jong et al., 1996). Moreover,
usng detached seed coats from pea, De Jong and Wolswinkd (1995) and De Jong et al.
(1997) have proposed that the seed coat parenchyma cells do not retrieve amino acids from
the gpoplast, however, in a recent work, these authors provided evidence for the presence of
H" symporters for amino acids in seed coats (De Jong and Borstlap, 2000a).

1.4. OBXECTIVE OF THE PRESENT WORK

Little is known about the function and mode of regulation of amino acid and peptide
transporters during seed development in relaion to the depostion of dSorage proteins.
Smilaly, there is no or little evidence on whether ther gene products have a rate-limiting
role on the upteke of assmilates ddivered by the phloem and could, therefore, influence
assmilate partitioning and dorage protein accumulation. As an atempt to address these
questions, this work amed to identify and isolate cDNAs clones of genes involved in the
active trangport of amino acids and peptides in developing V. faba seeds.

Characterization of these trangporters was caried out a severd different levels, including
uptake properties, expression anayses, regulation by metabolites and plant transformation,
and provided new ingghts on the function and regulaion of these genes. When inserted into a
bigger context, these data dlowed a comparison with what had been known for the transport

of sugars and for the importance of assmilate uptake on the deposition of storage compounds.
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Briefly, three different AAP and two OPT isoforms were isolated from V. faba seeds. In
developing cotyledons, VFAAPL is expressed in the storage parenchyma and VIOPTL, in the
transfer cels. VIAAPL1 and a dorage protein gene ae regulated by assmilaes in an
antagonigic manner, while VfAAP1l expresson was shown to be regulated a the
transcriptiona  level. Moreover, transgenic plants carrying the VIAAP1 cDNA have dtered
contents of nitrogen, sulfur and sarch. Together these data subgtantiate the relevance of
amino acid and peptide transport for Storage protein accumulation during development of
legume seeds.






CHAPTER 2

MATERIALS AND METHODS

2.1. PLANT MATERIAL

Vicia faba L. var. minor cv. ‘Fribo’ and Vicia narbonensis plants, originated from the IPK
Genebank (Gaterdeben, Germany), were grown in soil in growth chambers supplied with
atificdd lignt (16 h light/8 h dark regime) a 20-25°C. Samples were collected 4 h after
beginning of the light period, and seeds were sorted on bass of the number of days after
pollination (DAP) .

2.2. MOLECULAR CLONING

Degenerated primers were designed based on conserved regions of known AAPs (forward: 5'-
CAY ATH ACI GCI GTI ATH GG-3'; reverse: 5-ATY TCl ACl GGR AAR TAI ACI GT-
3') and OPTs (forward: 5-TTY GGW GCY GAY CAR TTT G3 and 5-CYM TGY ACD
GTK ACD CAR GTN G; reverses 5-CTG GAG ATT GRT CRT AGA ARA AC-3). PCR
with the degenerated primers was caried out usng one cDNA library of developing
cotyledons (Heim et al., 1993) and another of developing seed coats as templates. The

11
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fragments obtained were cloned into pUC18 and sequenced. Postively identified clones were
labeled with [a-3?P]dCTP (Random Primer Labding Kit, Amersham Pharmacia Biotech,
Buckinghamshire, UK), and used as probes for screening the cDNA libraries in order to
isolate the respective full length cDNAs. Libraries were screened as described in Buchner et
al. (1996) at atemperature of 60°C for hybridization and washing.

The 5-upstream region (5-UR) of VIAAP1 was cloned by usng the Genome Waker Kit
(GIBCO BRL, Life Technologies, Padey, UK). Gene specific primers were GS1: 5-AAC
CCC CGA GAA TGG TGT GAA CAG CTT CC-3, and nested GS2: 5'-CGC CCA TGC
CAA CGA CAA CAC TCC TG-3. PCR conditions followed manud’s indructions, except
that the firss PCR was performed a 65°C with 10 extra cycles. A PCR fragment was cloned
into pUC18, and confirmed by sequencing to be the VFAAPL 5 -UR Three combinations of
additiona forward and reverse primers were designed based on the sequence of the VIAAPL
5 -URand further PCRs using total lesf DNA were done for confirmation.

2.3. AMINO ACID UPTAKE AND KINETIC CHARACTERIZATION OF TRANSPORTERS IN YEAST

MUTANTS

Congructs were made by cloning VIAAP1 and VfAAP3 in sense orientation into the NEV-E
vector (Sauer and Stolz, 1994) for transformation of the yeast mutant plas23-4B (MATa,
shr3-23, ura3-52, his4D29; Ljungdahl et al., 1992), and by cloning VfOPTL1 into pDR195 for
trandformation of LR2 (MATa, hipl-614, his4-401, canl, inol, ura3-52, ptr2D::hisG; Rentsch
et al., 1995). Negative controls conssted of vectors without inserts. Uptake by plas23-4B
trandformed with ether VIAAP1 or VIAAP3 was performed as described by Sauer et al.
(1983). Briefly, cdls were grown in SC medium + 0.6 mM higtidine, and harvested in the
logarithmic growth phase. Twenty ml packed cells were resuspended in 1 ml 30 mM
phosphate buffer (pH 6.0). For al experiments, 100 ni cell samples containing 200 nCi U-14C
labeled of a L-amino acid and varigble concentrations of the same unlabeled amino acid were
harvested every 2 min, during 10 min, filtered, and washed. Amino acids taken up were
measured by scintillation spectrometry. Representative values were given after subtracting
background uptake measured with the negative control. All transport experiments were
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performed at least twice. Complementation of the LR2 mutant transformed with VIOPT1 was
performed by plaing cdls in SC medium supplemented with 10 mM His-Ala. Pogtive and
negative controls conssted, respectively, of cels carying the AtOPT1 (Rentsch et al., 1995)
and AtAAP2 (Kwart et al., 1998) cDNAsof A. thaliana.

2.4. NORTHERN AND SOUTHERN HYBRIDIZATIONS

Tota RNA isolation was performed as described by Ham et al. (1993), and separated in 1.2%
agaose gels containing 15% formadehyde, and blotted overnight onto Hybond-N* nylon
membranes (Amersham Pharmacia Biotech). Various fragments obtaned by enzymatic
digestions, which excluded the polyA tail from the cDNAS, were used as probes after labeling
with [a-3?P|dCTP. Hybridizations were performed a 65°C, and washing a high stringency
according to Church and Gilbert (1984). Signds on filters were quantified using a Fuji-BAS
phosphoimager (Fuji Photo Film C., Tokyo, Japan).

For Southern hybridizations, ten ng DNA were digested with Hindlll, Pvull, Pstl, Styl or
Xhol, and separated in a 1% agarose gel, which was blotted overnight onto a Hybond-N*
nylon membrane. Complete cDNAs were used as probes after labeling with [a-32P]dCTP.
Hybridizetions were peformed a 65°C, and membranes were washed twice with
2XxSSPE/0.1% (wiv) SDS, twice with 1xSSPE/0.1% (w/iv) SDS, and once with
0.5xSSPE/0.1% (w/v) SDS at 65°C for 15 min each.

2.5. SEMI-QUANTITATIVE RT-PCR

For quantification of VFOPT2 transcripts, RT-PCR was performed with Oligo (dT)z3 primer
(Sgma-Aldrich Chemie GmbH, Steinhem, Germany) usng 1 ng total RNA extracted as in
Hem et al. (1993) as template. RT-PCR was preceded by a ‘hot gtart’ (5 min 70°C) and
followed by a standard PCR with a combination of primers specific for the VIOPT2 cDNA
(forward: 5-AGT GGG TTG GGC TGT AGG GTA TGG-3 and reverse 5-ATG CTG
GAG GGA TAT CAA AAT GTG -3)).
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2.6. INSITU HYBRIDIZATION

Sample fixation and dide preparation followed the protocol described in Weber et al. (1995)
with the only exception that polyA coaed dides (Sgma-Aldrich Chemie GmbH) were used.
Fragments obtained by enzymatic digestions for excluding the polyA tals of the VIAAPL,
VFOPT1, VFSUTL and vicilin cDNAs were randomly labeled with f->*P]dCTP and used as
probes. Slides were hybridized overnight a 42°C, and washed with 50% formamide in 0.1x
SSC. After drying, dides were coated with photoemulson (LM-1, Amersham Pharmacia),
exposed for 3-10 days at 4°C, and developed with D-19 developer (Eastman Kodak,
Rochegter, USA). If necessary, dides were counterstained with 0.05% toluidine blue.

2.7. IN VITRO CULTURE OF DEVELOPING COTYLEDONS

Cotyledons from freshly harvested seeds (stage V, see Figure 1) were cultured as described in
Weber et al. (1996). One cotyledon from a seed was incubated in a Petri dish containing 6 ml
medium for cotyledon culture (Millerd et al., 1975) supplemented with 150 mM glutamine,
gther with or without 150 mM sucrose, while the other cotyledon from the same seed was
incubated without amino acids (Figure 3). Osmotic conditions were maintained by addition of
sorbitol. Sealed Petri dishes were incubated in growth chambers for 3 d a 20°C under dight
shaking. Seeds were harvested, washed and frozen for future RNA isolation and northern
anayses.

Figure 3. In vitro culture of
cotyledons.

One cotyledon of a seed was cultured
in the presence of 150 mM glutamine

(+G) and the other was cultured under

J \ amno acid darvation  (-G).

Experiments were performed either in

- > _»
with 150 mM glutamine without glutamine the presence (+5) or absence (S) of
(+G) * (-G)* 150 mM sucrose. Total RNA was
*with (+S) or without (-S) 150 mM sucrose extracted from cotyledons after 3 d

incubation.
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2.8. TRANSIENT EXPRESSION IN NICOTIANA PLUMBAGINIFOLIA PROTOPLASTS

To amplify the two VFAAP1 5 -URs immediately before the predicted trandation dtart, i.e. the
firda ATG of the VFIAAP1 open reading frame (ORF), PCR was performed with forward (5'-
GGA TTG TTA AGA AGC TTT ATG GAG-3) and reverse (5-CAT CAA ATT CTT CTG
CAG GGT GT-3) primers that introduced, respectively, Hindlll and Pstl redtriction dStes in
the origind sequences of the VIAAP1 5 -URs (point mutations are indicated in itdic, and the
trandation dat is underlined). Resultant PCR products (1.5 Kb long) were re-cloned into
pUC18, and fragments resulting from Hindlll and Pstl double digestion were ligated in sense
orientation upstream of the b-glucuronidase (GUS) reporter gene. Controls conssted of the
vector carrying the GUS gene lacking a promoter and a vector carrying the USP promoter
(Baumlen et al.,, 1991) upstream of the GUS gene. Protoplasts were isolated from
embryogenic suspenson cutures of N. pumbaginifolia grown to log-phase as described in
Reidt et al. (2000). Purified protoplasts were resuspended in 330 M MgCh-mannitol a a
density of ca 10° protoplastsml, and 10 ng of plasmid DNA were used to transform the
protoplasts by heat-shock and PEG 6000 treatment. Each transformed protoplast batch was
divided into two plates. One of the plates was supplied with 1 mM cysteine, while the other
remained under amino acid Sarvation. Plates were incubated for 24 or 48 h in the dark. After
harvesting the protoplasts, GUS activity was messured by using the GUS-Light™™ Kit
(Tropix, Bedford, USA). For datisticd analyses, the effect of amino acids was cdculated as
percentage in relation to the control under amino acid starvation in each transformation.

2.9. STABLE PLANT TRANSFORMATION

The full length cDNA from VfAAPL was cloned under the control of the legumin B4 (LegB4)
promoter (Bdumlen et al., 1992) into the binary vector pGA482 (An et al., 1987) for
trandformation of V. narbonensis plants. Trandformation was done by Agrobacterium-
mediated gene transfer according to Pickardt et al. (1991). The presence of the transgene was
confirmed by PCR usng leaf DNA as template with a forward primer specific to the LegB4
promoter in combination with areverse primer specific to the VIAAP1 cDNA.
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2.10. EXTRACTION AND CETERMINATION OF PROTEINS, STARCH, SUGARS, TOTAL NITROGEN,
SULFUR AND CARBON

Seeds from transgenic plants and wild types were freeze-dried until a constant weight and the
cotyledons were pulverized in a bdl-mill. For protein determination, 50 mg of the powder
were extracted in 0.5 M sodium phosphate buffer pH 7, 0.5 M NaCl, for 0.5 h following the
Bradford protein assay with bovine serum adbumine as a sandard. Soluble carbohydrates
were extracted with 80% ethanol a 80°C for 1 h. After centrifugation, the supernatant was
evaporated and dissolved in derile waer for enzymatic carbohydrate determination
(Boeringer, Mannhem, Germany). The remaning insoluble materid was used for darch
determination after solubilizing in 1 N KOH and hydrolysng with amyloglucosdase (Heim et
al., 1993). The concentration of tota nitrogen, sulfur and carbon was measured by a CHN
andyzer (CHN-O-Rapid, Foss-Heraeus, Germany).
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RESULTS

3.1. CLONING THREE AMINO ACID PERMEASES (AAPS) AND TWO PEPTIDE TRANSPORTERS
(OPTSs) FROM VICIA FABA SEEDS

3.1.1. Primary and secondary structure of the AAPs

PCR with degenerated primers yidded three disinct DNA fragments beonging to
homologues of the AAP subfamily of amino acid transporters (BLASTX search; Altschul et
al., 1997), which were used as probes for screening two cDNA libraries of developing V. faba
seeds. Five clones from an identicd cDNA were isolated from the library of deveoping
cotyledons. A full length clone, named VfAAPL, is composed of 1577 bp and encodes a
predicted protein of 53,0 kD and 475 amino acid residues (Figure 4a). No poditive clone was
obtained by screening this library with the other AAP fragments as probes. Twenty clones
representing another cDNA were isolated from a seed coat specific library. One of the clones,
denominated VFAAP3 () (1878 bp), contains a complete open reading frame and encodes a

@ the desi gnation VfAAP2 has been used for a previously identified AAP from V. faba (Montamat et al ., 1999).
17
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predicted protein sequence made of 486 amino acid residues (53,1 kD; Figure 4b). Since the
third AAP fragment is highly smilar to the pea done PSAAPL (Tegeder et al., 2000), its full
length cDNA (1450 bp, caled VIAAP4) could be cloned by PCR with primers based on the
PsSAAP1 sequence using the seed coat library as template. VI AAP4 encodes a predicted protein
sequence of 53,4 kD and 481 amino acid residues (Figure 4c).

VIAAP1 (1577 bp)
N\
& & <®
B —
39 bp 1425 bp - 475 aa 108 bp
ATG TGA a
VFAAP3 (1878 bp)

224bp 1458 bp - 486 aa 166 bp
A'IZG TC!SA
b
VIAAP4 (1450 bp)
— e
4bp 1446 bp - 481aa
A'Ii'G TCIEA

Figure 4. Schematic representation of the AAP clones isolated from cDNA libraries of
developing Vicia faba seeds.

VIAAPL (a), VIAAP3 (b) and VFAAPA (c) are full length cDNAs, in which the beginning and
the end of the predicted open reading frame (ORF) is indicated by ‘ATG’ and ‘TGA’,
respectively. The length of the ORFs and untranslated regions are indicated in base pairs
(bp) and of the predicted protein sequences in amino acid residues (aa). Restriction sites of

most common enzymes ar e shown.
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Figure5. Alignment of VIAAPL, VIAAP3 and VTAAP4 predicted protein sequences.

Conserved regions are spread over the whole extension of these proteins, except for the first

30 amino acid residues and the region at pos. 370-372, in which VfAAP4 has three additional
amino acid residues (Clustal method; Omiga 2.0, Oxford Molecular, England).
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VfAAPL, VIAAP3 and VfAAPA predicted proteins share up to 66% of identity among
themsdves. An dignment showed that their conserved regions are spread through their whole
extenson, with exception of the firss 30 amino acid residues a he N-terminus and the region
corresponding to pos. 370-372 of the dignment, in which VfAAP4 has three additiond
resdues in comparison to VIAAPL and VFAAP3 (Figure 5). VTAAPL is 91.2 % identical to a
putative amino acid permease (PSAAP2) isolated from pea. VIAAP3 is 67.7% and 61.1%
dmilar to PSAAP2 and to AtAAP3 from A. thaliana, respectively, while VIAAPA shares
91.7% identity with PSAAPL from pea (Table 1). Smilarly, in a phylogenic tree VAAPL and
VIAAP4 cluster together with PSAAP2 and PsSAAPL, respectively. Moreover, the legume
AAPs are more closdly related to the A. thaliana isoforms AtAAP2-5 then to AtAAPL and
AtAAP6 (Figure 6).

VTAAPL, VIAAP3 and VIAAP4 are predicted to be highly hydrophobic, which is a common
feature of membrane integrated proteins. The hydrophobic profiles of these proteins overlap
those of the A. thaliana AAPs (Figure 7a), therefore the 11 transmembrane doman (TMD)
mode proposed by Chang and Bush (1997) could aso be gpplied to the V. faba AAPs. A
topology modd was generated for VFAAPL as shown in Fgure 7b. The accuracy of this
method was checked by running a topology prediction for the AtAAPL protein as wel, which
generated a modd smilar to that based on experimenta evidence provided by Chang and
Bush (1997). Three potentid N-glycosylation Stes are present in each of the VIAAPs (data
not shown). However, according to the 11-TMD modd, only the potentid N-glycosylaion
Ste a pos. 216 of VFAAPL is located in a extracdlular loop (Figure 7b), and would therefore
be accessble a the ER lumen for glycosylation. N-termina signa peptides were predicted in
VFAAPL and VFAAP4, with most probable cleavage Stes occurring between the amino acid
resdues at pogtions 13-14 (TEA-AV) and 10-11 (SNN-HH), respectively, suggesting that
these are secretion proteins. No signa peptide was predicted for VIAAP3 (60 bp truncated N-
terminus, SignaP 2.0; Nielsen et al., 1997b).
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Table 1. Percentage of smilarity between the predicted amino acid sequences from VIAAPL,

VTAAP3, VTAAPA and other amino acid permeases*

VIAAP3 VIAAP4 VIAAP2! PsAAP12 PsAAP22 AtAAP1® AtAAP2* AtAAP3® AtAAP4° AtAAP5® AtAAP6°

VIAAP1 66.1 64.0 625 634
VIAAP3 - 58.6 595 583
VIAAP4 - 64.7 91.7

91.2
67.9
66.7

57.8 65.1
547 61.1
59.2 71.6

655 61.3 533
60.1 59.6 48.6
67.2 646 56.8

*Clustal method (MegAlign, DNAStar, London, UK); “V. faba (Montamat et al., 1999); “pea (Tegeder et
al., 2000); *°A. thaliana (3Frommer et al., 1993; “Kwart et al., 1993; °Fisher et al., 1995; °Rentsch et al .,

1996).

—  VfAAP1

L Psaap2

VIAAP3
— Ataap2

.
Ataap4

Vfaap2
—  VfAAP4

e Psaapl

Ataap3

Ataap5

33.7

Ataapl

Ataap6

30 25

Figure 6. AAP phylogenic tree.

20

15

10

Based on the alignment between the predicted protein sequences of VIAAPL, VIAAP3,

VfAAP4 and other amino acid permeases by Clustal method (MegAlign, DNASar).
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o] - ED a1 100 120 140 1ED 130 X0 X0 M0 XKD JED XD 3 MDD 3%0 &) s0D 4 @0 SED D

AtAAP1 VfAAP4 VIAAP3 VIAAP1

a
extracellular
137-161 212-236 301-322
se VAN ) e (e
[ Il Il v vV Vvl vIE IX X Xl
—
U 183186 U U
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Figure 7. AAP secondary structure predictions.

a. Prediction of hydrophobic regions of VIAAPL, VIAAP3, VIAAP4 and AtAAPL. Positive
values indicate hydrophobic regions (window size of 9; Kyte and Doodlittle, 1982); and b.
topology model for VIAAPL based on the method of Tusnady and Smon (1998). Relative
positions of first and last amino acid residue of each loop are indicated. A predicted N
terminal signal peptide (pos. 1-13) is shown by a dotted line. Arrowheads indicate putative N-

glycosylation sites.
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3.1.2. Primary and secondary structure of the OPTs

PCR with degenerated primers usng the cotyledon cDNA library as template yieded two
diginct DNA fragments homologous to peptide transporters of the POT supefamily
(BLASTX Search), which were used as probes for screening the V. faba seed-specific cDNA
libraries. From the cotyledon library, ten clones representing the same cDNA were isolated. A
full length cDNA was cdled VFOPT1 (2028 bp), which encodes a predicted protein of 64,5
kD and with 584 amino acid resdues (Figure 83). Nether library screening nor further PCR
succeeded on isolating the full length cDNA of the second peptide transporter (VIOPT2, 1041
bp; Figure 8b).

VFOPT1 (2005 bp)
N > » S
& SLS S
*
2 bp 1755 bp - 585 aa 248 bp
ATG e
a
VFOPT2 (1041 bp)
N o S o
SAE & S & o

1041 bp - 585 aa

Figure 8. Schematic representation of the OPTs cloned from developing seeds of V. faba.

VTOPT1 (a) isa full length cDNA, in which the beginning and the end of the predicted ORF is
indicated by ‘ATG’ and ‘TGA’, respectively. The length of the ORF and untranslated regions
are indicated in base pairs (bp) and of the predicted protein sequence in amino acid residues
(aa). VFOPT2 (b) consists of a PCR fragment, whose ORF is incomplete. Restriction sites of

MOSt common enzymes are shown.

Database searches reveded that VfOPT1 is closdy related to putative peptide transporters of
amond (80.3% identity; accesson AF213936) and tomato (79.8%; accesson AF016713). On
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the other hand, VIOPT2 shares only 54.7% identity with a putative soybean nitrate/peptide
trangporter (GmMNTR1-3; Yokoyama et al., 2001) and ca. 40% with other peptide transporters
(Téble 2). Smilaly, in a phylogenic tree VfOPT1 clusers together with the peptide
trangporters from admond and tomato, whereas VFOPT2 is more distantly related to other
OPTs, and forms another clugter dong with GmNTR1-3 (Figure 9). An dignment between
the predicted OPT proteins reveded a region of hyper-variability including apparent
insartions and/or ddletions, in which VfOPT2 has an additiond dtretch of 26 amino acid
resdues (Figure 10). The predicted proteins of VfOPT1 and VfOPT2 are highly hydrophobic,
suggesting that they are membrane integrd proteins. Computer predictions faled to establish
a relidble topology modd since a range of 9-12 transmembrane domains has been predicted
for VfFOPT1 depending on the software used (data not shown). No sgnd peptide was
predicted in the first 60 bp of the VfOPT1 amino acid sequence (SignaP 2.0).

Table 2. Percentage of smilarity between the predicted protein sequences from VfOPT1,
VTOPT2 and other peptide transporters®

VIOPT2 AtoPT1! HVOPT1? LeOPT1? PdoOPT* GMNTR1-3°
VIOPT1 42.2 60.2 56.3 79.8 80.3 40.9
VIOPT2 - 43.5 42.8 40.3 41.6 54.7

*Clustal method (DNA Star); “A. thaliana (Rentsch et al., 1995) ; “barley (West et al., 1998); *tomato (putative

OPT, AF016713); “admond (putative OPT, AF213936); 5soybean (putative nitrate/peptide transporter;
Y okoyamaet al., 2001).

PdOPT1
VIOPT1
LeOPT1
AtOPT1
. HvOPT1
[ GmNTR1-3
VIOPT2

491

45 40 35 30 25 20 15 10 5 0

Figure 9. OPT phylogenic tree.
Based on the alignment between the predicted proteins sequences of VfOPT1, VIOPT2 and
other peptide transporters by Clustal method (MegAlign, DNAStar).
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... .380 . . . . . . . .30 . . . . . .. .40 . ...
VIOPT1 LWRr L EBCR iR MrBlvwatel vVEsavya@m sEnEVeBE
VIOPT2 s v L EETIKovTk mMiBlic i Tt iepsTtLivi@s THELOE K T
AtOPTL SWR L EELK I LIR MFIPLIWASGI I FSAVYAQM STMEVQ R
GMNTRL P W M L GETIKQMIR MIPliLvaTr VPpsTumMAR ! NITLIEVK -
HVOPTL PWR L EELKSVvVR LLIPliwaAsGeGl VFEaTVvyc@m siEmMEVL N
LeOPTL AWR L EELK I LIR MFIPLIWATG!I VFSAVYAQM SITMEVE M
POPT1 PWR I EELK I LIR MFIPLIWATG!I VFSAVYAQM AITMEVE M
L. a0 . ... .. ..40 . ... . . .40 . . . . . . . .40 .. ... ... 40
VIOPTL MmMpTsve-s FrkilPlaasills “Blovisvice wvev RF I p 1 ARKFMG
VIOPT2 TLDRSMGPH FDIPPACIET AFBITIFMLI si1vy R AF P MVRR YK
AOPTL AMNCK I G-S FQLIPPAAIBG TIEDTASVII WVPL RF I PLARKEFITG
GmMNTRL YYSRQTPWK LQIPQQsSIEA AFVTVSLLYVY cCc1vVL RFF K I MQR FITK
HVOPT1 TLbDAasMGePKk FkilPlsasills 1EbTLsVvia wWvey R I L pAvRs viTe
LeOPT1 VMDTAVG-S FKIPAASES THEDTISVIV WVPYV K 1L P I ARRFITG
PAOPT1 MMDTSVG-s FTIilPlpasitls sfElDbvisvicF wve i RF I P I ARKFITG
460 . . . . . . . .40 . . . . 480 . . . . . . . .40 . . ..
VIOPT1 Kk e RIBIFs el Fils viicMs al@a:r vB i« QLA KELDLVDKA
VIOPT2 NPRIG I TML VLH 1AMV TIAcL alERK RVA RENNLFGRH
AOPTL VDKIGF TE I Fvls vilcMaaaa i viE HMA NDLGLVESG
GmMNTRL N P RIG | T LL VIiH TLIM! [Asc TlEs v KVA REHGVVESG
HVOPTL RPRIGFTOQL vvis mMFaML ARGV LlELV RTI AQHGLYGEK
LeOPTL I ERIGBIFs EL FLs wMiLcMsaaar viE: R QLA RDLGLVDEA
POPT1 KERIGFSEL FLS vicMs AAAV VIEWMK QLA TELGLVDKE
oS00 . . .. ... .80 . . . .. . . .50 . ... . . 540
VIOPT1 vevBIL T FL Qi YFLL AlMe vBTFvie oL PDAMRSLCS
VIOPT2 DT IPLTIFEI LL FALG VIAD SIEVE I A KL P
AtOPTL APVvIRlIsvLiw QI YF oL AlAEVIEYFi1le QL PDAMRSLCS
GmNTRL G QVIPLS I F I LL FlLMm TIAD AIFILE VA K. PEHMKS I GT
HVOPTL DVVIP ISIFwW QvV YF I clAe viETFvie oL PDAMRSMCS
LeOPTL vsvVvPILS I Fw QI YF L AlAE IFTF1G6 QL PDAMRSLCS
POPT1 VAVIPILS I Fw QI YFELL AlAE IFTFI1G QL SDAMRSLCS
. 550 D560 . ... 50 . . . 580
VIOPTL ALsLLTTslL enNvissFiL TvVLYFTTR cenpPlewirp NLNKkG-HLD
VIOPT2
AOPTL ALALLTNAL eNviLsstit TLVTYFTTR NGQelewisp NLNsG-HLD
GmNTRL S YSTTTLGL GNFISSFLL STVSNITKK NGHKGWILN NLNES-HLD
HVOPTL ALSLTTVAL GNYLSTLLY TVVAKVTTR GGKQGWIPD NLNVG-HLD
LeOPT1 ALSLLTTAL GNYLSSFIL TVVTSITTR GGKPGWIPN NLNGG-HLD
POPT1 ALSASDDFI GKLSELFDS DIVTYFTTQ GGKAGWIPD NLNDG-HLD
500 . . . . . . . .80 . . . . . . . .60 . . . . . . . .60 ........%60
VIOPTL YFSGLAG-L SFLNMFLYI VAAKRYKSK KAS
VIOPT2
AtOPTL YFFWLLAGL SLVNMAVYF FSAARYKQK KASS
GMNTRL YYYAFFAIF KLPQPHLLR VCSLGTMYI! GLKFQIP
HVOPTL YFFWLLAAL SLVNFAVYL LIASWYTYK KTAGDSPDA KGGAHDQ
LeOPTL YEFWLLAAL SFFENLVIYV FLCQMY K KAS
POPT1 YFSGS

Figure 10. Alignment between the predicted protein sequences of VfFOPT1, VfFOPT2 and
other plant OPT proteins.

Note that VfFOPT2 has 26 additional amino acid residues at pos. 331-354, which are located
within a region of low homology among all the aligned sequences (Clustal method; Omiga
2.0, Oxford Molecular, England). AtOPT1 (A. thaliana; Rentsch et al., 1995), GmNTR1
(soybean; Yokoyama et al., 2001), HVOPT1 (barley; West et al., 1998), LeOPT1 (tomato;
AF016713), PdOPT1 (almond; AF213936).
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3.2 GENOMIC ORGANIZATION

3.2.1. Southern analyses of VIAAPL and VIAAP3

Southern andyses were performed to determine the copy number of VIAAPL and VFAAP3
genes. Didinct petterns were seen after hybridizing the blots a high dringency with the
complete cDNAs of VfAAP1 and VFAAP3 as probes. VIAAP1 showed single bands only for
Xhol digestion, and several bands for the other four enzymes (Figure 11a). Pvull and Styi
digestions yielded a number of grongly hybridizing bands larger than expected from ther
restriction dtes in the VIAAPL1 cDNA (see Figure 4a), suggesting ether that the VIAAPL gene
has additiond gtes for these enzymes in its introns or that two or more copies of this gene are
present. VIAAP3, on the other hand, reveded a smpler hybridization paitern, with sngle
bands for Pwvull, Pstl, Styl and Xhol digestions, and two Hindlll bands (Figure 11b).
Therefore it is likdy tha VIAAP3 is a sngle copy gene. These results indicate, furthermore,
that athough the predicted protein sequences of VIAAPL and VTAAP3 share 66.1% identity,
their genes do not cross-hybridize under high stringency conditions.

N

Q N N \
eV 58 OREIEES
bp
| 6108
- 4072
v L 3054
e :E — 2036
L 1636
| 1018
- - 506
VIAAP1 VIAAP3
a b

Figure 11. Southern blot analysis of VIAAP1 and VfAAP3.
Ten ng total DNA were digested with Hindlll, Pvull, Pstl, Styl or Xhol, separated on a 1%
agarose gel, and hybridized with 3P labeled cDNA probes of VIAAPL (a) or VFAAP3 (b).
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3.2.2. Isolation of the VIAAPL 5’ -upstream region

To better examine the dructure of the VIAAPL gene, its 5'-upstream region 6-UR, 1.5 Kb
long) was cloned by genome walking. In addition to the 5'-UR, the first 340 bp of the VIAAP1
coding region, interrupted a pos. +100 ® by a 70 bp intron, was cloned. Sequence andyses
revedled that not dl clones were identical, but that they could be divided into two groups of
5-URs (s0 cdled VIAAPL1 5-URa and 5-URb) sharing ~95% identity to each other. These
findings were confirmed by further PCR using undigested lesf DNA as template.

An dignment of the 5'-URs is shown in Fgure 12. Apat from single base exchanges, the two
5-URs differ in three insertions and/or ddetions. (i) the sequence TAAAATATTTTIT and
AAAGTTTTA found in 5'-URb at pos. — 482/— 470 and — 409/— 400, respectively, are absent
in 5-URa. By insating the latter 9 bp, a dring Smilar to an endosperm (E-) eement
(TGTAAAG; Kreis et al., 1985) is created in 5'-URb; and (i) 5'-URa has a tandem repeat
(GATTTGCATGATTTGCAT; pos. — 376/— 359) that appears only once in 5-URb
(GATTTGCAT). By duplicating these 9 bp, a putative RY-demett (CATGCA), which is
known essentid for the proper regulation of severd seed specific genes (Baumlein et al.,
1992), is created in the lower DNA srand of 5'-URa. Another RY-moatif (pos. — 976 to — 970)
is found in of both 5-URs. Moreover, computer predictions reveded in both 5 -URs the
presence of potential regulatory motifs commonly found in promoter sequences, eg. TATA-
and CAAT-boxes, besdes a nitrogen responsve GCN4-like dement (TGAGTCA; Walfner et
al., 1975) (Promoter 2.0 Prediction Server, http://mww.cbsdtu.dk; Figure 13). Three base
subgtitutions are observed in the 70 bp intron, whereas the first 340 bp of the VIAAPL coding
region were identica between the two types of clones carrying ether 5'-URa or 5'-URb (data
not shown). These results confirm the existence of at least two copies of the VIAAP1 gene,
which dightly differ from each other in the 5'-upstream and untrand ated regions.

@ positions are given in relation to the predicted translation start, i.e. thefirst in frame ATG, of the aligment
consensus of the two 5’-URs.
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Figure 12: Partial alignment between VIAAP1 5 -URa and 5'-URb

Note the presence of three short insertion/deletions between pos. —482 and —359 bp. The
putative regulatory motifs created by these insertions/deletions are indicated. Positions are
given in relation to the predicted trandlation start.
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Figure 13. Schematic comparison between the two types of VFAAPLl 5-upstream
regions.

Thetwo VIAAPL 5 -upstreamregions (5'-URaand 5 -URD) differ from each other mainly by
three insertions and/or deletions (shown in the boxed areas). These differences created a
putative RY-element and an endosperm (E-)-element (underlined bases) which are present
either in 5-URa or in 5’ -URD, respectively. The first potential TATA-box and GCN4-element
upstream of the trandation start (ATG) are indicated, which are common to both 5’ -URs. A

70 bp intronislocated at pos. +100. Positions are given in relation to the ATG.

3.3. YEAST FUNCTIONAL COMPLEMENTATION AND TRANSPORTER UPTAKE PROPERTIES

3.3.1. Uptake kinetics of VIAAP1 and VIAAP3

For functional characterization, VI AAP1 and VFAAP3 full length cDNASs were cloned into the
NEV -E vector (Stolz and Sauer, 1984) and transformed into the plas23-4B yeast mutant. This

mutant carries a mutation in the SHR3 gene that prevents proper targeting of its own amino
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acid trangporters to the plasma membrane, and inhibits growth in media where amino acids
ae the only source of nitrogen (Ljungdahl et al., 1992). Control experiments with cels
transformed with the ‘empty’ NEV-E vector reveded no or very low uptake for dl amino
acids tested (data not shown). Background uptake was subtracted from the experimental
vaues. Uptake rate was directly measured for each [U]-**C-labeled L-amino acid & 1 mM
concentration. Under these conditions, it was observed that VIAAPL mediates the transport of
a wide range of amino acids, with high uptake rates for cysteine, aginine, glutamine, serine,
leucine, methionine, higtidine, glycine and threonine. VIAAPL shows a clear preference for
cysteine, whose uptake rate is more than 2-fold higher than that of any other amino acid
(Figure 14). VFfAAP3 dso transports severd amino acids, however at lower rates when
compared to VFAAPL in the yeast system, with a preference for the basic amino acids lysine
and arginine (Figure 14). Neither acidic nor aromatic amino acids were taken up to a larger
extent by these permeases. The kinetics of [U]-1*C labeled L-arginine uptake reveded Kmarg
vaues of 460 and 824 nM for VIAAPL and VfAAP3, respectively, indicating that these
AAPs have high subgrate effinity.
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Figure 14. Amino acid uptake promoted by VfAAP1 and VfAAP3 into a yeast mutant.

Direct uptake activity of 1 mM [U]-**C-labeled L-amino acidsinto the plas23-4B yeast mutant
expressing either VfAAPL or VTAAP3 complete cDNAs. Background uptake of the mutant

transformed with an ‘empty’ vector was subtracted.



32 CHAPTER3. RESULTS

3.3.2. Complementation of mutant growth by VIOPT1

The VIOPT1 cDNA was inserted into the pDR195 vector and transformed into the LR2 yeast
mutant, which carries a mutation in the PTR2 gene and is unable to grow in media containing
di-peptides as the only source of nitrogen (Rentsch et al., 1995). LR2 cdls transformed with
VIOPT1 grow efficently on a medium contaning 10 mM His-Ala, dmilar to cdls carying
the AtOPT1 cDNA from A. thaliana, whereas LR2 cdls trandformed with an amino acid
permease AtAAP2) or with an ‘empty’ pDR195 vector, as negative controls, are not able to
grow under smilar conditions (Figure 15a). LR2 cdls grow efficiently on a non-sdective
medium containing 20 mM hididine regardless of the congruct they are carrying (Figure
15b).

AtAAP2 pDR195

AtOPT1 VIOPT1

AtOPT1 -y VIOPTL

AtAAP2 pDR195

Figure 15. Functional complementation of theLR2 yeast mutant by VfOPT 1.

Selective growth of mutant strains carrying the cDNAs of VfOPT1, AtOPT1 (as positive
control), AtAAP2 (negative control) or pDR195 ‘empty’ vector (negative control) in SC
medium supplemented with 10 mM His-Ala @) and non-selective growth in SC medium
supplemented with 20 mM His (b).
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3.4. AAPSAND OPTSEXPRESSION THROUGHOUT THE PLANT AND DURING SEED DEVELOPMENT

Northern analyses reveded that the accumulation of VIAAPL transcripts is highest in gynoecia
and early developing cotyledons, i.e. stages IV and V (see Figure 1; Boriguk et al. 1995).
Expression levels in cotyledons at later stages are lower and constant. Moderate expression
levels were found in stems, roots, pods and snk leaves, but not in source leaves, and low
levels in seed coas (Figure 16a). The expresson profile indicates that this transporter
provides amino acids primarily to cotyledons, and to a lower extent to other sink tissues.
VIAAP3 mRNA is abundant in gynoecia, stems, roots and pod tissues, and present in
moderate amounts in sink and source leaves, as wel as in seed coat tissues of different
devedopmentd stages, but nearly absent in cotyledons (Figure 16b). VfAAP4 did not reved
detectable ggnds in any of the tissues andyzed following northern hybridizations (data not
shown). For comparison, cDNAs encoding the sucrose transporter (VISUTL1; Weber et al.,
1997b) and the storage proteins legumin B4 (egB4; Heim et al., 1989) and vicilin (Bassiiner
et al., 1987) were used as probes to hybridize the same blots. VISUT1-mRNA levd is high in
gynoecia and cotyledons of stages IV and V, and lower in older cotyledons. VISUTL is
moderately expressed in stems, roots, pods, seed coats and sink leaves, but not in source
leaves (Figure 16c). Its mRNA digtribution pattern resembles, therefore, that of VIAAPL,
excepting that VISUT1 seems to have an overdl higher expresson level and that during
cotyledon development its expresson declines earlier than that of VIAAPL. LegB4 and vicilin
genes are expressed exclusively in cotyledons. The first detectable transcripts gppear a mid-
cotyledon stage (around the 20 DAP), when VIAAP1-mRNA leve decline starts (Figures 16d
and e).

VFOPT1 is highly expressed in roots, shoots and developing cotyledons, and moderately
expressed in gynoecia Expresson levels in source and snk leaves ae low. During
development of cotyledons, VfOPT1 mRNA accumulate moderately during stage VI, reaches
a peak around the 25-28 DAP (early stage VII), and decreases towards seed maturation
(Figure 17d). Detection of VFOPT2 transcripts by northern analyses has failed, but succeeded
by RT-PCR usng VFOPT2 gspecific primers. During cotyledon development, a faint right sized
band is first seen a 32 DAP, increases in intengity reaching a pesk a 42 DAP, and quenched
at 45 DAP. No bands are seen in the seed coats (Figure 17b). Weak bands were aso seen

when RNA from shoots and roots were used as templates (data not shown). These results
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showed that both VFOPT1 and VIOPT2 reach their maximum transcript accumulation later than
VIAAPL, when storage protein genes are already highly expressed. Taken together, these
observations suggest that VFAAP1 plays a more important role during early cotyl edon
development, and that the two peptide transporters should play a more important role during later

cotyledon development.

LegB4 VISUT1 VfAAP3 VfAAP1
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Figure 16. Transcript accumulation of VfAAPL, VIAAPS, VISUTL1, LegB4 and vicilin in
different tissues and seed developmental stages of V. faba.

Northern hybridizations of using VfAAPL (a), VTAAP3 (b), VfSUTL1 (c), LegB4 (d) and vicilin
(e) as probes. Ten micrograms of total RNA extracted from different tissues were loaded per lane.

DAP: days after pollination.
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Figure 17. Transcript accumulation of VfOPT1 and VfOPT2.

a: Northern hybridization of using VfOPT1 as a probe. Ten micrograms of total RNA extracted
from different tissues were loaded per lane. b: Semi-quantitative RT-PCR using VfOPT2 specific
primers and 1 ng total RNA from as template. M: marker. DAP: days after pollination.
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3.5. CELL TYPESPECIFICMRNA DISTRIBUTION IN THE SEEDS

In situ hybridizations were performed in order to compare the expression patterns of VIAAPL,
VFOPT1, VISUT1 and the vicilin gene within a developing seed. Cross sections of seeds a
sage V were used (Figure 183). Hybridizations usng the VIAAPL cDNA as a probe, revealed
that this trangporter is expressed throughout the whole storage parenchyma of the cotyledons,
but not in the epiderma transfer cells (Figures 18b and d). No labd is found in the endosperm
(Figures 16b and f). In seed coats, VFAAPL probe labeling is redricted to the chlorenchyma
and thinrwdled parenchyma tissues (Figures 18f and h). No sgnds are seen in pdisade or
ground parenchyma tissues (the bluish color seen in the ground parenchyma is derived from
autofluorescence caused by phenolic compounds present in these cdls, Figure 18h). The
labding of the VFOPT1 probe is seen only in the epidemd trander cdl layer of the
cotyledons, and not over the storage parenchyma (Figure 19b). In cotyledons, labeling of the
vicilin probe shows that this storage protein gene is co-expressed with VFAAPL in the Storage
parenchyma, and not in the epiderma cdl layer (Figure 20b). On the other hand, VISUT1
transcripts are locdized only in the cotyledon trandfer cells of the cotyledons, resembling the
hybridization peattern of the VfOPT1 probe (Figure 20c). The mRNA-distribution patterns of
the vicilin gene and VISUTL1 are consstent with previous reports (Boriguk et al., 1995; Weber
et al., 1997Db).

Figure 18 (following page). Transcript digtribution of VFAAPL in transversal sections of
a V. faba seed.

a: Overview of the seed stained with toluidine-blue. The boxed areas are enlarged in the
following pictures. b, d, f and h: dark-field micrographs showing in stu hybridization using
33p |abeled cDNA probes of VIAAPL, with label seen as white grains. ¢, e, g and i: light-field
with toluidine-blue staining showing the corresponding areas of the dark-field pictures. b:
Outer adaxial region of the cotyledon with labeling in the storage parenchyma (P), but not
the epidermal transfer cells (EP) or endosperm (EN). d: Inner portion of the cotyledon with
labeling in the storage parenchyma. f: Inner portion of the seed coat near the funiculus.
Labeling is found in the transfer cells of the thin-walled parenchyma (TP), but not in the
ground parenchyma (GP). h: Outer region of the seed coat is labeled in the chlorenchyma
(CH) and thin-walled parenchyma. No label was found in the palisade epidermis (PP) or
ground parenchyma where the bluish color results from autofl uorescence.
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Figure 19. VIOPT1 transcript distribution of in atransversal section of aV. faba seed.

a: Overview of the seed stained with toluidine-blue. The boxed area is enlarged in the following
picture. b: dark-field micrograph showing in situ hybridization using P labeled cDNA probe of
VTOPT1, with label seen as white grains in the epidermal transfer cell layer (EP) of the
cotyledon (marked by an arrowhead). P: cotyledon storage parenchyma; TP: thin-walled
parenchyma of the seed coat.
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Figure 20. Transcript distribution of thevicilin gene and VfSUTL1 in transversal sections of
a V. faba seed.

a: Overview of the seed stained with toluidine-blue. The boxed area is enlarged in the following
pictures. b and c: dark-field micrographs showing in situ hybridization using *P labeled cDNA
probes of vicilin (b) and VfSUT1 (c), with label seen as white grains. d: light-field with
toluidine-blue staining showing the corresponding areas of the dark-field pictures. b: Labeling of
the vicilin probe is found in the parenchyma (P) but not the epidermal cells of the cotyledon
(EP). c. Labeling of the VISUT1 probe is found only in the epidermal cell layer of the cotyledon.
Arrowheads show transfer cells of cotyledons and seed coat. TP: thinwalled parenchyma of the
seed coat; GP: ground parenchyma.
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3.6. REGULATION OF THEVFAAP1 GENE

3.6.1. Modulation of VAAPL expression in cotyledons cultured in vitro

In order to examine whether VIAAP1-mRNA leveds can be modulated by assmilate
availability, cotyledons of developmentd stage V were cultured in vitro under different
metabolite supply, i.e. one cotyledon of a seed was cultured in the presence of glutamine, and
the other cotyledon was cultured under amino acid darvation. Experiments were performed
both in the presence or absence of sucrose. Northern andyses with RNA isolated from these
cotyledons showed that VFAAP1-mRNA leves are lower in cotyledons that have been
cultured in media supplemented with glutamine. This tendency is obsarved both in the
presence or absence of sucrose, however, significant changes occur only when sucrose is
present (Figures 21a and b). For comparison, the vicilin cDNA was used as a probe. The
MRNA leves of this Sorage protein gene are higher when glutamine is added to the media,
with sgnificant changes seen only in the presence of sucrose (Figures 21c and d). Transcript
levds of both VIAAP1 and vicilin gene are ca 2- and 6-fold higher, respectivey, in
cotyledons incubated in the presence of sucrose aone (seen by the reative mRNA levels on
the Y axis of the graphsin Figure 21).
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Figure 21. Effect of metabolites on the accumulation of VFAAPL1 and vicilin mRNA in
cotyledonscultured in vitro.

Transcript analysis of VFAAPL (a and b) and vidlin (¢ and d) after in vitro culture of
cotyledons in the presence (+) or absence (-) of 150 mM glutamine (G) and 150 mM sucrose
(S. mRNA levels (in relative units) represent the mean of three replications + SE. (*)
statistically significant (P < 0.05).
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3.6.2. GUSexpression driven by the VFAAPL promoters and regulatory effects of cysteine

To assess the functiondity of the VIAAP1 5'-uptstream regions, 5'-URa and 5'-URb were
inserted in sense orientation upstream to the b-glucuronidase (GUS) reporter gene, and
trandformed trandently into protoplasts isolated from embryogenic cdl suspensons of N.
plumbaginifolia. GUS activity driven by 5-URa and 5-URb were up to 150- and 190-fold
higher, respectivdy, then in controls without a promoter, indicating that these regions
included functiona promoter sequences (Figure 22).

Cysteine, which is the preferentidly transported amino acid by VfAAPL, was added to the
media to determine whether this sysem is auitable for studying possble effects of amino
acids on transcriptiona regulation. After 24 and 48 h of trandformation, GUS activities driven
by the VIAAP1 5'-URa in protoplasts cultured in the presence of cysteine are ~ 40% and 55%
lower, respectively, than in controls under amino acid darvation (Figure 23a). For
comparison, protoplasts were transformed with a USP promoter/GUS congruct. The USP
promoter (for Unknown Seed Protein) is seed specific and it is expressed and regulated
amilaly to gorage protein genes (Baumlein et al., 1991a). After 24 and 48 h, GUS activities
driven by the USP promoter are ~ 80 % higher in protoplasts cultured with cysteine than in
controls cultured under amino acid darvation (Figure 23b). A Smilar approach was carried
out to compare the effects of cysteine between the two 5'-URs. GUS activities driven by 5'-
URa and 5-URb are ~ 55% and 70% lower, respectively, than in controls under amino acid
garvation (Figures 24a and b).
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Figure 22. GUS transient assay of VFAAP1 N. plumbaginifolia protoplasts.
GUS activities (relative units) in protoplasts transformed with VIAAPL 5URa or 5-URDb
upstream the GUS gene are given in comparison to the GUS activity in protoplasts

transformed with a construct lacking a promoter (pGUS).

g CI24h g 124 h
£ 1001 48 h 2 2001 _ N 48 h
; @ p—
A 8
O 751 O 150
« =
x g
= 50 g 1007
o o
2 o
o o

i o _
g 25 & 50
b )

0 0

-cys +Cys -Cys +cys a -Cys +cys -Cys +cys b

Figure 23. Effect of cysteine on transient GUS expression driven by the VIAAP1 5 -URa
or USP promoter in N. plumbaginifolia protoplasts.

Protoplasts were transformed with a VfAAPL 5-URa/GUS (a) or an USP promoter/GUS
construct (b), and cultured either in the presence of 1mM cysteine (+cys) or without cysteine,
i.e. under amino acid starvation (-cys). GUS activities were measured after 24 and 48 h, and

average values of two experiments + SE are given in relative units (control without cysteine =

100%).
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Figure 24. Effect of cysteine on transent GUS expression driven by the VFAAPL 5'-
upstream regions (5'-URs) in N. plumbaginifolia protoplasts.

Protoplasts were transformed with VIAAPL 5-URa (a) or VIAAPL 5'-URb (b) upstream the
GUS gene, and cultured either in the presence of 1mM cysteine (+cys) or without cysteine,
i.e. under amino acid starvation (-cys). GUS activities are given in percent values of two

experiments + SE (control without cysteine = 100%).

3.7. VICIA NARBONENSIS PLANTS CARRYING THE VFAAP1 CDNA UNDER CONTROL OF THE

LEGB4 PROMOTER

A transgenic gpproach aiming the overexpresson of VFAAPL was caried out by transforming
V. narbonensis plants (a species closdly related to V. faba tha is routindy used for this
purpose; Pickardt et al., 1991; Weber et al., 1998b, 2000) with constructs carrying the
VIAAP1 cDNA in sense orientation downstream of the LegB4 promoter. This promoter
confers drong expresson only in the parenchyma cels of V. narbonensis cotyledons during
mid- to late stages of development (Weber et al., 1998b). The transgenic genotype was
confirmed by PCR in severd independently regenerated Fo plants (Figure 25). These plants
were dlowed to sdf-pollinate and PCR-postive plants were propagated up to the Fj
generation. Because more life cycles are usudly necessary to produce homozygous transgenic
lines (see Weber et d., 2000), the present results should be considered of preliminary nature.
Northern andysis of totd RNA isolated from embryos at late development (stage VII) showed
that in three lines (Vn10, Vn20 and Vn26) VIAAPL transcript levels are higher than in wild
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type plants (Figure 26a). When the coding region of the LegB4 cDNA was used as a probe, it
was observed that mRNA levels of the endogenous LegB4 gene are aso increased in these
lines (Figure 26b). Seeds produced by these three lines and by line Vn21 (in which VIAAP1
overexpresson remains to be shown) are not totaly uniform, i.e. the mgority of seeds are
sndler and exhibit a wrinkled phenotype, however some have a norma appearance (Figure
27). It was impossble, however, to determine the percentage d wrinkled versus norma seeds
once it is frequently difficult to determine a border between these two types. Dry weight of
Vnl10, Vn20 and Vn2l seeds is sgnificantly lower than that of the wild types, whereas Vn26
seed weight is not dtered (Figure 283). Further biochemicd anayses caried out with these
same seeds showed that total nitrogen and suifur contents are sgnificantly increased on a
percentage basis in al four lines (Figures 28b and c), whereas gtarch contents are reduced
(Figure 28d). Total carbon is dightly reduced only in line Vn20 and totd sugars are kept
unchanged (Figures 28e and f). The totd globulin fractions of lines Vn20 and Vn2l are
incressed in ca. 35%, whereas dbumin contents in lines Vn20 and Vn21 are undtered and
reduced, respectively (Figures 28g and h).

WT n8 n? nl3 nld nls nl8 n20 n22 n24 AAP]1

Figure 25. PCR on total leaf DNA of V. narbonensis plants transformed with a LegB4
promoter/VIAAP1 cDNA construct.

Wild type (WT; as negative control); transformed lines (n8-n26); VFAAPL miniprep DNA
(AAP1, as positive control).
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Figure 26. Transcript accumulation of VFAAPL1 and LegB4 gene in different V.
narbonensislines carrying the VI AAPL1 cDNA under control of theLegB4 promoter.

Northern blots were hybridized with the coding region of VIAAP1 @) or LegB4 (0). Ten
micrograms of total RNA extracted from embryos at |ate development (stage VII) were loaded

per lane. Transcript levels were quantified by scanning. Vn10, Vn20 and Vn26: transgenic
lines; WT: wild type.

1011 20/4/2 2111

Figure 27. Seed mor phology in transgenic V. narbonensisplants.

V. narbonenss plants carrying the VfAAPL cDNA under control of the LegB4 promoter
(Vnl10, Vn20 and Vn2l) produced seeds ranging from normal to smaller and wrinkled
phenotypes in comparison to wild type seeds (WT).
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Figure 28 (previous page). Biochemical analyses of mature cotyledons from V.

narbonensis lines carrying the VI AAP1 cDNA under control of theLegB4 promoter.

Dry seed weight (a) and contents of contents of total nitrogen (b), total sulfur (c), starch (d),
total carbon (e), total sugars (f), globulins (g) and albumins (h) were measured in transgenic
lines (Vn10, Vn20, Vn21 and Vn26) and wild type plants (WT). DW: dry weight. P<0.05, n=4
(except for t21, where n=2).






CHAPTER 4

DISCUSSION

4.1. THE AAP AND OPT GENE FAMILIESIN V. FABA

Three amino acid permeases (VFAAPL, VIAAP3 and VfAAP4) and two peptide transporters
(VIOPT1 and VIOPT2) were isolated from two cDNA libraries of V. faba developing seeds.
The three newly identified AAPs differ from those (one full length cDNA, and three partid
cDNAS) previoudy isolated from V. faba (Montamat et al., 1999), whereas so far no peptide
transporter has been identified in this species. Hence, a least seven different AAP and two
OPT genes are expressed in V. faba. In other plants, these two types of transporters aso
bdong to gene families. In A. thaliana, sx AAP isoforms have promoted uptake of amino
acids in vitro (Fischer et al., 1995; Kwart et al., 1993; Rentsch et al., 1996) and at least 30
othees reman to be functiondly characterized (Entrez  Protein  Database;
www.nchbi.nim.nih.gov:80/entrez). The family of peptide trangporters in A. thaliana seems to
be equaly composed of numerous members (Entrez Protein Database), but so far only one
isoform from this species has been functionaly characterized in vitro® (Frommer et al.,

@ the first peptide transporter to be cloned from A. thaliana by Steiner et al. (1994) was later shown to be a
fungal PTR (Steiner et al., 2000).

49



50 CHAPTERA4. DISCUSSON

1994b; Rentsch et al., 1995; Song et al., 1996). Moreover, a large number of putative peptide
trangporters are expressed in soybeans seedlings (Public Soybean EST Project, Shoemaker et
al., unpublished results). The apparent redundancy of such transporters in a genome has
frequently been judified by a drict regulatory control, subgtantiated by individud expresson
profiles throughout the plant (Fischer et al., 1995, 1998; Rentsch et al., 1998). The proportion
of genes involved on amino acid and peptide trangport found in A. thaliana is remarkably
higher than in unicdlular organisms, which evidences the importance of these genes for long
distance trangport of assmilatesin higher plants (The Arabidopss Genome Initiative, 2000).

The predicted protein sequences of VFAAPL and VIAAP4 share a high degree of identity with
PSAAP2 (a putative AAP) and PSAAPL from pea (Tegeder et al., 2000), respectively (Table
1). Because pea and V. faba are closdy reated, these clones may represent the orthologue
forms of the same transporters in these two species. Likewise, VIAAP3's counterpart in pea
would reman to be identified. Concerning sequence dmilarity, the legume AAPs are more
closdly related to the A. thaliana isoforms AtAAP2-5, than to AtAAPL and 6 (Figure 6), but
whether this has a practicd relevance on the function of these permeases remans to be
shown. VFOPT1 is cdlosdy related to putative peptide transporters isolated from amond and
tomato, whereas VIOPT2 seems to belong, dong with GmNTR1-3 (Yokoyama et al., 2001),
to another OPT sub-family.

The V. faba amino acid and peptide transporter proteins are highly hydrophobic, which is
characterigic for membrane integrd proteins. Experimenta evidence showed that AtAAPL
has 11 transmembrane domains (TMD), leading to a modd in which its N-terminus is located
in the cytoplasm and the C-terminus faces the outsde of the cdl (Chang and Bush, 1997).
Because the hydrophobic profiles of VIAAPL, VIAAP3 and VIAAPA overlap that of AtAAPL
it is likely that these proteins share a smilar membrane topology (Figure 7). The A. thaliana
AAPs show great sequence variability in the loop between TMD5S and TMDG6 d this modd.
These sequences have been proposed as a possible ste responsible for substrate recognition
(Chang and Bush, 1997). Smilaly, a region with low dmilarity between the VFAAPS, in
which VfAAP4 has three additiond amino acid resdues (see dignment in Fgure 5), is
located in the loop between TM9 and TM10 of the VFAAP topology modd, and may aso be
involved in subdrate recognition. The N-termini of VTAAPL and VIAAP4 were predicted as
sgna peptides (SigndP 2.0; Nidsen et al., 1997b), and nay be involved in the targeting of

the proteins to the membrane. In sucrose trangporters this region plays a sgnificant role in
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trangport efficiency (Schulze et al., 2000). Moreover, according to the topology mode, one
N-glycosylation dte in VFAAPL is located in an extracelular loop (at pos. 216) and would
therefore be accessble for glycosylation in the ER Iumen. Glycosylation has been
experimentaly demongrated for cationic amino acid trangporters (Kim et al., 1991), but not
for an AAP (Chang and Bush, 1997). VfOPTs are also hydrophobic, but attempts to make a
topology modd have faled. VIOPT2 has an additiond dretch of 30 amino acid residues
within a highly variable hydrophilic region (see Figure 10), which may be an indication that
thisregion is involved in subgtrate recognition.

4.2. VFAAPL AND VFAAP3 ARE HIGH AFFINITY TRANSPORTERS FOR SMALL, NEUTRAL AND

BASIC AMINO ACIDS EXHIBITING DIFFERENT SUBSTRATE SPECIFICITY

The yeast mutant plas23-4B, which has a reduced amino acid uptake capacity due to improper
targeting of its endogenous amino acid permeases (Ljungdahl et al., 1992), was used for
measuring upteke properties of VIAAPL and VfAAP3. This mutant was suitable for
measuring the direct uptake of amino acids once it did not exhibit efficient transport of any of
the amino acids tested. Direct measurements ae more likdy to give reidde results as
compared to competition experiments since it is not known whether the competitor is actudly
taken up, and because these transporters may have multiple amino acid binding dtes which
could lead to ambiguous results (Boorer et al., 1996). VIAAP1 and VfAAP3 had high
substrate affinity and were able to trangport a broad spectrum of amino acids (Figure 14).
VTAAPL transported most of the neutrd and basic amino acids at high uptake rates, and did
not transport acidic or aromatic amino acids efficiently. Among the amino acids tested,
cysteine was clearly preferred by VIAAPL, since the upteke rate for this amino acid was at
leest 2-fold higher then for the others. Kwart et al. (1993) showed that a 4-fold excess of
cysteine was able to inhibit ca. 90% of proline uptake by AtAAP2, but the direct uptake of
cysteine has not been shown. VFAAP3 showed a broad substrate specificity and, at least in
the yeast mutant, lower transport activity compared to VFAAPL (Figure 14). VIAAP3 showed
a preference for the basic amino acids arginine and lysine, therefore, with regard to subgtrate
gpecificity, it is related to AtAAP3 and AtAAPS. VIAAPL and VTAAP3 are peculiar in the
sense that they did not take up acidic amino acids, whereas dl A. thaliana AAPs so far
andyzed were able to trangport glutamic acid, which is in many plants one of the preferred
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transport forms of reduced nitrogen. In V. faba and pea, glutamine is used a the mgjor source
of N (Miflin et al., 1977; Murray and Cordova-Edwards, 1984), which may explain to some
extent the differences between V. faba and A. thaliana AAPs with regard to the uptake of
glutamate. In support of our observations, a permease from castor bean was shown aso to
transport neutral and basic, but not acidic amino acids (Neglam et al., 1999), and the uptake of
glutamate by vesicles from pea cotyledons occurred in a passive-like manner (De Jong and
Borstlap, 2000Db).

Functiona characterization of VfOPT1 was done by complementation of the yeast dtrain LR2,
which caries a mutation in the PTR2 gene and requires high concentrations of higtidine for
efficent growth (Rentsch et al., 1995). Upon supplementation with His-Ala, VTOPT1 restored
growth of the mutant, implying that cdls had taken up this di-peptide (Figure 15). One
peptide transporter from A. thaliana, isolated independently by two groups (Frommer et al.,
1994b; Rentsch et al., 1995; Song et al., 1996), and one from barley (West et al., 1998) are so
far the only plant OPTs that have been functionaly characterized. They are rather non
specific and mediate the uptake of a wide range of di- and tri-peptides (Rentsch et al., 1995).
Kinetic studies were not carried out with VfOPT1, therefore it is sill unclear whether or not
this OPT aso takes up a broad range of peptides.

4.3. AAPs AND OPTS HAVE SPECIFIC AND DEVELOPMENTALLY CONTROLLED EXPRESSION
PATTERNS

4.3.1 Expression of VfAAP1 and VfOPTL1 in cotyledons and synthesis of storage proteins —

are these events connected?

VIAAPL is expressed primarily in cotyledons, and to a lower extent in other sink tissues.
During cotyledon deveopment, VFAAPL mM-RNA levd pesks smultaneoudy with the
gppearance of storage protein transcripts, and then declines to a lower and congtant leve
(Figure 16). The concentration of free amino acids in cotyledons increases rapidly during the
period of seed filling, and decreases during storage protein synthess (Weber et al., 1996).
Expresson of VIAAP1 and dorage protein genes adong with the varigion of amino acid
concentration happen in a concerted manner (see Figure 30) and corrdate wel with a
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potentid primary role of VfAAPL in supplying amino acids that will be used for Storage
protein synthess. A sSmilar function has been proposed for the AtAAP1 gene from A.
thaliana, which is expressed in the endosperm and cotyledons of developing seeds (Hirner et
al., 1998). VIAAPL may have a secondary function in supplying amino acids to other sink
organs as well, since it is also expressed in gynoecia, stems, sink leaves, roots and pods, but
not in source leaves. VIAAP3 mRNA accumulates in dl maternd tissues andyzed, mogdly in
gynoecia, stems, roots, pods, and moderately in sink and source leaves, as well as in seed coat
tissues of different developmenta stages. This suggests a generd ‘house keeping’ function in
the trangport of amino acids through the plant. In contrast to VIAAPL and VFAAPS, it was not
possble to detect any expression of VIAAP4 by northern analyss. Interestingly, despite high
sequence dmilarity (over 90 % of identicd amino acids resdues) between VIAAPL and
VTAAP4 and the pea PSAAP2 and PSAAPL predicted protein sequences (Tegeder et al.,
2000), respectively, their expresson profiles were drikingly different. VI AAPL was highly
expressed in V. faba seeds but PSAAP2 expresson in pea could not be detected at dl, and
VIAAP4/PsSAAPL, viceversa. These observations suggest that these two species have
developed arefined and distinct mode of regulation.

VFOPT1 was mainly expressed in developing cotyledons, but dso to a high extent in roots,
source and snk leaves, shoots, flowers and seed coats, suggesting that this transporter may
have a ‘house kesping' role, smilaly to VIAAP3. During cotyledon development, VIOPT1
MRNA accumulates dightly later than VIAAPL (Figure 16). The second peptide transporter,
VIOPT2, is expressed mainly in embryos at late-cotyledon stage (Figure 17). As compared to
VFOPT1 expression in cotyledons, VIOPT2 transcript level is lower (it only be detected by
RT-PCR and not by northern andyses) and pesks dightly later during embryo development.
An OPT of A. thaliana is conditutively expressed in al plant organs, induding embryos at
the heart stage of development (Rentsch et al., 1995; Song et al., 1996), and a reduction on its
expresson leved seems to be responsble for delayed flowering and arestment of seed
development in anti-sense transgenic plants (Song et al., 1997). High expresson levels of an
OPT was found in germinating barley grains, when storage proteins are degraded and used to
nourish the seedling (West et al., 1998). Activities of peptide transporters seem to be related
to moments of intensive proteolyss, such as wounding, senescence and degradation of storage
proteins, when the transport of peptides assumes a great importance for the rapid export of
organic nitrogen (Higgins and Payne, 1978; reviewed by Frommer et al., 1994a). Assuming
that expresson of OPTSs in cotyledons may dso be relaed to high leves of protein hydrolyss,



54 CHAPTERA4. DISCUSSON

it is worth mentioning that these OPTs are highly regulated during late seed maturation when
leaf senescence in legumes is initiated (eg. Crafts-Brandner et al., 1996). In soybeans an
increase in amino acid upteke was temporarily related to leaf senescence and appears to
permit yellow cotyledons to accumulate amino acids, C and N beyond the cessation of
sucrose import (VerNooy et al., 1986). A possible corrdation between expresson of VIOPT1
and VfOPT2 in cotyledons and proteolyss of trangently accumulated proteins remains to be
confirmed. On the other hand, there is gpparently no correation between OPT expresson
profiles in developing cotyledons and protease genes active in the seeds, once severa protease
genes are dready expressed in young cotyledons (Fischer et al.,, 2000) and seed coats
(Batchelor et al., 2000).

Taken together, the present results show that during seed development of V. faba, amino acid
and peptide transporters are differently expressed and under developmenta control. Active
upteke of amino acids seems to play a more important role a seed filling phase and beginning
of Sorage protein synthes's, whereas peptides trangporters would play a role later, when high
amounts of storage proteins have aready been deposited in the cotyledons.

4.3.2. VfAAPL is co-expressed with storage protein genes in the cotyledon storage

parenchyma, and not as other transporters, including VIOPT1, in the transfer cells

In situ hybridization reveded that VIAAPL is expressed throughout the storage parenchyma
tissue of the cotyledons, but not in the epidermd cel layer. A smilar pattern was seen for a
vicilin storage protein gene. In contrast, VIOPT1 expresson was redtricted to the cotyledon
epidermd cdls, gmilar to the expresson of VISUTL. Epidermd transfer cells play a key role
in the active uptake of assmilates by the cotyledons (Gunning and Pete, 1974; Offler et al.,
1989; Weber et al., 1998a). In pea cotyledons, an amino acid transporter was reported to be
expresed in this cdl layer (Tegeder et al., 2000). VIAAP1 mRNA didribution in cotyledons
is peculiar in this regard because it was not related to transfer cdls but to the dtorage
parenchyma. The presence of an amino acd transporter in this latter tissue has been
hypothesized by De Jong and Borstlap (2000b) to explain discrepant uptake rates of L-vdine
and sucrose by pea cotyledon vesicles. Speculations about a possble need of an active
trangport system in these symplasmicaly connected cdls would include relocetion of amino
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acids within the cotyledons and/or retrievd of ‘lesked” amino acids from intercdlular spaces
(Ruiter et al., 1984). Symplasmic active transport of sucrose in phloem conduits has been
proposed 0 as to drive the mass flow movement by incressng the hydrostatic pressure
difference (Ldonde et al., 1999). Because other osmolytes, such as amino acids, adso
contribute to the driving force of mass flow, VIAAPL may be involved in a gmilar
mechanism within V. faba cotyledons. This possble role would differ from that proposed for
hexoses and sucrose carriers of V. faba, whose expression is redricted to the transfer cdls
(Weber et al., 1997b). Although severd pardlds can be drawn for the uptake of sugars and
nitrogenous compounds by the cotyledons, it is worth mentioning that there are dso notable
differences between these mechanisms, and that the transfer cell layer may play different roles
on the active trangport of these assmilates. Firdly, the plasma membranes are more
permeable to amino acids than to peptides and sugars (De Jong and Wolswinkd, 1995), and
secondly, sucrose transporters are dready expressed  during the early development of a
legume embryo (Weber et al., 1997b), meanwhile the main uptake of amino acids happens
passively (Lanfermeijer et al., 1990). Together, these observations suggest that the transfer
cdls are involved in a crucid sep for the active uptake of sugars and peptides by cotyledons,
whereas the storage parenchyma cells, where storage protein genes are expressed, seem to be
the gte for active mobilization of amino acids (see schemein Figure 29).

VIAAP1 mRNA was dso found in the chlorenchyma and thin-waled parenchyma cdls of the
seed coats. The thinrwdled parenchyma cdls exhibit numerous wdl ingrowth projections and
are responsible for the exchange of assmilates between the coat and the apoplast (Grusak and
Minchin, 1988; Offler and Patrick, 1993; Offler et al., 1989). The mode of assmilae
unloading from the coa codls is ill controversid. A putative sucrose H*-antiporter localized
in the thinwdled parenchyma of V. faba has been proposed (Patrick and Offler, 1995),
whereas in pea it has been shown to be entirdly passve (De Jong et al., 1996). Although
thermodynamicdly feasble no efflux of amino acids could so fa be expeimentaly
attributed to the AAPs (Fischer et al., 1995). On the other hand, H-symporters seem to be
responsible for the retrieval of amino acids from the gpoplast back to the seed coat cdls in pea
(De Jongand Borstlgp, 20004). Since there is no evidence that VFTAAPL has a role in seed coat
unloading, it is more likely that it takes part in retrieving amino acids from the apoplast. A
role in retrieving sucrose was attributed to VISUTL in this tissue (Weber et al., 1998b). The
function of an amino acid permeese in the chlorenchyma is unclear, but it evidences once
more that VIAAPL is expressed in seed tissues that are symplasmicaly connected.
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Figure 29. Scheme showing localization of several transcriptsin a transversal section of
a V. faba seed.

VfAAPL and vidlin transcripts are localized in the storage parenchyma of the cotyledons,
whereas transcripts of VIOPT1 and VISUT1 are found exclusively in the transfer cell layer of
the cotyledons. VFAAPL and VISUT1 are also expressed in the seed coats. Whether another
AAP is expressed in the cotyledon epidermisis unknown.

4.4, REGULATION OF VFAAP1 ISMEDIATED BY AMINO ACIDS

4.4.1. Assmilates modulate VTAAPL and storage protein gene expression in an antagonistic

manner

In cotyledons, VfAAPL is repressed and the vicilin gene is induced in the presence of
glutamine, whereas both genes are up-regulated by sucrose (Figure 20). Another storage
protein gene, the LegB4, is aso up-regulated by glutamine (Weber et al., 1998a). It has been
shown that a decrease in C or N assmilates induces severd genes involved in ther
acquistion, while abundance of these resources induces genes associsted with ther use and
storage (reviewed by Koch, 1996; Weber et al., 1998b). This seems to be vaid for VIAAPL as
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wdl. Changes in the VIAAP1 expresson levd are more pronounced in the presence of
sucroe. Similarly, Nidsen et al. (1998) found that the rate of protein accumulation under
amino acid incubation was higher when sucrose was present, which suggests a correlation
between C and N contents. The C/N ratio of assmilates exported from the vegetative tissues
is corrdlated to the level of dorage protein accumulation (Barneix et al., 1993). The exact
mechanism of this interaction is unknown, but it may be related to the fact that H-ATPases
are induced by sugars and energize severd processes in the cdls (Mito et al., 1996). In yeast,
genes of the generd amino acid trangport system are transcriptiondly regulated by an
extracdlular amino acid sensor (Didion et al., 1998; Iraqui et al., 1999). Although
extracdlular sengng of amino acids may aso exis in plants, the regulatory processes seen in
the present experiments could dso have taken place intracdlularly since Weber et al. (1998b)
found that cotyledons cultured in the presence of glutamine had higher contents of free amino
acids, suggesting a higher uptake rate under these conditions.

During V. faba seed development, the contents of free amino acids and sucrose increase
rgpidly during the filling phase. Amino acids concentration drops dragticdly during protein
synthesis, whereas sucrose concentration remains high for a longer time before dropping as
well (Weber et al., 1996). Sucrose confers regulatory control for several processes in the plant
(eg. Nidsen et al., 1998), and it functions as a dgnding molecule the beginning of the
dorage activity (Weber et al.,, 1998a, b; and review by Wobus and Weber, 1999).
Differentiation and storage processes in the embryo are triggered by a high sucrose to hexoses
ratio (Weber et al., 1995). On the other hand, little is known concerning possible roles of
amino acids as dgnds for seed devdopment. The present results suggest that the switch
between amino acid import and storage protein synthess may be controlled, at least to some
extent, by amino acid concentration acting on the regulaion of genes involved in these

processes (Figure 30).
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Figure 30: Concentration of free amino acids and mRNA levels of VIAAPL and LegB4
during cotyledon development.

Amino acid concentration in cotyledons increases during seed filling and decreases rapidly
during protein synthesis. Its peak coincides with a decline in VFAAPL expression and an
increase in LegB4 expression, which may regulate the switch between amino acid import and
storage protein synthesis. The shaded area corresponds to the switch between intensive amino

acid import and synthesis of storage proteins.

4.4.2. Transcriptional down-regulation of the VIAAPL promoters in the presence of cysteine

Genomic andyses reveded the exigence of a leest two VFAAPL copies (or highly smilar
genes), whose differences are presently seen only in their 5'-upstream region and firgt intron,
but not in the fird 340 bp of ther coding region. These findings are in agreement with
Southern analyses, which suggested that VIAAP1 may be present in a low copy number
(Figure 11). For characterization of the two VfAAPL upstream regions 6'-URa and 5'-URb),
trangent GUS expresson assays were peformed in embryogenic N. plumbaginifolia

protoplasts, a system that has been previoudy used for the analyses of heterologous promoters
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(Reidt et al., 2000). GUS activities were induced by both 5-URs indicating that these
regions contain functional promoter eements (Figure 22). To andyze whether this sysem is
auitable ds0 for sudying a possible transcriptional regulation of the VIAAPL promoters upon
amino acd supply, cysdene was added to the culture media after transformation of
protoplasts. Cysteine was chosen because this amino is preferably taken up by VIAAPL As a
control, GUS activity driven by the USP promoter was initialy measured, and shown to be
induced in the presence of cyseine (Figure 23), as it is expected since this gene is regulated
amilarly to sorage protein genes which are normadly induced by amino acids (reviewed by
Motto et al., 1997). It is important to note that the conditions gpplied under amino acid
darvation are conddered standard for this protoplast culture system and non-limiting. In
protoplasts transformed with the GUS reporter gene driven by ether VIAAP1 5-URa or 5'-
URb, GUS activities are dragticaly reduced in the presence of cysteine (Figure 24), pointing
to a regulatory mechanism of the VFAAPL genes acting at the transcriptiond leve. In support
of this, transcription of severa amino acid permease genes in yeast, such as GAPL, is induced
under poor nitrogen supply (Grenson, 1992). Additionaly, amino acid transport in yesst is
regulated by targeting and turnover of the proteins. Similarly, genes of the neutrd amino acid
trangport system found in animas are down-regulated by amino acids a the transcriptiona
and post-transcriptional levels. A modd proposed for the transcriptiond regulation of these
genes includes an extracdlular sensor for amino acids and an amino acid inducible trangporter
repressor protein. Despite experimental evidence, such a protein that represses amino acid
transporter genes remains to be isolated (reviewed by Laine et al., 1996). Whereas an externd
sensor for amino acids has been isolated in yeast, which is Sructurdly smilar to the amino
acid transporter proteins themsalves (Iraqui et al., 1999). A comparable modd via an externa
sensor sructuraly related to the transporters has been proposed for the regulation of plant
sucrose trangporters, implying that these proteins exercise a dud function on sugar transport
and sendng (Laonde et al., 1999). It is possble that transcription of plant AAPS responds to
dmilar senang and regulatory mechaniams, as in the modd shown in Figure 31. Any possble
post-transcription regulation of these permeases remains to be shown.
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Figure 31. A modd for amino acid-dependent transcriptional represson of an AAP

gene.

By analogy with amino acid transporters from mammal cells and plant sucrose transporters,
a possible mechanism for AAP transcriptional regulation may involve amino acid sensing by
external sensors that trigger a signaling cascade (see Iraqui et d., 1999), and repress
transcription of the AAP genes. An intermediary step may involve the induction of a
repressor gene. Adapted from Laine et d. (1996) and Lalonde et d. (1999).

Among potentia regulaiory dements, a GCN4-like motif found in both VIAAP1 5-URs at
postion — 593 to — 587 (Figure 13) is a likdy candidate for conferring amino acid
responsveness to this pemease (Wolfner et al., 1975; Miller and Knudsen, 1993). In
agreement to the present observations, it has been shown that, upon amino acid supply, the
GCN4 dements act as enhancers in severa dtorage proteins genes (Muller and Knudsen,
1993) or as slencers in amino acid biosynthetic and non-storage protein genes (Cock et al.,
1992; Fiedler et al., 1993). Moreover, it is curious that VIAAP1 5-URa and 5 -URb differ
from each other manly by three insartiongddetions within < 130 bp region that generate
potentia regulatory eements in one of the 5'-URs and not in the other, i.e. 5-URb carries an
endosperm-like (E-) motif (Krels et al., 1985), which is absent in 5-URa, whereas 5'-URa
caries a putative RY-dement (Baumlein et al., 1992) that was not present in 5 -URb (see
Figure 13). Moreover, the RY-dement of 5-URa is located 99 bp upstream a potentia
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TATA-box, which is an usud requirement for functiond RY-motifs (Reidt et al. in press).
The down-regulatory effect of cysteine is proportionaly more pronounced in VIAAP1 5 -URb
than in 5-URa, as rexult of a higher activity of the 5-URb promoter under standard
conditions, i.e. under amino acid darvation, rather than its wesker activity in the presence of
cystene (see Figures 22 and 24). The RY-motif plays a key role in seed-specific gene
regulation, and mutations in its sequence abolish promoter seed specificity and causes
expression in leaves (Baumlen et al., 1992; Fujiwara and Beachy, 1994; Reidt et al., 2000).
So far, it is unclear whether the RY-motif present in VIAAPL 5-URa but not in 5-URb is
involved on the regulation of these genes, however, preiminary results show that the 5-URs
react differently to the presence of transcription factors known to bind the RY-motif, and may
indicate a regulatory function of this motif (unpublished results). For understanding the
physologica relevance of the two types of VFAAPL upstream regions, it is imperdive to

examine whether these promoters shown any difference on tissue specificity in the plant.

45. CHANGES IN N CONTENT AND PARTITIONING IN SEEDS OF TRANSGENIC PLANTS

OVEREXPRESSING VFAAP1 UNDER CONTROL OF A STORAGE PROTEIN GENE PROMOTER

Overexpresson of VFAAP1 cDNA in V. narbonensis plants was driven by the LegB4
promoter. This promoter confers expresson in the dorage parenchyma of maturing
cotyledons during mid to late developmentd stages of seed development, and has been used
in saverd indances for transformation of V. narbonensis plants (Weber et al., 1998b; Weber
et al., 2000). Northern analyses of seeds at late development (stage VII; see Figure 1) showed
that VFAAPL is overexpressed in some lines up to 10 fold higher compared to wild type seeds
(Figure 26a). VIAAP1 overexpresson is concomitant with an increase in the mRNA leve of
the endogenous LegB4 gene (Figure 26b). Expression of the LegB4 gene, as well as of severd
other storage protein genes, is up-regulated by amino acids (Figure 20; Weber et al., 1998c)
and by sucrose (Weber et al., 1996). It is likdy that smilar mechanisms are responsible,
directly or indirectly, for the effects seen here in regard to the up-regulaion of the LegB4
gene. On the other hand, it is less likely that these effects were caused by the introduction of
the foreign LegB4 promoter aone, since transgenic lines that did not overexpress the VIAAP1
tranggene had normd levels of LegB4 endogenous mRNA (data not shown), suggesting that
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induction of the endogenous LegB4 gene depends on the overexpression of VIAAPL. Tota N
is pogtively corrdated to sulfur contents in the VFAAPL1 overexpressng seeds, which
corresponds well to the properties of this permease seen in the yeast mutant regarding the
preferable uptake of cysteine. In plants grown under inadequate sulfur supply, total protein is
usudly reduced, but the effects of the deficiency are largey confined to the synthess of
aufur-rich proteins, such as legumins, and less or no effect is seen on sulfur-poor proteins,
eg. vidlins (Evans et al., 1985). In sulfur deficient peas, legumin accumulation is dragticaly
reduced as a direct consequence of reduced leve of mRNA (Higgins, 1984; Evans et al.,
1985). Similarly, Beach et al. (1985) reported that after recovery from sulfur deficiency the
levd of legumin mMRNA increased 20-fold. It remans to be shown whether or not the
expresson of genes encoding sulfur-poor storage proteins has been dtered in the VIAAPL
overexpressing seeds.

Because the plants studied here were of the F3 generdion and therefore unlikely to be
homozygous lines (see Weber et al., 2000), and because severd pertinent parameters remain
to be invedigated, the following discusson should be conddered of prdiminary nature.
Biochemicd andyses of VIAAP1 overexpressng lines showed that ther mature seeds
accumulate more totd nitrogen, sulfur and globulins, but not abumins (Figure 28). Although
it remans to be proven that amino acid uptake in VAAP1 overexpressng seeds is indeed
more efficient, higher amino acid concentration seems to be a plausble explanation triggering
processes that led to a N increase in the mature seeds. This is subgtantiated by a number of
experimental evidences as follows. Synthesis and accumulation of storage proteins in seeds is
highly dependent on N compounds, mainly amino acids, made avalability of to the seeds
(Baneix et al., 1992; Hayati et al., 1996). Higher levels of amino acids in seeds could aise
from increesed supply (Lohaus and Modlers, 2000) or from more effective uptake
(Golombek et al., 2001). In V. faba cultivars, sgnificant corrdations between protein and free
amino acids have been found (Barratt, 1982), which are postively correlated to the capacity
of amino acid uptake by the cotyledons (Golombek et al., 2001).

Increases in N and sulfur corrdate inversdy to starch accumulation (Figure 28). Therefore,
the effects of VFAAPL1 overexpresson do not seem to be redtricted to N accumulation and
genes involved in it, but seem to affect dso C flow and starch biosynthess. Surprisingly, totd
carbon and sugars are not sgnificantly changed, indicating a reduction of C flux to starch and
accumulation of other sugars. Starch reduction is coupled to a loss in dry weight and to a
wrinkled phenotype. Transgenic V. narbonensis seeds with smilar agppearance and increased
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sucrose to starch ratio have been previoudy reported by Weber et al. (1998a; 2000). The
wrinkled phenotype may be caused in a similar manner as the rugosus character of the peas
mutants studied by Mendd. In these mutant seeds, total sugars are kept undtered, but the
proportion of sarch is lower and of sucrose is higher, causng a higher upteke of water and
thereby an increase in seed size. During seed maturation a grester loss of water occurs,
resulting in the wrinkled phenotype (reviewed by Bhattacharyya et al., 1993). Higher uptake
of waer in response to higher concentration of soluble sugars has been demondrated
folowing antisense inhibition of an enzyme of the dach biosynthetic pathway in V.
narbonensis (Rolletschek et al., submitted). The relative proportion of starch and proteins in
the seeds, i.e. C/N ratio, is determined by the nutrient supply, the sink demand, and the
interaction between them. The biochemica and physiologica backgrounds of this relationship
are complex and not fully understood (reviewed by Motto et al., 1997). Despite evidence that
cabon and nitrogen metabolians are not tightly linked (Hayati et al., 1996), the leve of
storage protein accumulated in barley grains is dependent on the C/N ratio exported from the
vegetative tissues (Banex et al., 1993). The molecular mechanisms of this interaction are
dill uncdear, but it has been known that N-limited plants typicdly show an accumulation of
garch and reduction in amino acid contents (Nielsen et al., 1998; Paul and Driscoll, 1997),
and that the flow into starch responds inversdy to low or high nitrogen conditions
(Champigny et al., 1992). Evidence suggests that starch metabolism may be regulated at the
transcriptiona leve by an interaction between the C and N satus of the plant (Nidsen et al.,
1998). By antisense-inhibition of a key enzyme in the starch biosynthetic pathway, Weber et
al. (2000) showed that a decrease in carbon flow from sucrose to starch leads to a higher
protein accumulation. However, it was unclear whether this increase was related to changes in
cabon patitioning, nitrogen upteke and/or duration of seed filling period. Similaly, pea
mutants seeds that have increased protein contents show a reduction on starch accumulation
(Perez et al., 1993; Boutin et al., 1998). The present results are in generd agreement with the
presumed role of VfAAPL in supplying amino acids to build up storage proteins and to
previous observations concerning N and C partitioning in seeds. They aso suggest that the
rate of protein accumulation in cotyledons may be limited, a least in part, by the capacity of
the cotyledons to take up amino acids. In addition, is has been shown that amino acid loading
and trandocation into and through the phloem are decisve factors for protein accumulation is
the seeds, and that the total content of amino acids in the phloem corrdate podtively with the
contents of deposited protein (Lohaus and Moellers, 2000). Together these data corroborate
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that both amino acid avalability and uptake cgpecity are limiting for find accumulation of
proteins. A number of questions remains, however, to be answered in regard to the FAAPL
overexpressing seeds, for ingance whether embryo development was dtered, if and how
amino acid concentration and/or upteke during embryo development was increassed, and

whether accumulation of the various storage proteins was equaly affected.



CHAPTER 5

CONCLUSIONS

As in other higher plants, the present results show that amino acid permeases and oligopeptide
trangporters of Vicia faba are members of gene families. VIAAPL, VIAAP3 and VfOPT1 ae
functiondly active and promote uptake of amino acids and peptides, respectively in a yeast
heterologous sysem. Smilar to the A. thaliana AAPs VFAAPL and VIAAP3 have high
ubdrate  affinity and show different subdrate specificity, i.e. VFAAPL trangports
preferentidly cyseine, whereas VIAAP3 has a preference for lysne and arginine. OPTs, on
the other hand, are known to have low substrate specificity, being able to transport a wide
range of di- and tri-peptides. Different expresson patterns indicate that AAPs and OPTs are
diginctly regulated. Accumulation of VIAAP1 mRNA is highest in developing cotyledons,
suggesting that this transporter plays an important role on providing developing embryos with
amino acids that will be used for the synthess of dorage proteins. Within the cotyledons,
VIAAPL transcripts are distributed in the storage parenchyma tissue, but not in the epiderma
transfer cell layer. Previous works have demondrated that transcripts of sugar and amino acid
transporters are localized to the trandfer cells of legume cotyledons, which implies a role on
assmilate uptake from the surrounding apoplasic space. VIAAPL mRNA didribution is
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peculiar in this sense, once it is found in the Storage parenchyma of cotyledons, which is a
symplasmicaly connected tissue, and not presumed to be associated to active transport
processes. VIAAP3 is high expressed in vegetative tissues andyzed and aso in seed coats, and
may therefore play a ‘housekeeping’ role on the trangport of amino acids. VFOPTL transcripts
were abundant in vegetdive tissues as wel as in cotyledons during late stages of
development. Similar to other transporters, within the cotyledons, VFOPT1 mRNA in only
detectable in the transfer cells. Another peptide transporter, VIOPT2, is dso expressed in late
developing cotyledons, but at lower levels.

In devedoping cotyledons, the maximum expresson level of VFAAPL, the increase in the
concentration of free amino acids and the appearance of Storage protein gene transcripts
happen in a coordinate manner. Because amino acid supply modulates VFAAPL and storage
protein genes in an antagonistic manner, the present results provide evidence that amino acid
concentration may, to some extent, influence the switch between amino acid import and
sorage protein synthess. Moreover, it was shown that amino acid supply modulates the
activity of the VIAAPL1 promoters, indicating that this gene is regulated, at leest in part, a the
transcriptiond leve.

Legume seeds are of grest economica importance, and understanding the function and the
mode of regulation of amino acid and peptide trangporters in relation to protein synthess in
these seeds is of high interest for future genetic manipulation programs. Prdiminary results
showed that seeds overexpressng the VIAAPL cDNA under control of a strong seed specific
promoter have incressed nitrogen and globulin contents, and a decreese in  darch
accumulation. These observations suggest that partitioning of C and N assmilates may be
manipulated by changing the expresson levels of AAPs in seeds Findly, VIAAPL may be an
useful tool for breeding drategies, snce this permease has a preference for cysteine, a sulfur

containing amino acid, which is consdered a desirable nutritiona characterigtic.



CHAPTER 6

SUMMARY

Three amino acid permeases (AAP) and two oligopeptide transporters (OPT) were isolated
from seed-specific libraries of Vicia faba. VIAAPL (1590 bp), VIAAP3 (1878 bp), VIAAP4
(1450 bp) and VFOPT1 (2028bp) were full length cDNAs and encoded predicted proteins with
486, 475, 481 and 584 amino acid residues, respectively. The second peptide transporter
cDNA, VfOPT2 (1014 bp), carried an incomplete open reading frame. VIAAPL, VIAAP3 and
VTAAPA4 predicted proteins sharing up to 66% idertity among themsdves, while VfOPT1 and
VIOPT2 were 42.2% identicd. AAPs and OPTs share no obvious smilarities. Functiona
Characterization in the plas23-4B yesst mutant, which is deficient in the uptake of amino
acids, showed that VFAAPL and VfAAP3 have high subdrate affinity and transport a broad
range of amino acids, whereas VIAAPL showed a preference for cysteine and VIAAP3 for
lysne and arginine. VfOPT1 functiondly complemented the mutation in a peptide transporter
gene of the LR2 yeast drain by promoting growth in a medium supplemented with the di-
peptide His-Ala. Specific expresson profiles were seen for the AAPs and OPTs. VIAAP1 was
highly expressed in cotyledons a early developmentad stages and moderatdy in gynoecia. Its
peak of expresson in cotyledons corresponded to the appearance of Storage protein
transcripts, suggesting that this transporter fulfills an important role in providing amino acids
to build up storage proteins. VIAAP3 was most abundantly expressed in materna tissues, i.e.
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in gynoecia, sems, roots, pods, as well as in seed coats at different developmental stages.
VIAAP4 transcripts could be detected by northern hybridizations. VIOPT1 was drongly
expressed in maternal  tissues, as well as in cotyledons during late developmenta stages.
VFOPT2 transcripts were detected by RT-PCR mainly in cotyledons during late developmertt.
Expresson of the OPTs in cotyledons may be corrdated to periods of intensve proteolyss
due to leaf senescence. In situ hybridization showed that VIAAP1 mRNA is distributed
throughout the cotyledon parenchyma, but not in the epiderma cdl layer. It dso accumulated
in the chlorenchyma and thinwalled parenchyma of seed coats. VIOPTL1 transcripts were
locdized only in the epidermd cdl layer of the cotyledons. To determine whether assmilates
can modulate gene expression, cotyledons were cultured in vitro reveding that in the presence
of sucrose and glutaming, VIAAPL and the vicilin storage protein gene were, respectively,
down- and up-regulated. Genomic analyses through Southern hybridizations suggested that
two or more copies of the VIAAP1 gene may be present, whereas VIAAP3 seems to be a single
copy gene. Differences in the 5 updream region of VIAAP1 confirmed the presence of a
least two copies of this permease. Two types of VIAAPL 5 upstream regions were cloned and
fused to the GUS reporter gene and trangently transformed into Nicotiana plubaginifolia
protoplasts, which showed that these regions are functiond promoters. Moreover, these two
promoters were down-regulated in the presence of cydene, suggesting that VIAAPL
regulation by amino acids may occur a the transcriptiond level. Seeds from transgenic V.
narbonensis plants overexpressng the VFAAPL1 cDNA under control of the LegB4 promoter
had dtered contents of nitrogen, proteins, sulfur and starch, implicating thet this permease can
affect, at least to some extent, the accumulation of storage products in the seeds.



CHAPTER 7

ZUSAMMENFASSUNG

Diese Arbeit beschreibt die Isolierung und Charakteriserung von  Aminosaure-  und
Peptidtrangportern in sch entwickenden Samen. Zid ig es, den Trander dickgtoffhatiger
Assmilate in dch entwickende Samen und dessen Regulation besser zu verstehen zu lernen.
Dra Aminosdure-Permeasen (AAPs) und zwel  Oligopeptid- Transporter (OPTS) wurden aus
samenspezifischen Bibliotheken von Vicia faba isoliet. VIAAPL (1590 bp), VIAAP3 (1878
bp), VIAAP4 (1450 bp) und VFOPT1 (2028bp) snd vollstandige cDNAs und kodieren fir
Proteine mit abgeleiteten Sequenzen von 486, 475, 481 bzw. 584 Aminosauren. Die zweite
Peptid-Trangporter-cDNA, VFOPT2 (1014 bp), bestzt enen unvollsdndigen offenen
Leserahmen. VTAAPL, VIAAPI3 und VfAAP4 snd auf Aminosuresbene bis zu 66%
identisch, VfOPT1 und VfOPT2 hingegen zu 422%. AAPs und OPTs haben kene
offendgchtlichen  Ahnlichkeiten. Beide Proteinklassen  enthdten  putative  hydrophobe,
membrantbergpannende Doméanen, und sind sehr wahrscheinlich Membranproteine.

Die funktiondle Charakteriserung in der plas23-4B  Hee-Mutante mit  mangdhafter
Aminosture-Aufnahme zeigte, dass VFAAPL und VfAAP3 hohe Subdrataffinitdten haben
und verschiedene Aminosduren transportieren.  VIAAPL  bevorzugt Cystein, dessen
Aufnehmerate mehr ds zweifach erhtht war gegenlber anderen Aminosauren. VFAAP3
trangoortiet mit hoher Aktivitéd Arginin und Lysn und i beziglich Subdtratspezifité
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verwandt mit AtAAP3 und AtAAPS. Weder saure noch aromatische Aminoséuren wurden
nennenswert  trangportiet.  VFOPT1  komplementierte  funktiondl eine Mutation  im
Peptidtransporter-Gen PTR2 des Hefetammes LR2, gezeigt durch Wachsumsforderung in
gnem mit His-Ala angereicherten Medium. Dieser Peptid-Transporter it daher in der Lage,
dieses Dipeptid zu transportieren.

Northernandysen zeigten fir AAPs und OPTs spezifische und entwicklungsabhéngige
Expressonsmugter. VIAAPL ig hoch exprimiert in Fruchtknoten sowie Kotyledonen friherer
Entwicklungsstadien. RNA-Mengen in Kotyledonen snd maximad  zusammen  mit
Speicherprotein-Transkripten. Zum Ende der Refung hin fdlen die Gehdte auf en
niedrigeres und kongtantes Mal3 ab. Es wird geschlossen, dass dieser Transporter
Aminosauren bereitstdlt zur Speicherproteinsynthese.  VIAAP3  wird dark  exprimiert in
maternalem Gewebe, z. B. Fruchtknoten, Stenged, Wurzd, Hilse sowie Samenschde zu
vaschiedenen  Entwicklungsstadien. Das  impliziet  ene  "Hausmeigefunktion”  dieser
Permease. Die VfAAP4-Isoform konnte durch Northernanalyse nicht nachgewiesen werden.
VIOPT1 wird hoch exprimiet in maendem Gewebe sowie in Kotyledonen gpéter
Entwicklungsstadien. VfOPT2-Transkripte wurden durch RT-PCR nachgewiesen und am
haufigden in Kotyledonen spdter Entwicklungsstadien gefunden. Zusammengefasst zeigen
die Expressonsprofile in den Kotyledonen, dass VIAAPL eine wichtige Rolle wahrend der
Vor-Speicherphase spiedt und dass beide Peptid-Transporter  wichtig fur die spée
Samenentwicklung saein konnten, wenn Speicherproteine  synthetisert werden. In  situ
Hybridiserungen zeigen, dass VIAAP1 mRNA im ganzen Kkotyledondren Parenchym verteilt
ig, nicht jedoch in der epidermaden Zdlschicht. Das Muger gleicht dem der Speicherprotein-
Gene. VIAAP1 mRNA ig im Chlorenchym und im Dunnwand-Parenchym von Samenschaen
angereichert, VIOPT1-Transkripte dagegen nur in Transferzdllen der Kotyledonen, &hnlich
dem Musger von Zucker-Transportern in V. faba. Die Vertelung von VIAAP1 mRNA ig
bemerkenswvert, da se nicht mit Transfer- sondern mit  Speicherparenchymzedlen verknipft
is. Spekulationen Uber ene mogliche essentidle Rolle des aktiven Transportsysems in
dieen symplasisch verbundenen Zdlen wirden die Verschiebung von  Aminosiuren
innerhab der Kotyledonen und/oder die Rickgewinnung von "ausgdaufenen” Aminosiuren
aus Zdlzwischenrdumen einschliel¥en.

Wédhrend der Samenentwicklung von V. faba gdeigt die Konzentration freier Aminosauren
wahrend der Fillphase rapide an und sinkt wéahrend der Proteinsynthese drastisch ab. Um

herauszufinden, ob  Aminosiuren die Genexpresson modulieren  konnen,  wurden
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Kotyledonen in vitro in Anwesenhet von Glutamin kultiviert. Transkripte von VIAAP1 und
Vicilin  wurden durch Glutamin  herunter- bzw. heraufreguliert. Das heist, VIAAP1-
Expressonsprofil, Konzentration an freen Aminosauren und Beginn der Speicherprotein-
Synthese snd wéhrend der Embryondentwicklung korrdliert und Aminoséuren konnten eine
regulatorische Kontrolle auf Speicheraktivitdt ausiiben. Um zu untersuchen, ob VFAAP1 auf
Transkriptionsebene reguliert wird, wurde seine 5-nichtkodierende Region (5-UR) isoliert.
Unterschiede in der DNA-Sequenz zwischen den Klonen, die das VIAAP1 5'-UR enthidten,
wiesen auf mindestens zwel Kopien diessr Permease an. Das bedtédtigt Ergebnisse aus
Southernblotanalysen, wobel VIAAPL in ene geingen Anzehl von Kopien vorliegt. Beide
Isoformen der VIAAPL 5'-UR wurden mit dem GUS Reporter-Gen fusoniert und trangent in
Nicotiana plubaginifolia Protoplasten transformiert. GUS-Aktivitét in Protoplasten, die eine
der 5-URs trugen, wiesen auf Promotor-Aktivitse hin. Nach Zugabe von Cygen zum
Kulturmedium war die GUS-Aktivitét niedriger in Protoplagten, die mit ener der 5-URs
transformiert worden waren. Dies deutet daruf hin, dass die VIAAPL auf Transkriptions-
Ebene durch Aminoséuren reguliert wird.

un VFAAP1 Uberzuexprimiecen wurden V. narbonensis Pflanzen mit  Kongrukten
transformiert, welche die VI AAPL1 cDNA in sense Richtung unter Kontrolle des LegB4-
Promotors trugen. Der Promoter vermittet eine starke Expresson im Speicherparenchym der
Kotyledonen. Transgene Samen mit erhohter VIAAP1-mRNA haben hohere Gehdte von
Stickstoff, Proteinen und Schwefd. Stérke hingegen war reduziert, Der Gesamtgehdt von
Zuckern und Kohlengtoff blieb unverdndert, was bedeutet, dal3 der Flul3 von |odichen
Zuckern in Stérke reduziert war. Die molekularen Mechanismen diesr Wechsdwirkung snd
immer noch unklar, doch ist bekannt, dass dickgofflimitierte Pflanzen typischewese mehr
Stérke und weniger Aminosduren enthaten. Darlberhinaus war das endogene LegB4-Gen in
diesen Samen ebenfdls heraufreguliert. Synthese und Akkumulation von Speicherproteinen in
Samen i¢ in hohem Ma3 &hdngig von Stckgtoff-Verbindungen, hauptsachlich
Aminosiuren. Die Anderungen in der Speicherstoffzusammensetzung bestétigt die vermutete

Rolle dieser Permease fir die Aminoséureversorgung.
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CLONE SEQUENCES

VIAAP1

ATTAAACACCCT GTAGAAGAATTTGATGACAAT GGAGGAGAAGGAAGAACACT CTACAGAAGCT GCAGT TACTTCACACAAT GAROT CCAA
M TMEEI K EIEHSTEAAVTSHND S

ATTGTTCGACGATGACGACCGT GTTAAACGAACAGGAACGGT TTGGACAACAAGT TCGCATATAATAACAGCAGT AGTAGGAT GASGAGT
L FDDDIDWRVIKRTSGTVWTTSSHI I T AV YV GS GV

GTTGTCGT TGGCATGGGCGATAGCT CAATTGGGT TGGATAATTGGT TTATCAGT CATGATTTTCTTCAGTCTCATCACTTGGT RTACTTC
L S L AWAI AQLGWI I G L SV MI FF SL I T WY TS

ATCACTCCTATCCGAATGT TATCGAACAGGAGAT CCTCATTTCGGGAAAAGAAACTATACT TTCATGGAAGCTGT TCACACCABROT CGG
S L L s ECYRT GDWPHUFGIKRNYTFMEAVHTII L G

GGGTTTCTATGACACCCTTTGTGGGATAGT TCAGTACAGCAATCTTTATGGAACT GCAGTAGGATACACAATTGGT GCTTCCARRAGTAT
G FYDTULTZ CGI VQYSNLYGTAVYGYTI GASI S M

GATGGCAATAAAAAGGT CTAACTGT TTCCATTCCTCGGGAGGAAAAGAT GGATGT CGCATTTCAAGCAATCCATACATGATCAGHOTTGG
M Al KRSNZ CFHSS GG KD GC CRI S SNWPYMI S F G

AGTAATCCAAATTTTCTTTTCTCAAATTCCAGATTTTCATGAAATGT GGT GGCTCTCAAT TGTTGCAGCAATCATGTCTTTCAGSOATTC
v I QI F F S QI PDFHEMWWLSI VAAI MSFTY S

ATTAATTGGCCT TGGT CTCGCAATTGCCAAAGT TGCAGAAAAT GGTTCCTTCAAAGGTAGTATCACAGGAGT AAGCATTGGAAGETGAC
L1 6L GL Al AKVAENGSZFIKSGSII T GVS I GT VT

AGAAGCCCAAAAAGTATGGGGAGT TTTCCAATCTCTTGGCAACATAGCT TTCGCGTATTCATATTCACAAATTCTCATTGAAABAGAGGA
E AQKV WGV FQSL GNI A FAY SY SOQI L I E I QD

TACCATAAAAAGT CCACCT TCCGAGAT GAAAACAAT GAAGCAAGCCACAAAGATAAGT ATAGGCGT GACAACGATATTTTACARAOTTTG
T 1 K s PP SEMKTMKOQAT I KI S$I GV TTI F Y ML C

CGGCGGTATGGGCTATGCTGCATTTGGAGACT TGTCACCAGGAAACT TACTCACTGGATTTGGTTTCTATAATCCATATTGGCROATTGA
G GMGYAAFGDILSPGNTLILTGFGFYNZPY WL I D

TATTGCTAACGCCGCTCTCATAATTCATCTTGT GGGAGCATACCAAGT TTACGCGCAACCCT TATTTGCT TTCGT CGAGAAAATABIGAT
I ANA AL I I HL V GAY QVYAQPLFAZFVEIKI M

AAAAAGATGGCCTAAAAT AAAAAAGGAATACAAACT TACAATTCCTGGTTTTCGT CCTTACCATCTAAATCTATTTAGATTAATITEGAG
K RWPIK 11 KKEY KL TI P GFRPYHLNILFRLI WR

GACTATATTTGTGATCACAACAACATTTATATCAATGTTGATTCCTTTCTTCAATGATGT TTTGGGATTAATTGGAGCAGCTGALBOTTG
T 1 F VI T TTJFI1 SML I PFFNDWVLGLI GAAGTFW

GCCTTTAACAGTTTATTTTCCAGTGGAGATGTATATCAAACAGAAGAAGAT TACAAAATGGAGT TATAAATGGATTAGTATGCABROTTT
P L TVYTFUPVEMYIl KOQIKJIKI TKWSYIKWI S MOQT'L

AAGTGTTATATGTTTTGTAGTATCAGT TGTGGCTTTTGTTGGATCAGT GTCAAGTATTGT GGTTGATCT TAAGAAATACAAACGAFECAC
s vI CFVVSVVAFVGSVSSI VVDLIKIKYKPFT

AACTGATTATTGAAATCCACTCAACTTTTATTGTATTCTTAAGGGT GTAGAAAGCAACT TTGGGTAGTGATTTATGTGGTTTTHSBATCA
T D Y

TTATCTATTAATAACAACAGT GCTAGT TAAAAAAAAAAAAAAAAADAT 7



84 APPENDIX

VIAAP3

TGCAGCGAGT GGTTTCAATTACAGACGACGACGACT TCAGGCGGCT GGCTGGCGAGGT CGT CGGAGAGGTTTCTCTTGAAX 90

CTTTCAAATCAATACCACCGAAGATTTTCCGAATCTCTCACTCTGAGATTGAAAATTTTAAGAGAGATTAGGAACCAAATC( 180

GAGCTTTTTCGCACCAGCCACCACTAGCT GCCAGATCTGTAAAAGAT GGTAGAAAACATTTCCAGAACAAACCTTAGCTAC( 270
MV ENI S RTNULSYRGI

ACTGGT GGCAT CGAGGAAGCCATAGATGACGCACCTTTACAAACTGACTCCAAATTCTATGATGACGATGGCCGTGTTAAAC 360
T GGl EEAI DDAPLOQTDS S KZFYDDUDG GRYKRTC

ACTGTTTGGACTACATGCTCCCACATAATAACAGGT GTGATAGGAT CTGGAGTGCTCTCCTTAGCCTGGTCCGTAGCTCAG 450
T vwTTOCSHI I T GVI GSGVLSLAWSYVYAQMGMW

ATTGCTGGTCCTGCAACCATGATCTTTTTCAGTATTATCACTCTGTATACTTCATCATTTCTCGCTGATTGTTATCGTAGT( 540
I AGPATMI FF SI I TLYTSSZFLADCYRSGDT

GAATTTGGAAAGAGAAACTATACTTTCATGGATGCAGT TCACAATATTCTTGGT GGGCCCAGTGT TAAGATTTGTGGGGTA( 630
EFGKRNYTFMDAVHNI L GGPSVKI CGVYVQY

TTGAATCTTTTCGGAAGT GCAATAGGATACAATATTGCGGCT GCCATGAGCATGATGGAAATCAGAAAGTCTTACTGTGTCC 720
L NLFGSAI GYNI AAAMSMMEI RKSYCVHS S

CATGGCGAAGACCCGTGTCACGT TTCGGGCAACGCTTACATGATAGCTTTTGGTGTGGCACAACTTTTCTTTTCTCAAATT( 810
HGEDPCHYVSGNAYMI AFGVAQLFZFSOQI P DF

CACAACACGT GGTGGCTCTCAATAGT TGCAGCAGTCATGTCGTTCTTCTATTCTACAATTGCTCTCGCTCTTGGAATTTCC/ 900
HNTWWLSI VAAVMSEFFYSTI AL ALGI SKVA

GAAACGGGTACT GT CATGGGTAGCCT CACAGGAATAAGCAT CGGGACAGT GACCCCGGCCCAAAAAGTATGGGGGGTTTTCC 990
E T GTVMGSLTGI SI GTVTPAQKVWGVFQAL

GGAAATATTGCCTTTGCCTATTCATATTCTTTCATTCTCCTGGAAATTCAGGACACCATCAAATCTCCACCATCGGAAGGA! 1080
GNI AFAYSY SFI1 LLEI QDTI KSPPSEGIKAWVN

AAGAAGGCTGCAAAGCTAAGTATTGGAGTAACCACCACATTTTATTTGCTCTGT GGCTGCACGGGCTATGCTGCTTTTGGAC 1170
K KAAKULSI GV TTTUFYLLUC CGCTU GYAAFGDAA

CCAGGTAACCTGCTCGCTGGATTTGGT GTCTCGAAAGCATATATTCTTGTAGATATGGCTAATGCTGCTATTGTAGT TCACC 1260
P GNLLAGFGVSKAYIl L VDMANAAI VVHLFC

GCATACCAAGTGTATGCCCAACCCCTCTTTGCCTTCGT TGAGAAAGAGGCAGGAAAAAAAT GGCCCAAAATTGACAAAGGAT 1350
AY Q VY AQPLFAFVEIKEAGKIKWPIKI DKGTFEV

AAAATTCCCGGT TTGCCAGT CTACAATCAAAACATATTTATGTTAGT TTGGCGGACAATTTTTGTCATCGTCCCCACATTH 1440
K1 pPGLPVYNOQQNI FMLVWRTI FVI VPTILI AW

TTGATTCCCTTTTTCAATGACGT TTTGGGAGT GATTGGAGCATTGGGATTTTGGCCTTTAACTGTTTACTTTCCTGTGGAG 1530
L1 PFFNDVLGVI GALGFWPLTVYZFPVEMY.

ATTCAGAAGAAGAT CCCAAAAT GGAGT AGGAAATGGATTTGT CTGGAAATAATGAGTACTTTCTGCCTCTTCGITTCTGTITC 1620
I Q K K1 PKWSRKWI CLEI MSTUZFCLZFVSVVALCEC

CTTGGTTCATTGATTGGT GT CTGGATTGACCT GAAGAAATACAAACCATTCAGCTTAGAGAATTGAACACCTCGTAAAATCT 1710
L GsS LI GV WI DL KKYKWPF S L EN
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TGTATGTAAATGGCTGT GGGAGGT TCTCAATGEGATGT TGATTTCTTAATTATTCCTAAGATGCAATTAAGAATAATAATCAGIGTTGAA 1800

TATTATGATCCTTTTACTATGCATATTTTAATTGATTTTTGTACCCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 1878

ViIAAP4

TACTATGGT TGT TGAGAAGAAT GCTAGCAACAAT CATCACCAAACATTTTATGT CTCCATTGATCAACAAATAGATTCTAAC 90
MV VEIKNASNNHMHOQTFYVSI DQQI DSKFFTIE

CGACGATGGT CGCGT CAAACGAACAGGCACAT CAT GGACGGCAAGT GCCCATGTAATAACAGCTGTGATAGGATCTGGAGT( 180
DDGRVKRTGTSWTASAHVYVYI TAVI GSGVLSIL

AGCTTGGGCTATAGCT CAGCTTGGATGGATTGCTGGTCCTATTGTCATGTTTCTCTTTGCTTGGGT TACTTATTACACCTCC 270
AWAI AQL GWI AGPI VMFLZFAWVTYYTS SVLIL

CTGTGAATGT TATCGTAAT GGCGAT CCCGT CAAT GGCAAGAGAAACTACACTTACATGGAAGT TGTTCATTCAAATCTCGG! 360
CECYRNGDPVNGKRNYTYMEVVHSNLGGTFE C

AGTCCAATTATGTGGACTAATTCAATATCTCAACCTTGT TGGGGT TGCGATTGGATACACGGTAGCTTCTGCCATAAGCAT( 450
voQLCGLI QYLNLUVGVAI GYTVASAI S MMA./I

TGTAAGGTCAAATTGT TTTCATAGGAGT GGAGGAAAAGATCCAT GT CATATGAACAGCAACATTTACATGATTGCATTTGG! 540
VRSNCFHRSGGKDPCHMNSNIYMI AFGAVC(C

AATTATATTCTCTCAAATTCCTGATTTTGATCAATTATGGTGGCTTTCCATCGTTGCTGTTGTTATGTCCTTTACATATTC( 630
I 1 F S QI P DFDOQLWWLSI VAVVMSFTYSTII C

TCTTGGCCTTGGTATTGGAAAAGT TATAGAGAACAAAAAGT TTGCT GGAACCATTACT GGGATAAATGATGT GACAAAAGCT 720
L GLGI GKVI ENKKFAGTI TGI NDVTIKAQ QKT

TTGGGGGAGT TTGCAAGCTCTTGGTGACATAGCTTTTGCTTACTCATTCTCCATGATTCTTATAGAAATTCAGGATACAAT/ 810
wWGSLQALGDI AFAYSFSMI LI EI QDTI KAF

ACCTCCATCAGAGT CGAAAACAAT GAAGAAGGCTACATTAATCAGTGTTATAGTGACAACATTTTTCTACATGCTTTGCGG! 900
PPSESKTMKKATLI S$VI VTTZFFYMLTZCSGTCTELC

ATACGCAGCGT TTGGAAATTCAAGT CCCGGAAATCTTTTAACCGGT TTCGGATTCTATAACCCATTTTGGCTCCTTGACAT/ 990
Y A AFGNSSPGNLULT GFGFYNZPFWLULUDI ANA

TGCCATAGTGATCCACCTTATTGGTGCATACCAAGT TTATTGTCAACCCCTTTTTGCTTTTGT CGAAAATTACACGGCGAA/ 1080
Al vI HLI GAYQVYCQPLZFAFVENYTAKRTFEFF

AGACAGT GATTTTGTGAACAAGGACGTAAAGATTCCAATTCCCGGT TTAGATAGGTATAAACTCAACCTTTTTAGATTGGT T 1170
bDSDFVNKDVIKI PI PGLDRYIKLNLVFRLVWRT

AGTTTATGTAATACTAACAACTTTGATATCAATGCTCCTTCCATTCTTCAATGATATTGTTGGACTTCTTGGTGCAATTGG: 1260
vy v i1l L T1TTULI S$S$MLULWPFZFNDI VGLLGAI GFWEF

TCTAACTGITTATTTTCCGGT GGAGATGTATATAATTCAAAAGAAAATACCAAAGT GGAGCACAAAATGGATTTGCCTTCA/ 1350
L TVYFPVEMYI I QKKI PKWSTIKWI CL QL L €

TGGTGCGTGTCTTATAATCACTATAGCAGCTACAATTGGTTCTATTGCTGGCCTTATCCTTGATCTTAAAGTTTTTAAGCC 1440
GACLI I TI1I AATI GSI AGLI L DL KVFKZPFKT

TATCTATTA 1450
Y
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VIOPT1

APPENDIX

GGCACGAGCTATGGGT TCCGTAGAGGACGATTCTTCGCGT TTGGAAGAAGCGCT TATTCAGGAT GAAGAAAGT AAGCTATA(
M G SV EDDS SR RL E E

A LI QDEZESIKILYTGC

TGGCTCGGT CGACT TTAAAGGGAGGCCT GTGCTTAAGAAGAATACT GGCAATTGGAAAGCT TGCCCATTTATCCTAGGCAAT
GSVDFKGRPVLKIKNT GNWKACPTFI L GNETCHC

TGAACGT TTGGCATACTATGGCATTGCAACAAATCTTGT TAAACCTATCTTACT CGCCAAGCTACATGAAGGAAATGT CTCT
E RL A Y Y GI ATNLVKPI

LLAKLMHETGNVSAATF

AAACGT CACCACTTGGCAAGGCACTTGTTACCTTGCACCTCTCATTGGAGCAGT TCTAGCAGATTCTTACT GGGGACGATA(
NV TTWAQGTT CYLAPLI GAVLADSYWGRYWT I

TGCCATTTTCTCCATGATTTATTTCATTGGAATGGGTACGT TGACACTTTCTGCTTCTATTCCAGCATTGAAGCCT GCT GA/
Y FI GMGTULTUL S A S I

Al F S M

P AL KPAETCTLC

TGCTGTAYGCCCTCCAGCTACTCCTGCACAATATGCTGTGTI TCTTCATTGGTCTCTATCTGATTGCGCT TGGGACT GGT GGl
AV ? PP ATWPAQY AV F F I

G L Y L

AL GTGGI KF

ATGTGTGTCTTCTTTTGGGGCAGACCAGT TTGATGATACT GATTCGCGGGAAAGGGT TAAGAAGGGATCGT TTTTCAACTX
CVSSFGADAO QFDUDTWDS SREARYVYKI K GSFFNWFYF

TTCTATCAACATAGGAGCCCT CATATCAAGCAGT TTTATTGT GT GGATTCAAGAAAAT GCAGGCTGGGGTCTTGGATTTGG
GALI S$SSFI VWI QENAGWGLGFGI P A

S I N |

TTTATTTATGGGATTAGCTATCGGAAGCTTCTTTTTAGGCACACCCCTATATAGGT TTCAAAAACCAGGAGGAAGCCCTCTT
L FMGLAI GSFFLGTWPLYRFOQKZPGGSUPLTRNM

GIGCCAGGTTGTGGCTGCATCTTTTCGGAAACGGAAT CTTACTGT TCCTGAAGATAGTAGT CTCCTCTATGAGACACCAGA(
cC QVVvV A ASFRIKRNLTVPEDSS SLILYETUPDIKS S

TGCAATTGAAGGAAGT CGGAAACTACAGCATAGCGATGAATTAAGGT GT CTTGACAGAGCAGCT GTAATCTCTGATGAT GA/
Al EGSRKLQHSDELIRCLIDRAAVI SDDERKF

AGGTGACTATTCTAATTTGTGGAGACT TTGCACT GT GACACAGGT GGAGGAATTAAAAATCTTGATCCGCATGT TTCCAGT
GDY SNLWRLZCTVTOQVEETL KII

L

I R MF PV WAT

TGGGATAGITTTTTCTGCTGTCTATGCTCAGATGTCAACAATGT TTGT GGAACAAGGAACTATGATGGACACTAGCGT TGG!
GI VF SAVYAQMSTMFVEQGTMMDTSV G S F K

AATACCAGCAGCTTCCCTCTCAACTTTTGATGTAATCAGTGTTATTTTCTGGGT CCCTGTCTATGACAGGT TTATAGT TCC(
Il P AASL STFDVI SVI  FWVPVYDRFI VPI AF

GAAATTTACT GGCAAAGAAAGGGGATTTTCAGAGT TGCAAAGAATGGGAATTGGTCTTTTTATTTCAGTCYTGI GCATGT C/
K FTGKERUGFSELQRMG.I

G L F

S V6L CMSAAA

TATTGTCGAGATTAAGCGT CTGCAGCT TGCCAAAGAGCTTGACCTTGT TGATAAAGCTGTCCCCGTACCACTTACTATATT
K RLQLAKELDLVDIKAVPVPLTI FL QI

IV E |

CCCCCAGTATTTCTTATTGGGAGCAGCAGAAGTATTCACATTTGT GGGGCAGCTTGAGI TCTTCTATGACCAATCTCCAGAT
P QYFLL GAAEVFTZFVGQLETFZFYDOQSUPDAMEF

AAGTTTATGCAGTGCTCTGTCACTTCTGACTACTTCGCTCGGAAATTACTTGAGT TCATTCATTCTCACTGTGGTACTTTAC
S LCSALSLULTTSLGNYL S SF

L TVVLYFTT

ACGAGGGGGAAATCCTGGATGGATTCCGGATAACT TGAACAAAGGT CATCTCGATTACTTTTCTGGCTTAGCT GGACT CAK
R GGNPGWI PDNLNIKGHLUDYZFSGLAGLSFTLN

TATGTTTCTGTACATAGT TGCT GCCAAAAGATACAAGT CAAAGAAGGCTTCGTAAGGT TTTTCAGGCACTTGTTTGTAGTX

M F L Y

vV AA K R Y K S K K A

c

180

270

360

450

540

630

720

810

900

990

1080

1170

1260

1350

1440

1530

1620

1710

1800



APPENDIX

TTTCACAATTCCTTCTGTCATTGTCGTGATTGATCTTTATGTAATATAATATGATATTATTCAATTGCGT TGTAAAGGAAA,

ATGCCTTGTTCAAAATAGT CCCTGCCCCCTCTTGTGATGGCAGT TTATGTTCACTCCCAAAATTGCAACTATGACACTTGIT!

TATCTAAAAGTTTGATACCCTTTGATGTGAAAAAAAAAAAAAA, 2028

VfOPT2

TTTGGCGCTGATCAGT TTGATGAGT TTGAGCCCAAAGAGAGATCCTATAAGCTTTCCTTCTTTAATTGGTGGT TTTTTAGC!
F GADQFDEFEPIKERSYKLSFFNWWFZFSI FV

GGTACCCTTTTCTCCAACACTTTCCTAATCTACATACAAGACAGAGT GGGT TGGGCTGTAGGGTATGGCCTTCCTACCGCC(
GTLFSNTFLI YI QDRVGWAVGY GLUPTAGLT

ATTTCAGTATTGGTATTTCTGATAGGAACT CCGT TATATAGGCATAAATTGCCCTCAGGCAGCCCTATAACTAGGATGCTC(
I S vLVFLI GTPLYRHKLZPSGSPI TRMLOQVEFE

GT GGCGT CGATCAGAAAAGT GGAAGGCACGAGT CCAGAT GATCCGAAAGAGCTACAT GAGT TAAGCATAGATGAGTATGCAT
VASI RKVEGTSPDDPIKELMHETLSI DEYAYNREC

AGAAATCGAATTGATCACAGCTCTTCCTTGAGGT TAAGTCTAATCACTTTTATCTCTTCTAATGT CATGAAAAT AGGACAA(
R NRI DHSSSLRLSLI TFI1I SSNVMKI GQV NN

TTAACTTGCATGCATTACCTCTTCTATGCTTGCAGI TTTCTTGACAAAGCGGCTATGAAGACCAGCCAAACTTCATCATGH
L TCMHYLFYACSFLUIDKAAMKTSOQTSS WML C

ACAGT GACACAAGT TGAGGAAACTAAACAAAT GACAAAAATGATTCCTATTTTGATTACAACAATTATCCCAAGCACGT TG
T vTQVEETI KQMTI KMI PI LI TTI1I 1 PSTWLI VC

TCAACCACACTCTTCATTAAACAAGGCACCACACTAGACAGGAGTATGGGGCCACATTTTGATATCCCTCCAGCATGT CTCY
S TTLZFI KQGTTLIDRSMGPHEFDI PPACLTAF

ATAACTATCTTCATGCTAATAAGCATTGTAGT CTACGACCGT GCTTTTGI GCCCATGGT CCGGCGATACACAAAGAAT CCC/
I T 1 FMLI1 S§I VVYDRAFVPMVRRYTIKNPRG./

ACAATGT TGCAGAGAT TAGGAATTGGT CTAGT GT TGCACAT CGCTATAATGGT CACTGCAT GCT TGGCT GAGAGGAAAAGA(
T MLQRLGI GLVLHI Al MV TACLAERIKRLRYV

GCAAGAGAAAACAATCTCTTTGGCCGGCATGATACGATTCCCCTTACAATTTTTATTCTCCTCCCTCAGT TTGCAT TGGGA(
AR ENNLUFGRHDTI PLTI FI1 LLPQFALG GG GVA

GATAGCTTCGTCGAAATTGCCAAACTAGAGTTCTTCTATGACCAAT: 1041
bDSFVEI AKLEFZFYDAOQSFP
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VfAAP1 5’ -URa

ACCAAAGAAGT CGAAGAACAACACAAATGT CAAAGT TCAT GGATACACTAACT CAAAT T TCAGT GGAGATCAAGACGAAAAGAAAAGTAC 90

TGCAAACTACATTTTCATGATCGAAGAT GCTCCAATCTATTGGAGT TCGAGGAAGCAAAGAAT TGTGACTTTGT CATCATGT GAAGBAGA
ATATGTTGCTGCATCATAT GATGCATGCCAAGCAGCAT GAATCGAAATGCTACT TGAAGAACT CAT GATAAT GGAACCT AAGAAGAT BAA
GTTTTTTGTCGACAACAAAT CAGCTAT TAACCT GGCGAACCACCCAGT GCCAT GGT CGAAGTAAACACATAGAAAAAGGTATCAT$GPCT
GAGGGAT CAAGT CAATAAAGGGAAGT TTGAGATAAAGT AT TGCAAGACAGAAGT GCAACTAACCGACATATTTATCAAACCT CTGAABAA
AGTCAGATTCGACGAGT TAAAGAAAAGCAT CGAGAT GAGAAGT CTCGAGAACAT GAAT TAGGGGGGGT GTTAGAAGTATAATTCTI4P TC

TGTCGAAAT GCATGT GTGGT GTATGT CGAATAACT TTTGTATAAGT TATAAGAT GTATTCGACAGAGT CGAATACAT CAGACATTASAGT

ATGTCGAAATCATGTTTTGGGCTTTAGCATATTTTGTCTAAATTAGCT TGGACAT TGT TTGCCTATATAAAGGACTGCTGAATTTGRAAT
CTCTAAGCAATCAAGAATAACAAACACTCAATTATCTCTTCTCTCTTCTTCTTCTCCTTCTCTTTCATAAATCATCTTTCTTGAASERTT
GTTCCAACGAGATTTAATACGAATCAATCTGAATACTATTACCTAACAATACACACGT GCGGCTGAAAATATAAATTGATTTTAARPDTT
TTATTACCTAGGAATAAAAAATCTGTAATGAGT CAAAACAAAATTTTCCATTTCTATTTCATAAAAATCAAATAAATATTAAAATIEITA
TTTTTAGTACTAGTAATTTTATGAAATATGT TTCATCTATTTTAATATTATTGT TTAAACAATAATATTTTTTCGCTATTTTTTAAGSOT
CATAAAATTAATAACAAATATTTTTAAAAATAT GTCAATGTAATATAACTAATTTATTGCCAT CATCGATTTGCATGATTTGCATTAZAA
AATTCTTTAAACATTCAACGT CCATAATTTATTGAGGGT AGATGGATAACATATTTCAATTAAATTCTATTTTTAACTAGTATAAARGAA
AAAAAATAAAACT CCTATTAATTACCGGT CCCGT CTAAATAAGTAAATAAATATTGT GATCAATATGACAGCGCATACGCCATAATSFPA
AAAACCTTGCTCTGTTGT CAGAT GT GT GAAAAT GCAAT CCAAT TGACGGT ACAAACAAAATAACAGT AAGGT CATTATCACTACCEAATA

CTCTTTCTCTCAATTATTGTATTTCTTTTTGTCTCTATCTCATAAACCT CGT TTGGAAT TAAACACCCT GTAGAAGAATSIZAS
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I1. CLONING MAPS

VfAAP1/puUC18

VIAAP1

VIAAPL1/pUC18
4282 bp

Pvull

VIAAP4 [ puUC18

Kpnl
EcoRI
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VIAAP4 / pUC18
4136 bp
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Pstl
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Pvull
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VfAAP3/pZL1

EcoRlI

VfAAP3

VFAAP3 /pZL1
6164 bp
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BamHI
Hindlll
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Pwvull

VfOPT1/puUC18
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3726 bp
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VfAAP15-UR/GUS/puUC18
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