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Structural analysis of a plant sucrose carrier using monoclonal antibodies
and bacteriophage lambda surface display
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Abstract Monoclonal antibodies were raised and selected
against recombinant Plantago major PmSUC2 sucrose carrier
protein. Epitopes of two monoclonal antibodies (PS2-1A2 and
PS2-4D4) were mapped using N-terminally truncated PmSUC2
proteins and a lambda library displaying random PmSUC2
peptides. PS2-1A2 recognizes an octapeptide close to the
N-terminus of PmSUC2, PS2-4D4 binds to a decapeptide at
the very C-terminus. Analyses of antibody binding to yeast
protoplasts with functionally active, tagged PmSUC2 protein
revealed that both epitopes are located in cytoplasmic domains of
PmSUC2. These results support a model for plant sucrose
transporters containing 12 transmembrane helices with the
N-terminus and the C-terminus on the cytoplasmic side of the
plasma membrane.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Genes encoding plant sucrose-H™ symporters have been
cloned from numerous species [1-7]. The proteins are local-
ized in the plasma membrane and import sucrose into the long
distance transport system [8-10] or into developing embryos
[4,7]. Mutant plants with reduced expression levels of a su-
crose transporter gene show severe changes in their pheno-
type, such as stunted growth, reduced root development and
chlorosis [11-14].

Little is known about the structure of these transporters
that share some homology [15] with the Escherichia coli me-
libiose permease [16,17]. At present, all statements on their
structure are inferred from results obtained for distantly re-
lated, non-plant proteins, such as the mammalian Glutl glu-
cose facilitator or the lactose permease lacY and the melibiose
permease melB from E. coli (reviewed in [18,19]). Also for
these transporters direct structural information from crytallo-
graphic analyses is missing. However, indirect approaches,
such as spectroscopic analyses and hydrogen exchange experi-
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ments of the Glutl glucose facilitator, revealed the helix and
B-sheet content and that about 80% of the polypeptide back-
bone are accessible to water [20-22]. Glutl was also the first
transporter for which 12 transmembrane helices were postu-
lated [22] and peptide-specific antibodies revealed the cyto-
plasmic location of the C-terminus of the Glutl glucose trans-
porter [23]. Eventually 12 transmembrane helices were
confirmed by glycosylation scanning [25]. A similar model
was proposed for lacY, the E. coli lactose permease [24] and
fusions of the phoA gene to 3'-deletions of melB [26,27] or
lacY [28,29] allowed predictions on the location of the
12 transmembrane domains.

This paper describes the first topological analyses of a plant
sucrose carrier. The epitopes of two mABs directed against
PmSUC2 were mapped and used to localize both the N-ter-
minus and the C-terminus of this carrier protein on the cyto-
plasmic side of the plasma membrane.

2. Materials and methods

2.1. Generation of monoclonal antibodies

Affinity-purified PmSUC2biohis6 [30] was used to immunize mice.
Spleen cells were fused to the myeloma cell line P3-X63-Ag8.653 [31]
according to standard procedures [32]. The monoclonal hybridoma
cell lines 1A2 and 4D4 were obtained by limited dilution. The result-
ing mABs PS2-1A2 and PS2-4D4 were characterized as IgG; kappa
light chains (Mouse Typer Kit, Bio-Rad, Miinchen, Germany). The
reactivity of the hybridoma supernatants with PmSUC2 was screened
ELISAs using microtiter plates coated with total membranes from the
yeast strains GDY2 (expressing PmSUC2), GDY2133 (expressing
PmSUC2biohis6) or GDY1000 (control strain expressing no plant
sucrose transporter) [33]. After incubation with anti-mouse IgG-per-
oxidase conjugate (Promega W402B, Madison, USA) plates were in-
cubated with the peroxidase substrate 2,2-azino-D-[3-ethylbenzthiazo-
line-sulfonate(6)]. Color development was quantified photometrically
at 405 nm.

2.2. Screening for phages interacting with PS2-142 or PS2-4D4

The used phage display library was described previously [34].
Phages interacting with PS2-1A2 or PS2-D4 were enriched by affinity
binding to immobilized mABs. Bound phages were released [35] and
used to infect E. coli Q358 [36]. Phage plaques were lifted to nitro-
cellulose filters that were incubated with the hybridoma supernatants
and with anti-mouse IgG-phosphatase conjugate (Promega S372B,
Madison, USA). Inserts of immunopositive phages were sequenced.

2.3. Generation of N-terminally truncated PmSUC2 proteins

A BamHI restriction site was introduced upstream from the
PmSUC2 start ATG codon in the PmSUC2 cDNA clone pTP18 [2].
This site was used for the insertion of PCR fragments of N-terminally
truncated PmSUC2 cDNAs carrying a start ATG codon followed by
the codons for amino acid residues 9 or 27 of the original PmSUC2
sequence. The truncated clones were expressed in yeast strain
SEY2102 [37] using the yeast/E. coli shuttle vector NEV-E [3]. The
resulting strains produced truncated PmSUC?2 proteins lacking amino
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acids 2 to 8 (strain RSY1-08) or 2 to 26 (strain RSY1-26). A control
strain (RSY1) with the wild-type cDNA was also generated.

2.4. Membrane preparation, SDS-PAGE and Western blotting

SDS-PAGE of yeast total membrane preparations [38] were per-
formed as described [39]. Proteins were transferred to nitrocellulose
membranes as described [40] in the presence of 0.02% SDS. Binding of
mABs was detected using peroxidase-coupled secondary antibodies
(Promega W402B, Madison, USA) and ECL reagents (Amersham-
Pharmacia, Freiburg, Germany).

2.5. Transport of '*C-sucrose into proteoliposomes

Dialyzed hybridoma supernatants were mixed 1:11 (vol/vol) with
PmSUC2biohis6-containing proteoliposomes [33], frozen, thawed and
sonicated to form vesicles with mABs on either side of the membrane.
Vesicles were incubated for 1 h on ice and uptake of “C-sucrose was
measured as described [33].

2.6. Preparation, permeabilization and fluorescence labelling of yeast
protoplasts

Yeast cells were harvested, washed and resuspended in 10 mM Tris/
HCl, pH 7.5, 2 mM EDTA, 0.1% B-mercaptoethanol, 1 M sorbitol.
After a 1 h incubation on ice, cells were washed with and resuspended
in 50 mM Tris/HCI, pH 7.5, 150 mM NacCl, 1 M sorbitol. Cells were
protoplasted with B-1,3 glucanase (Quantazyme ylg, Quantum bio-
technologies, Montreuil-Sous-Bois, France) and hybridoma superna-
tants were added in the presence or absence of 0.2% Triton X-100.
After removal of unbound antibodies, cells were incubated with avi-
din-TRITC conjugate (Sigma E3011, Deisenhofen, Germany; diluted
1:100) for labelling of biotin proteins and with anti-mouse IgG-FITC
conjugate (Sigma F0257, Deisenhofen, Germany; diluted 1:100) for
labelling of bound mABs. TRITC and FITC fluorescence was de-
tected after excitation with light of 547 nm or 495 nm, respectively.

3. Results

3.1. Generation of mABs reacting with PmSUC2

Mice were immunized with affinity-purified PmSUC2bio-
his6 [33] representing a functionally active, C-terminal fusion
of PmSUC2 [2,33] to the biotinylation domain of the K. pneu-
moniae oxaloacetate decarboxylase [41] and to six histidine
residues [42]. After the fusion of spleen cells to a myeloma
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Fig. 1. Amino acid sequences derived from the cDNA inserts of
phages reacting with PS2-1A2 and PS2-4D4. The N-terminal (A)
and C-terminal (B) sequences of PmSUC2 are given. Numbers to
the left represent phage clones yielding positive signals with PS2-
1A2 (A) or PS2-4D4 (B). Amino acid residues given in black are de-
rived from PmSUC2, residues in grey from flanking sequences of
the vector. Amino acid residues present in all phage inserts are
boxed, the resulting minimal recognition sequences are highlighted.
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Fig. 2. Alignment of the N-terminal sequences of the PmSUC2
wild-type protein, the N-terminally truncated proteins PmSUC2-AS8
and PmSUC2-A26, and the dodecapeptide determined as recognition
site of PS2-1A2 (A). The octapeptide present in all sequences is
boxed and highlighted in the wild-type sequence. B: Total mem-
brane proteins (0.5 pg/lane) from yeast cells expressing wild-type
PmSUC2 cDNA, or PmSUC2-A8 or PmSUC2-A26 mutant cDNAs
analyzed on Western blots with PS2-1A2 or PS2-4D4.

cell line, the specificities of the hybridoma supernatants were
tested on ELISA plates coated with total membranes of wild-
type or PmSUC2-expressing yeast cells. Two positive clones
were purified by limited dilution and the corresponding
mABs, PS2-1A2 and PS2-4D4, were characterized as IgG;
kappa light chains (data not shown).
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Fig. 3. Analyses of the transport activity of PmSUC2biohis6 in pro-
teoliposomes in the absence or presence of PS2-1A2 or PS2-4D4.
Proteoliposomes containing beef heart cytochrome-c-oxidase and re-
combinant PmSUC2biohis6 protein were formed in the absence of
mABs (M), in the presence of PS2-1A2 (A) or in the presence of
PS2-4D4 (O). After addition of radiolabelled '#C-sucrose proteolipo-
somes were energized (E) with ascorbate, N,N,N’,N’-tetramethyl-p-
phenylendiamine and cytochrome-c [30] or deenergized with uncou-
pler (CCCP) as indicated.
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3.2. Identification of the PmSUC2 epitopes recognized by
PS2-142 and PS2-4D4

From a lambda phage display library expressing random
fragments of a PmSUC2biohis6 cDNA [33] seven independent
phages reacted with PS2-1A2, eight with PS2-4D4. In Fig. 1
the translated peptide sequences derived from these identified
cDNA fragments were aligned and compared with the se-
quence of the wild-type PmSUC?2 protein. All peptides recog-
nized by PS2-1A2 (Fig. 1A) contained overlapping fragments
from the N-terminus of the PmSUC2 protein. The fusion
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present in all seven sequences. This peptide corresponds to
amino acid residues 5 to 16 of the original PmSUC2 protein
sequence [2]. All peptides recognized by PS2-4D4 (Fig. 1B)
contained overlapping fragments from the C-terminus of the
PmSUC2 protein. The fusion peptides of A phages 501/15,
501/25 and 501/32 and of A phage 496/15 defined a decapep-
tide present in all eight peptides. This epitope corresponds to
amino acid residues 501 to 510 of the PmSUC2 protein se-
quence representing the last ten amino acid residues in the
wild-type PmSUC?2 protein [2].

peptides of A phages 5/25 and 1b/18 defined a dodecapeptide
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Fig. 4. Analyses of the topology of PmSUC2. A: PmSUCQC2biohis6-expressing GDY2133 cells were protoplasted and incubated with PS2-1A2
(left) or PS2-4D4 (right) followed by a simultaneous incubation with avidin-TRITC conjugate and anti-mouse IgG-FITC conjugate. Cells were
microscopically analyzed (from left to right) under phase contrast, under TRITC excitation light and under FITC excitation light. Most cells
were intact after the protoplasting procedure (no dark cells in phase contrast and no TRITC fluorescence). No green FITC fluorescence is de-
tected. B: GDY2133 cells were treated and analyzed as described in A but permeabilized with 0.2% Triton X-100 prior to the mAB treatment.
Many of the cells were permeabilized (dark cells in phase contrast and showing TRITC fluorescence). Green FITC fluorescence indicates anti-
body binding after permeabilization. C: GCY1000 control cells were treated as described in B and analyzed as described in A. Although most
of the cells were permeabilized neither TRITC nor FITC fluorescence was detected. Space bar =20 um for A to C. D: Quantitative analyses of
the results obtained with PS2-1A2 in not permeabilized (—Triton X-100) and permeabilized (+Triton X-100) GDY2133 cells as shown in A
and B, including the standard deviation. The percentage of cells showing TRITC (red bars) or FITC fluorescence (green bars) represents the
average of three independent experiments. E: Quantitative analyses of the results obtained with PS2-4D4 in not permeabilized (—Triton X-100)
and permeabilized (+Triton X-100) GDY2133 cells as shown in A and B. For additional information see D.
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3.3. Analysis of PS2-14A2 and PS2-4D4 binding to wild-type
and truncated PmSUC2 proteins

The interaction of PS2-1A2 and PS2-4D4 with PmSUC2
was further analyzed with total membranes from yeast strains
expressing cDNAs encoding wild-type PmSUC2 protein
(strain RSY1) or PmSUC2 proteins lacking amino acids 2
to 8 (PmSUC2-AS8; strain RSY1-08) or amino acids 2 to 26
(PmSUC2-A26; strain RSY1-26). In PmSUC2-A8 only eight
amino acids of the dodecapeptide epitope for PS2-1A2 are
present, in PmSUC2-A26 the epitope is deleted. The decapep-
tide epitope identified for PS2-4D4 is present in all of these
proteins (Fig. 2A).

Membrane preparations of these yeast strains and of a con-
trol strain containing no PmSUC2 sequences were analyzed
on Western blots with PS2-1A2 and PS2-4D4 (Fig. 2B). Both,
wild-type PmSUC2 and PmSUC2-A8 were recognized by PS2-
1A2, reducing the epitope for PS2-1A2 to the amino acid
residues 9 to 16 of wild-type PmSUC2 protein. As expected
PS2-1A2 did not react with PmSUC2-A26. All three proteins
were recognized by PS2-4D4 (Fig. 2B). The deletion in
PmSUC2-A26 caused a reduction in the apparent molecular
weight of this protein.

3.4. Sucrose transport of PmSUQC2 is not affected by the mABs

As shown for the Na™/H™ antiporter of E. coli, antibodies
can interfere with the activity of a protein [43]. We determined
the transport activity of affinity-purified and reconstituted
PmSUC2biohis6 protein in the presence of PS2-1A2 or PS2-
4D4 on both sides of the proteoliposome membranes or in the
absence of any mAB. Fig. 3 shows that transport and accu-
mulation of *C-sucrose inside these vesicles were not im-
paired by added mABs. In all analyses uptake of '*C-sucrose
after energization and efflux of “C-sucrose after addition of
CCCP were essentially the same indicating that none of the
two mABs interferes with sucrose transport.

3.5. The epitopes of PS2-142 and of PS2-4D4 are located on
the cytoplasmic side of the plasma membrane

We used PS2-1A2 and PS2-4D4 to study the topology of
PmSUC2 in a heterologous system. Protoplasted yeast cells
were treated with PS2-1A2 or PS2-4D4 and subsequently
with an anti-mouse IgG-FITC conjugate. Binding of mABs
to extracellular domains of PmSUC?2 should yield green FITC
fluorescence when analyzed under the fluorescence micro-
scope. As a control for the integrity of the plasma membranes,
avidin-TRITC conjugate was included with the IgG-FITC
conjugate treatment. This conjugate binds only to biotinylated
proteins in the cytoplasm. Red TRITC fluorescence indicates
that the plasma membrane has been disrupted and green
FITC fluorescence may also result from mAB binding to a
cytoplasmic domain.

The data presented in Fig. 4 show that PS2-1A2 and PS2-
4D4 recognize their epitopes only in permeabilized proto-
plasts, i.e. on the cytoplasmic side of the PmSUC2 protein.
No FITC fluorescence was detected in intact protoplasts. As
demonstrated in Fig. 4C these reactions are specific for
PmSUC2biohis6-expressing GDY2133 cells. No fluorescence
is detected in permeabilized GDY 1000 control cells carrying
the empty vector. Longer exposure of these cells yielded some
red TRITC fluorescence but no FITC fluorescence indicating
that PmSUC2biohis6 represents the most abundant biotiny-
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lated protein in yeast cells, a finding also supported by West-
ern blot analysis (data not shown).

Fig. 4D and E represent the quantitative results of three
independent permeabilization analyses performed as in Fig.
4A and B. The reproducibly larger number of cells showing
TRITC fluorescence may be explained with the smaller size of
the avidin-TRITC conjugate allowing diffusion into poorly
permeabilized cells not accessible for the much larger IgG-
FITC conjugates.

4. Discussion

Sequencing of phage inserts identified in a PmSUC2biohis6
display library using the anti-PmSUC2 mABs PS2-1A2 and
PS2-4D4 and Western blot analyses of truncated PmSUC2
mutant proteins identified the epitopes of these mABs (Figs.
1 and 2). The epitope peptides were not found in any of the
other plant sucrose carriers sequenced so far and PS2-1A2
and PS2-4D4 do not recognize PmSUCI [4], AtSUCI [3] or
AtSUC2 [3] on Western blots (data not shown). Moreover,
screenings of publicly available protein data libraries with
these peptides revealed no matches suggesting that both se-
quences are unique and might be used as epitope tags for
other proteins.

Our data show also that N-terminally truncated PmSUC2
proteins (Fig. 2) are still targeted to the plasma membrane.
This is deduced from the unchanged sucrose transport rates
determined in yeast cells expressing wild-type PmSUC2 pro-
tein or the PmSUC2-A26 protein (data not shown) and from
the almost identical amounts of recombinant protein in these
cells (Fig. 2B). This may explain the high sequence variability
within the N-termini of plant sucrose transporters.

Hydrophobicity analyses of the PmSUC2 protein [44] and
analyses of the orientation and length of putative transmem-
brane domains with the program TMpred [45] suggest 12
regions sufficiently long to span a biological membrane
(data not shown). According to the TMpred prediction both
the N-terminus and the C-terminus of PmSUC?2 are expected
on the cytoplasmic side of the plasma membrane. Our data
represent experimental support for these predictions (Fig. 4).
Both mABs recognize their epitopes in transgenic yeast only
after permeabilization of the plasma membrane, when the
avidin-TRITC conjugate was able to bind to biotinylated pro-
teins (Fig. 4B). This confirmed the integrity of the used pro-
toplasts, as protein-biotin ligases are cytoplasmic proteins and
the so far identified biotin proteins in yeast have been local-
ized to the cytoplasm [46,47].

Our data suggest a topology for plant sucrose transporters
that is in full agreement with the models determined for the
mammalian hexose transporters [22], for the lactose [24] and
the melibiose permeases [26,27] from E. coli. It supports pre-
vious, sequence derived suggestions that the E. coli melB pro-
tein and plant sucrose transporters are homologous [48] and
that plant sucrose transporters may be members of the super-
family of transmembrane facilitators [49].
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