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Abstract

We previously isolated a pollen-specific gene encoding a pollen tube wall-associated glycoprotein with a globular
domain and an extensin domain from maize (mPex1). To evaluate which protein domains might be important
for function, we isolated a second monocot gene (mPex2) and a dicot gene (tPex). Each gene encodes a signal
sequence, an N-terminal globular domain comprised of a variable region, a leucine-rich repeat (LRR) with an
adjacent cysteine-rich region, a transition region and an extensin-like C-terminal domain. The LRRs of the maize
and tomato Pex proteins are highly conserved. Although the extensin domains in the maize and tomato proteins
vary in length and in amino acid sequence, they are likely to be structurally conserved. Additional putative Pex
gene sequences were identified by either GenBank search (Arabidopsis) or PCR (sorghum and potato); all encode
conserved LRRs. The presence of a conserved LRR in the known and potential Pex proteins strongly suggests that
this motif is involved in the binding of a specific ligand during pollen tube growth. Gene expression studies using
RNA and protein blotting as well as promoter-reporter gene fusions in transient and stable transformation indicate
that the tomato Pex gene is pollen-specific.

Introduction

In flowering plants, pollen germinates a pollen tube
on the receptive stigma that then grows within the spe-
cialized transmitting tissue of the pistil to reach the
ovule (Steer and Steer, 1989; Mascarenhas, 1993).
The pollen tube transports the pollen cytoplasm, tube
nucleus and sperm cells, entering the ovule through
the micropyle. Once the pollen tube reaches the em-
bryo sac, the tube tip ruptures, releasing the sperm for
double fertilization. The extension of the pollen tube

The nucleotide sequence data reported is in the EMBL, GenBank
and DDBJ Nucleotide Sequence Databases under the accession
numbers AF159297 (mPex2) and AF159296 (tPex).

can be quite rapid, close to 1 cm/h in maize (Barnabas
and Fridvasky, 1984). As it grows, the pollen tube
must generate significant amounts of cell wall mate-
rial, which must be rapidly organized into a resilient
structure at the pollen tube tip to allow the migrat-
ing tube to penetrate the extracellular matrix of the
transmitting tissue.

The cell wall of pollen tubes is bilayered; the thick
inner wall is composed of callose and sometimes small
amounts of cellulose and the outer layer is composed
of pectins (Heslop-Harrison, 1987; Ferguson et al.,
1998). In addition to polysaccharides, the pollen tube
cell wall contains proteins, including arabinogalactan
proteins (Li et al., 1992; Jauh and Lord, 1996) and
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extensin-like proteins (Pex, for pollen extensin-like)
(Rubinstein et al., 1995a, b). The extensins are a major
class of plant cell wall proteins that contain a repeated
serine-proline3−7 (SPn) motif (Lamport, 1965, 1977;
Kieliszewski and Lamport, 1994). The Pex proteins,
first reported in maize, have an N-terminal globular
domain and a C-terminal extensin-like domain (Ru-
binstein et al., 1995a, b); these proteins have been
localized to the callose portion of the pollen tube cell
wall (Rubinstein et al., 1995a, b).

The globular domain-extensin domain chimeric
Pex proteins may represent an ancient paradigm in
the recognition of reproductive structures conserved
during the evolutionary history of plants since the sex-
ual agglutinins of Chlamydomonas have been shown
to have a globular-rod structure (Adair et al., 1983;
Cooper et al., 1983). Recent studies have revealed
chimeric proteins with extensin domains as well as
other protein domains in the female tissues of higher
plants (Baldwin et al., 1992; Chen et al., 1992;
Goldman et al., 1992; Wu et al., 1993; Lind et al.,
1994). The role of this class of proteins in pollen-pistil
interactions is clearly a focus for further investigation.

By identifying conserved protein motifs in diverse
plant species, the possible role(s) of Pex proteins in
plant reproduction may be suggested. We report here
the analysis of a second maize Pex gene (mPex2) and a
dicot (tomato) Pex gene (tPex), as well as potential Pex
genes from Arabidopsis, and portions of potential Pex
genes from potato and sorghum. All of the known and
potential Pex proteins contain a conserved leucine-rich
repeat (LRR), a protein motif that mediates specific
protein-protein binding (Kobe and Deisenhofer, 1994,
1995). The conservation of LRRs supports the idea
that the Pex proteins are involved in protein-ligand
interactions during pollen tube growth.

Materials and methods

mPex2 genomic clones

mPex2 genomic sequences were identified in a maize
genomic library (Clontech) by hybridizing plaque
lifts with a digoxygenin-UTP-labeled (Boehringer
Mannheim) partial cDNA specific to mPex2 (pSF21)
that had been identified in a screen for pollen-specific
genes. Inserts were isolated from the EMBL3 vector
and cloned into BlueScript (Stratagene), to produce
pAG3 and pAG4, which together contained the entire
mPex2 coding sequence. Sequencing was performed

at the MacroMolecular Resources facility at Colorado
State University.

Tomato cDNA and genomic clones

A tomato anther cDNA library (McCormick et al.,
1987) was screened at low stringency with a maize
cDNA probe (pSF66) that included the extensin do-
main. Out of 25 000 plaques screened, 40 recombi-
nant phage were isolated and rescreened. Two pos-
itive clones, pWB1 and pWB2 (Figure 2B), were
analyzed further. cDNA inserts were PCR-amplified
with λgt11-specific primers by PCR, and cloned into
BlueScript (Stratagene). DNA sequencing revealed
a striking similarity to a previously published par-
tial sequence of a tomato extensin gene, Tom 5
(Showalter et al., 1985). The 10 kb genomic in-
sert of Tom 5 was recloned into BlueScript (pSS100,
Figure 2A), subcloned and sequenced, revealing the
presence of the predicted Pex globular domain. Addi-
tional cDNAs were obtained and sequenced (pSS201
and pSS202, Figure 2B). A restriction enzyme map
of genomic clone pSS100, relative locations of cDNA
clones, probes and promoter-GUS/nos fusions are
shown schematically in Figure 2.

PCR cloning of part of the N-terminal region of
potato and sorghum Pex genes

The polymerase chain reaction contained 20 mM
Tris pH 8.3, 50 mM KCl, 0.1% Tween 20, 5%
DMSO, 0.2 mM of each dNTP, 0.5 µmol of the
upstream and downstream primers, 1.5 mM MgCl2,
2.5 U Taq DNA polymerase, and 200 ng of
sorghum (cv. Shanqi Red) genomic DNA or
80 ng of potato (cv. Désíree) genomic DNA.
The sequence of the upstream primer was 5′-
AT(C/T)GCCC(A/G)(C/T)CGCCA(A/G)CTG-3′ for
sorghum and 5′-AT(C/T)GCCC(A/G)(C/T)CGCCA-
(A/G)CTT-3′ for potato. For both species, the se-
quence of the downstream primer was 5′-CC(C/T)TC-
(A/G)AAGTCGTTGAACC-3′. For each reaction, the
denaturing temperature was 94 ◦C, the annealing tem-
perature was 55 ◦C, and the extension temperature was
72 ◦C. The PCR fragments between 300 and 600 bp
were isolated from an agarose gel and ligated into the
pGEM-T-easy vector (Promega) to create a plasmid li-
brary. Colonies were screened using a digoxigenin-11-
dUTP-labeled probes according to the manufacturer’s
protocol (Boehringer Mannheim). Probes consisted of
the amplified region of mPex1 for the sorghum library
and the amplified region of tPex for the potato library.
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Figure 1. Sequence of mPex2 gene and encoded protein. TATA box is in bold. Arrow shows site of putative signal peptide cleavage. Repeats of SP3−6 are underlined. Insert relative to mPex1
is highlighted.
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Figure 2. Schematic representation of genomic tPex clone and tPex protein, tPex cDNA clones, probes, and tPex promoter-reporter gene
fusions. A. Restriction map of pSS100 genomic clone, with scale in kb. tPex protein is shown above aligned with reading frame, with numbers
of amino acids. B. Relative position of cDNA clones isolated from tomato anther cDNA library. C. Probes used in DNA and RNA blot analysis.
Both contain only globular domain-encoding sequences, and the fragment used as an RNA blot probe was also used in a bacterial expression
vector to obtain antibodies D. Promoter-GUS/nos fusions used in transient and stable expression in pollen. E, EcoRI; H, HindIII: X, XbaI; B,
BamHI: N, NcoI.

Tomato genomic DNA blots

Southern analysis was performed with tomato nuclear
DNA of cv. Cal-Ace. The probe consisted of a 824 bp
fragment from 34 bp upstream of the AUG start codon
to near the end of the LRR-encoding region; thus the
probe did not contain any extensin domain-encoding
sequences (Figure 2C). The probe was labeled with
32P by random priming (Rediprime kit, Amersham).
Hybridization was performed in 6× SSC, 5× Den-
hardt’s reagent, 0.5% SDS and 100 µg/ml single-
stranded salmon sperm DNA for 18 h at 61 ◦C. Blots
were washed 3 times in 0.1% SDS, 0.1× SSC at 61 ◦C
before exposing to film.

Tomato RNA isolation and RNA blots

Total RNA was isolated from immature flower, mature
anther, pollen, pistil, root, leaf, immature fruit, sepal
and petal by using a guanidium thiocyanate method
(Logeman et al., 1987). 15 µg of total RNA per lane
was electrophoresed and blotted according to standard
methods (Sambrook et al., 1989). The blot was UV-
crosslinked (Stratalink 2400, Stratagene), then probed
with a 32P random-prime-labeled 477 bp HindIII frag-
ment from subclone pSS101, representing part of the
globular domain-encoding part of the tPex gene (Fig-
ure 2C). Hybridization was carried out at 65 ◦C. The
blot was washed three times with 0.3× SSPE and 0.1%

SDS at room temperature for 15 min before exposing
to film.

Fusion protein construction and expression

A 477 bp HindIII fragment of pSS101 (same as RNA
blot probe) was cloned into the pET21a expression
vector (Novagen). This fragment corresponds to the
region of the tPex gene that encodes amino acids 45–
204 of the tPex protein, highlighted in Figure 2. In
order to generate antibodies that may recognize Pex
proteins in a variety of plant species, the variable,
putative species-specific region was not included in
the expressed protein. Once the correct orientation
and frame of the insert were confirmed, the construct
was designated pET21a(SS101). pET21a(SS101) was
transformed into Escherichia coli BL21 (DE3) (No-
vagen) in order to induce production of the tPex
fragment (BEtPex). A protein of ca. 26 kDa, corre-
sponding to the expected size for bacterially expressed
tPex protein, was detected by SDS-PAGE.

Inclusion bodies were purified to recover the BEt-
Pex protein. Cells were resuspended in 10 ml of inclu-
sion body solution (50 mM Tris HCl pH 8, 10 mM
EDTA, 1 mM PMSF, 0.1% BME). To this, 200 µl
of 10 mg/ml lysozyme and 1 ml of 10% Nonidet P-
40 were added. After 30 min of incubation at 30 ◦C,
the cells were sonicated three times for 10 s each. The
sonicate was centrifuged at 18 500×g for 20 min. The
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supernatant was discarded and the pellet was resus-
pended in inclusion body solution. This process was
repeated 5 times. The final pellet containing inclusion
bodies was resuspended in 1.4 ml solubilization buffer
(8 M urea, 0.5 M NaCl, 20 mM Tris-HCl pH 7.9,
1 mM EDTA, 10 mM 2-mercaptoethanol).

Antibody production

0.8 mg of BEtPex protein was isolated from SDS-
PAGE gels fixed in 50% methanol and 10% acetic
acid. Another 0.2 mg of BEtPex protein was isolated
from an SDS-PAGE gel stained in water in an attempt
to preserve a variety of native tPex epitopes. Protein
samples were pooled and sent to Macromolecular Re-
sources (Colorado State University) for the generation
of antibodies in rabbits. One rabbit produced serum
that reacted at a 1:10 000 dilution with BEtPex and a
pollen protein of ca. 200 kDa.

Protein blotting analysis

All protein samples were prepared by grinding tissues
with a pestle in the presence of 37 ◦C 2× sample
buffer (0.1 M Tris pH 6.8, 20% glycerol, 4% SDS, 2%
2-mercaptoethanol, 0.001% bromophenol blue) and
proteinase inhibitors (leupeptin, pepstatin, and chy-
mostatin, 5 µg/ml each, final concentration). Crude
extracts were boiled three times for 5 min, centrifuged
to remove insoluble material, and electrophoresed on
a 12% polyacrylamide gel for 1.5 h at 100 V. Kalei-
doscope prestained standards (BioRad) were used to
assess the apparent molecular mass of electrophoresed
proteins. Proteins were electroblotted onto a nitrocel-
lulose membrane for 1 h at 100 V. The membrane
was blocked in 5% dry milk overnight then washed
and incubated in primary antibody (1:10 000 dilution
in incubation buffer; 3% non-fat milk, 0.1% Tween-
20, 13 mM Tris pH 7.5, 0.15 M NaCl) for 1 h. The
membrane was washed then incubated for 1 h in the
secondary antibody (goat anti-rabbit alkaline phos-
phatase conjugate) diluted 1:5000 in incubation buffer.
The membrane was washed, then rinsed in 10 ml
developing buffer (100 mM Tris pH 9.5, 100 mM
NaCl, 5 mM MgCl2). NBT (0.375 µg/ml) and BCIP
(75 µg/ml) were added to the buffer for detection.

Transient transformation of tobacco pollen with
promoter-GUS/nos fusions

Putative promoter regions of the tPex gene were fused
to the β-glucuronidase (GUS) gene of Escherichia

coli and the Agrobacterium nopaline synthase (nos)
3′ region from pLAT52-7 (Twell et al., 1991). Short
promoter constructs contained a XbaI-NcoI fragment
consisting of 850 bp of the 5′ region of the tPex gene
to 12 bp 3′ of the putative TATA box (Figure 2D).
Long promoter constructs contained a HindIII-NcoI
fragment ca. 2 kb of the 5′ region of the tPex gene
to 12 bp 3′ of the putative TATA box.

In order to assay transient expression of the tPex
promoter-GUS fusions in pollen, 10 µg of each tPex
promoter-GUS plasmid construct was co-bombarded
with 10 µg of a reference plasmid, LAT59-LUC into a
monolayer of tobacco cv. Samsun pollen as previously
described (Twell et al., 1991). A promoterless GUS
construct and a well-characterized tomato pollen pro-
moter fused to GUS (pLAT52-7) (Twell et al., 1991)
were used as negative and positive controls, respec-
tively. Three independent bombardments were per-
formed for each construct. After 15–17 h incubation
at room temperature, pollen was extracted and assayed
for both luciferase (Amersham Luciferase Assay Kit)
and GUS (Twell et al., 1991). Units of GUS were nor-
malized to units of luciferase to control for variation
in transformation efficiency of each experiment.

Stable transformation and expression studies

Transgenic tomato plants (cv. VF36) containing ei-
ther the long or short tPex promoters fused to the
GUS gene were generated as described (McCormick,
1991) and grown under standard greenhouse condi-
tions. GUS activity was measured in plant extracts
essentially as described (Jefferson et al., 1987) with
some modifications. Pollen from a single flower of
each of the thirteen transgenic plants containing the
short tPex promoter-GUS transgene, as well as from
two untransformed VF36 plants were collected and
ground in extraction buffer with a small glass mor-
tar and pestle on ice. Leaf, root and reproductive
tissues (pistil, petal and sepal tissue from a single
flower and pollen from a single flower) from five ran-
domly chosen transgenic plants containing the short
tPex promoter-GUS fusion construct and from two
untransformed VF36 plants were processed in the
same manner. Pollen from nine transgenic plants con-
taining the long tPex promoter-GUS transgene and
from one untransformed VF36 plant were collected
and extracted in the same manner as in the previous
experiments. All samples were assayed in duplicate
for each experiment. The extracts were centrifuged
at 14 000 rpm for 15 min at 4 ◦C in a microfuge
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Figure 3. Sequence of tPex gene and encoded protein. Promoter elements Lat56/59 (TGAANTTGTG) and TATA box are in bold. Arrows show
two possible sites of signal peptide cleavage. The peptide expressed in bacteria for antibody production is highlighted. Repeats of SP3−6 are
underlined.
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Figure 4. Clustal X alignment of amino acids in tPex protein, mPex1 protein, potential Arabidopsis Pex protein encoded by gene on chromo-
some 2 (aPex2), and regions of potential potato (pPex) and sorghum (sPex) Pex proteins as identified by genomic PCR. Note that numbering
reflects amino acid residues in the mature proteins. Amino acids identical to tPex amino acids are shaded, similar amino acids are included in
boxes. A. N-terminal region of mature proteins. B. LRRs, with the consensus for the Pex protein LRRs at the top C. Cysteine-rich regions, with
conserved cysteine residues marked with ∗ D. C-terminal amino acids of tPex, aPex2, aPex4, mPex1 and mPex2 proteins.

tube and a 100 µl aliquot of the supernatant was as-
sayed with 1 mm 4-methylumbelliferyl glucuronide at
37 ◦C for 1 h. Fluorescence of the reaction product,
4-methylumbelliferone, was measured with a Hoe-
fer TKO fluorometer (Hoefer Scientific Instruments,
San Francisco, CA) using excitation and emission
wavelengths of 365 nm and 460 nm respectively. The
specific activity of GUS in each sample from the trans-
genic plants was calculated as nmol 4-MU per hour per
mg protein. Protein concentration in plant extracts was
determined with Bradford reagent (BioRad, Hercules,
CA) according to the manufacturer’s instructions.

Results

The two maize Pex genes

Previous genomic DNA blot studies and cDNA analy-
sis indicated that there are two Pex genes in the maize
genome (Rubinstein et al., 1995a, b). RNA and protein
blots indicated that both were expressed exclusively in
pollen. The complete sequence of one gene (mPex1)
has been published (Rubinstein et al., 1995a, b).
To compare the two maize genes, the genomic ver-
sion of mPex2 was cloned and sequenced (Figure 1).
The amino acid sequence of the proteins encoded by
the two maize genes, mPex1 and mPex2, are highly
conserved. Both contain a signal sequence, an N-
terminal ‘globular’ domain including a leucine-rich
repeat (LRR) with an adjacent cysteine-rich region, a
transition zone, and an extensin-like domain. The en-
tire N-terminal ‘globular’ domain is highly conserved,
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being 96% identical and 97.4% identical or similar
(Figure 4). In contrast, the transition and extensin-
like domains are less conserved (71–75% identical and
89–90% similar) and the mPex2 protein has a 115
amino acid insert relative to mPex1 at the transition
zone/extensin-like domain junction.

A dicot Pex gene

The Pex proteins of maize have been proposed to have
a role in plant reproduction, either as a structural com-
ponent of the pollen tube wall, or as a pollen-pistil
recognition protein. Although monocots and dicots
were separated evolutionarily 200 million years ago,
pollen in both monocots and dicots must perform
very similar functions to deliver the sperm to the egg
(Bedinger, 1992). It was therefore of interest to de-
termine whether a homologous gene exists in a dicot
and, if so, to compare the gene sequences to ascertain
which regions are highly conserved and thus may be
functionally important. A partial cDNA encoding an
extensin-like protein was identified in a tomato anther
cDNA library using a maize Pex extensin domain gene
region as a probe, and a genomic clone corresponding
to the cDNA was identified (Figure 2A). Nucleotide
sequencing revealed an open reading frame of 711
codons (Figure 3). Genomic sequences were used to
obtain additional cDNAs encoding almost the entire
tomato Pex (tPex) reading frame (Figure 2A, B). The
tomato gene, like the maize genes, contains no introns.
While the maize and tomato genes encode signal se-
quences, allowing for secretion of the proteins, there
is no similarity between the signal sequences of the di-
cot and monocot proteins (as opposed to 97% identity
between the two maize proteins). The predicted signal
peptides of the maize proteins are 29 amino acids in
length, while the tomato protein signal peptide is ei-
ther 16 or 20 amino acids according to the von Heijne
(1986) scoring system.

Other potential Pex genes

Two potential Pex Arabidopsis genomic sequences
(one on chromosome 2, accession number AC006438;
one on chromosome 4, accession number CAA19879)
were identified by searching by tBLAST the available
Arabidopsis genomic sequence database (AtDB). A
third potential Arabidopsis Pex gene on chromosome 1
was also identified (accession number AC007504), but
this gene lacked the conserved N-terminal sequences
including (A/S)XIA(R/Q)RQLL found in other Pex
genes. The entire N-terminal globular domains of

the aPex2 and aPex4 proteins were highly conserved
(84.6% identical, 91% identical or similar). In addi-
tion, conserved regions of mPex and tPex were used
to design primers for PCR amplification and cloning
of Pex-like sequences from potato and sorghum ge-
nomic DNA. The amino termini of tomato Pex pro-
tein (tPex), Arabidopsis chromosome 2 putative Pex
protein (aPex2), maize protein (mPex1) and PCR-
identified regions of the potato (pPex) and sorghum
(sPex) putative Pex proteins were aligned and com-
pared by Clustal X (Jeanmougin et al., 1998) as shown
in Figure 4.

Amino-terminal region

Adjacent to the putative site of signal peptide cleavage,
similarity is seen among all known and putative Pex
proteins; in particular the sequence IA(R/Q)RQLL is
highly conserved (Figure 4A). After this sequence,
there is a hypervariable region (23 amino acids in
tomato and potato, 24 in sorghum, 25 in Arabidopsis,
31 in maize). The hypervariable region is conserved
within a species (30/31 identical amino acids between
the two maize genes, 22/25 between the two Arabidop-
sis genes, not shown) and between two members of
the Solanaceae family (19/23 identical amino acids
between tomato and potato). All other pairwise match-
ings between species are highly variable. It is notable
that this hypervariable region has the highest ‘surface
probability’ (Emini et al., 1985) within the globular
domain of the Pex proteins, and is sandwiched be-
tween two predicted regions of α-helix (Chou and Fas-
man, 1978; McLelland and Rumelhart, 1988; Kneller
et al., 1990).

Leucine-rich repeats

An LRR region of 225 amino acids is found
in all known and putative Pex proteins (Fig-
ure 4). LRRs function as protein-ligand (of-
ten protein-protein) interaction domains (Kobe and
Deisenhofer, 1994, 1995). The general repeat se-
quence of the LRR superfamily is LxxLxLxxNx-
axxxaxxxxaxxxx. In the Pex proteins, each repeat is
23–25 amino acids long and has the consensus se-
quence L/VxxaDaxxNxFxGxaPxxaxxaxx, where a is
an aliphatic amino acid and x is a variable amino acid.
This repeat sequence is very similar to those of the
tomato pollen receptor-like protein kinases and several
other plant LRR-containing proteins, where aliphatic
amino acids other than leucine can occupy the leucine
positions in the repeats (Muschietti et al., 1998). There
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are 9.5 repeats in each Pex protein. The vast major-
ity (90%) of non-conservative amino acid differences
within the LRRs of the Pex proteins are in the variable
‘x’ positions of the consensus sequence. This is con-
sistent with the notion that the variable amino acids in
LRRs are responsible for specific protein-ligand (often
protein-protein) contacts, while the conserved amino
acids confer a short β-sheet/β-turn-α-helix structure
on each repeat (Kobe and Deisenhofer, 1994, 1995).
It appears that the conservation of the position of
aliphatic amino acids in the repeat as well as the Asp
at position 9, the Gly at position 13 and the Pro at
position 16 are especially important in preserving the
structure of the LRRs of the Pex proteins.

Cysteine-rich region

Many LRRs, in particular those of extracellular pro-
teins, have cysteine-rich regions adjacent to the LRR.
The mPex, aPex and tPex proteins have a 51–54 amino
acid cysteine-rich region C-terminal to the LRR (Fig-
ure 4C). Although the similarity of the three proteins
in this region is not remarkably high, the positions of
the five cysteines within this region are conserved.

Transition region

To the C-terminal side of the cysteine-rich region, the
known and potential Pex proteins diverge to such a
great extent that any alignments are difficult. All of
the proteins contain a variable ‘transition’ region (31
amino acids for the tomato protein, 106 and 107 for
the aPex proteins, 108 for the mPex1 protein, 111 for
the mPex2 protein), containing a stretch of alternating
single or double prolines.

Extensin domain

Extensins are cell wall proteins containing a repeated
Ser-Pron(SPn) motif (Lamport, 1965, 1977; Showal-
ter, 1993; Cassab, 1998). The beginning of the ex-
tensin domain of the Pex proteins is defined as the first
continuous set of SPn repeats. The extensin domain
of the mPex1 protein has 53 of these SP3−6 repeats,
the mPex2 protein has 51 repeats, and the tPex protein
has 37 repeats. The extensin domains of the mPex and
tPex proteins are actually composed of larger repeats
that contain two SP3−6 repeats within them. These
repeats include a Lys in the mPex proteins (SSPPP-
PAPVSSPPxxK) and a His in the tomato protein
(SPPPPVASPPPPVH). In the potential Pex proteins of
Arabidopsis, there is a repeat unit of SP3−7V(H/Y/F).

The aPex1 and aPex4 proteins have 25 and 18 SP3−7
repeats, respectively. According to the analysis of
extensin proteins by Kieliszewski (Kieliszewski and
Lamport, 1994; Kieliszewski et al., 1995), many of
the prolines in all of the Pex proteins are predicted to
be both hydroxylated and glycosylated. The maize Pex
proteins are known to be glycosylated during pollen
maturation (Rubinstein et al., 1995a, b).

Carboxy terminus

The 12 carboxy-terminal amino acids of the tomato,
Arabidopsis and maize Pex proteins are very highly
conserved (Figure 4D). It is of interest to note that this
C-terminal region contains the only tyrosine residues
in the extensin domains of the tomato and mPex2
proteins (the mPex1 protein has one other tyrosine
in its extensin domain, and the Arabidopsis proteins
do contain a number of tyrosines in the extensin do-
mains). Tyrosines have been proposed to be involved
in the crosslinking of extensins to the cell wall (Fry,
1986; Waffenschmidt et al., 1993). Consistent with
this idea, the maize Pex proteins are tightly, perhaps
covalently, associated with the pollen tube cell wall
(Rubinstein et al., 1995a, b). In any case, the high
degree of conservation of the C-terminal amino acids
in all of the known and potential Pex proteins suggests
an important function for this region.

The tPex gene is a single-copy gene

Protein biochemistry, molecular cloning and genomic
Southern blotting with extensin DNA probes indicate
that the tomato genome contains multiple extensin
genes (Showalter, 1993). In order to determine the
copy number of the Pex gene(s) in tomato, genomic
hybridization was performed using a portion of the
globular domain-encoding region of the tPex gene as a
hybridization probe, as shown in Figure 5. In all DNA
digests performed, a single band was observed, as ex-
pected for a single-copy gene. In the EcoRI digest, the
probe hybridized to a single ca. 10 kb fragment, and to
a ca. 6.8 kb BamHI/EcoRI fragment, as predicted from
the restriction map of pSS100. A single hybridizing
BamHI fragment of about 16 kb was also detected.
Since there is only one internal BamHI site in the se-
quenced tPex gene, these results are consistent with
the tomato genome containing only one Pex gene. In
contrast, maize and Arabidopsis each have two known
or potential Pex genes, perhaps not surprising consid-
ering that maize is an autotetraploid and that many
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Figure 5. Tomato genomic DNA blots. 4 µg of genomic DNA from
variety Cal-Ace was digested with: A, EcoRI; B, EcoRI/BamHI;
C, BamHI; D, 25 pg of pSS100 digested with EcoRI. The hy-
bridization probe was an 824 bp fragment representing globular
domain-encoding sequences. Sizes of DNA markers in kb are shown
to the left.

gene duplications in chromosomes 2 and 4 are being
found in Arabidopsis.

Expression of the tPex gene

The maize Pex genes are expressed exclusively in
pollen (Rubinstein et al., 1995a, b). Although the tPex
cDNAs were isolated from a tomato anther cDNA li-
brary, it was important to test the tissue specificity
of the tPex gene, since various extensin genes are
expressed in different organs of tomato (Showalter,
1993). As shown in Figure 6, RNA blotting and hy-
bridization with the globular domain-encoding region
of the tPex gene shows that the tPex gene is not ex-
pressed in any of the vegetative tissues tested, nor
in immature flowers, sepals, petals, pistils or young
fruits. tPex gene expression was detected in mature
anthers containing pollen, and in pollen.

Part of the N-terminal and LRR regions of the tPex
protein was expressed in bacteria and used to generate
antibodies (see Figure 3). Protein extracts were made
from the same tomato tissues as those for RNA blot-
ting and electrophoresed on SDS-PAGE gels, blotted
and probed with the tPex antibody. No specific signal
was seen in any protein extracts except mature anther,
pollen and pistil (Figure 7). A protein with an appar-
ent molecular mass of about 200 kDa was detected in
pollen, and likely represents the glycosylated form of
the tPex protein. A large-molecular-mass protein was
also detected in pistil extracts, which were made by us-
ing unpollinated pistils from flowers emasculated prior
to anther dehiscence. No tPex expression in pistils

Figure 6. RNA blot analysis of tPex expression. 18 µg of total RNA
from each indicated tissue was loaded per lane. Size markers in
kb are to the left. Top panel: hybridization to tPex-specific probe
representing globular domain sequences. Bottom panel: ethidium
bromide stain to indicate loading of RNA in lanes.

was detected in RNA blots. We therefore propose that
the pistil signal observed on protein blots represents
recognition of a protein in pistil different from the Pex
proteins at the gene level but with epitopes in common
with the pollen Pex proteins at the protein level.

The tPex promoter: transient and stable expression of
a reporter gene

To further confirm the expression of the tPex genes
in pollen, 5′ genomic sequences were used to reg-
ulate transient and stable expression of a GUS re-
porter gene as shown schematically in Figure 2D.
For transient expression, plasmids were co-bombarded
into tobacco pollen with a well-characterized tomato
pollen promoter fused to a luciferase reporter gene,
which served as a transformation control (LAT59-
LUC) (Twell et al., 1991; Eyal et al., 1995). Nor-
malization of GUS to luciferase units yielded the
expression data presented in Figure 8. While the short
promoter of 850 bp produced a GUS signal 100-fold
above background, the longer promoter of ca. 2 kb
had an almost 3-fold higher level of expression, near
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Figure 7. Protein blot analysis with antibodies to the tPex protein.
Equal amounts of protein extracts from each tissue as indicated by
Coomassie Blue staining (bottom panel) were electrophoresed, blot-
ted and probed as described (top panel). Size markers in kDa are to
the left. The faint signal at 85 kDa is non-specific, because it appears
in secondary antibody-only control blots.

to that produced by a well-characterized strong tomato
pollen promoter (positive control LAT52-GUS). These
results demonstrate that the tPex gene is expressed
in pollen. Comparison of the 5′ region of tPex
genomic sequences with well-characterized tomato
pollen promoters revealed the presence of a charac-
teristic pollen promoter element, the LAT56/59 box
(GAAT/A/CTTGTG) (Twell et al., 1991; Eyal et al.,
1995) 193 bp 5′ to the TATA box.

In order to test the tissue specificity of the tPex
promoter, tPex promoter-GUS fusions were stably
transformed into tomato, as described in Materials
and methods. Expression of GUS in various tissues
of transformants is shown in Figure 9. Of the 21
transgenic plants assayed for GUS activity in pollen,
those containing the short tPex promoter showed a
considerably stronger expression of the GUS gene
than did those from the long tPex promoter transgenic
plants. This is in contrast to the transient expres-

Figure 8. Transient expression in tobacco pollen. Plasmids with
promoter sequences fused to the GUS gene were co-bombarded with
plasmids containing the LAT59 promoter fused to the luciferase
gene. Units expressed are GUS units relative to luciferase units.
Constructs were pSS300 (promoterless GUS, negative control),
pLAT52-7 (positive control), pSS301A (850 bp of tPex promoter
region fused to GUS, short tPex), and pSS302 (2 kb of tPex pro-
moter region fused to GUS, long tPex). Bars indicate one standard
deviation.

Figure 9. Expression of tPex promoter-GUS fusions in stable trans-
formants. GUS activity in reproductive and vegetative tissues of 5
transgenic VF36 tomato plants harboring the short tPex-promoter
fused to the GUS reporter gene (A) and in pollen from pollen of
13 transgenic plants and other transgenic VF36 plants harboring the
long tPex promoter fused to a GUS reporter gene (B). Background
GUS activity in extracts from untransformed plants was subtracted
from GUS activity in transgenic plants. GUS activity in all tissue
extracts was expressed as nmol of 4-methylumbelliferone (4-MU)
generated per hour per milligram of protein. GUS activity below 0.1
nmol is not shown on the graph.
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sion results, where the long tPex promoter was more
strongly expressed in pollen. Discrepancies between
the expression of promoter-reporter gene fusions in
transient as opposed to stable transformation have
been documented (Hamilton et al., 2000).

The tPex promoter is pollen-specific as shown by
the high GUS activity in pollen extracts relative to
other reproductive and vegetative tissues. It is con-
ceivable that small but detectable GUS activity from
petal and pistil extracts from some of the individ-
ual transgenic plants might be due to errant pollen
contamination during the collection and dissection
stages.

Discussion

In the study of genes with an unknown function, it
is useful to compare homologous genes in similar
and divergent species. Such comparisons can identify
regions of genes that have been highly conserved, pre-
sumably as a result of selection for regions that are
critical to preserve function. In this report, we describe
the comparison of the mPex1 gene with a second
maize gene and a dicot (tomato) gene. The conserva-
tion of an LRR, a cysteine-rich region, the extensin
domain and the C-terminus, along with anther-specific
gene expression, strongly suggests that we have iso-
lated homologues, now called mPex1, mPex2 and
tPex. In addition, we have identified potential Pex
genes with highly conserved LRRs in Arabidopsis,
potato and sorghum.

The LRRs in all known and potential Pex pro-
teins are highly conserved, especially in the amino-
terminal part of this motif. In the carboxy region, the
amino acids thought to confer the α-helix/β-sheet re-
peat structure in LRRs are still highly conserved, but
not the variable ‘x’ amino acids in the LRR motif.
Specifically, 90% of the non-conservative amino acid
differences between the mPex proteins and the tPex
protein are in the positions of variable amino acids.
The variable amino acids in LRRs are thought to con-
fer specific protein-ligand contacts (Kobe and Deisen-
hofer, 1994, 1995). This model for LRR structure and
function is supported by recent analysis of LRR pro-
teins involved in pathogen resistance in plants (Meyer
and Abel, 1975; Jones and Jones, 1996; Botella et al.,
1998; McDowell et al., 1998). The high degree of di-
vergence in the variable amino acids of the Pex LRRs
implies that the Pex proteins in monocots and dicots
recognize and bind to similar, but not identical, lig-

ands. LRR-encoding regions have been identified in
many plant genes (Muschietti et al., 1998), and recent
genetic and biochemical studies with the CLAVATA
genes of Arabidopsis suggest that LRR-containing re-
ceptors (CLV1 and CLV2) interact with a small protein
ligand (CLV3) (Fletcher et al., 1999; Trotochaud et al.,
2000). The cysteine-rich region adjacent to the LRRs
in monocot and dicot proteins is notable in the conser-
vation of position of cysteines, particularly in the light
of the importance of cysteines and disulfide bonds in
the determination of protein structure.

The extensin domains in both the maize and tomato
Pex proteins and potential Arabidopsis Pex proteins
contain significant numbers of SP3−7 repeats. Stud-
ies of extensin and extensin-like proteins have shown
that the prolines in these repeats are hydroxylated to
hydroxyproline post-translationally (Lamport, 1963;
Chrispeels, 1969), and are variably O-glyosylated
(Kieliszewski and Lamport, 1994; Kieliszewski et al.,
1995). Runs of glycoslyated hydroxyprolines confer
the extremely extended ‘polyproline II’ configuration
on proteins, including extensins (van Holst and Varner,
1984). Thus, although alignment of amino acids in
the extensin domains of the tomato, Arabidopsis and
maize Pex proteins is more difficult than alignment of
amino acids in the globular domains, the extensin do-
mains in all of the Pex proteins are likely to be highly
conserved at the structural level. It is notable that the
carboxy-terminal 12 amino acids, which contain the
only two tyrosines in the tPex and mPex2 extensin do-
mains, are very highly conserved in mPex1, mPex2,
tPex, aPex2 and aPex4. Tyrosines may be involved in
the formation of chemical crosslinks of the proteins to
the cell wall (Epstein and Lamport, 1984; Fry, 1986;
Waffenschmidt et al., 1993). It is possible that the ty-
rosines at the C-terminus of the Pex proteins play a
role in the association of these proteins with the cell
wall.

While the similarities between the monocot and di-
cot Pex proteins are instructive, the lack of similarity
in a small region of the amino terminus is perhaps
even more striking. This hypervariable region of 23–
31 amino acids is sandwiched between two predicted
regions of α-helix, and has a high predicted surface
probability. Thus, it is possible that the Pex proteins
have a variable segment protruding from the globular
domain that may be involved in species-, family- or
tissue-specific recognition.

While the exact function of the Pex proteins is
still uncertain, future studies can now center on spe-
cific regions identified by the findings presented in
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this report. Given the conserved motifs in the globular
domain, the Pex proteins are likely to be interacting
with ligands – possibly with molecules in the pistil,
possibly to recognize the appropriate species (Heslop-
Harrison et al., 1984) or tissues (Cheung et al., 1995).
Another possibility is that the Pex proteins recognize
and bind to each other in a self-assembly process
during pollen tube growth (Hills et al., 1975). The
hypervariable region and the LRRs will be the focus
of searches for possible ligands for the Pex proteins.
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