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e Background Pollination is a crucial step in angiosperm (flowering plant) reproduction. Highly orchestrated
pollen—pistil interactions and signalling events enable plant species to avoid inbreeding and outcrossing as a
species-specific barrier. In compatible pollination, pollen tubes carrying two sperm cells grow through the
pistil transmitting tract and are precisely guided to the ovules, discharging the sperm cells to the embryo sac
for fertilization.

e Scope In Lilium longiflorum pollination, growing pollen tubes utilize two critical mechanisms, adhesion and
chemotropism, for directional growth to the ovules. Among several molecular factors discovered in the past
decade, two small, secreted cysteine-rich proteins have been shown to play major roles in pollen tube adhesion
and reorientation bioassays: stigma/style cysteine-rich adhesin (SCA, approx. 9-3 kDa) and chemocyanin (approx.
9-8 kDa). SCA, a lipid transfer protein (LTP) secreted from the stylar transmitting tract epidermis, functions in
lily pollen tube tip growth as well as in forming the adhesive pectin matrix at the growing pollen tube wall back
from the tip. Lily chemocyanin is a plantacyanin family member and acts as a directional cue for reorienting
pollen tubes. Recent consecutive studies revealed that Arabidopsis thaliana homologues for SCA and chemocya-
nin play pivotal roles in tip polarity and directionality of pollen tube growth, respectively. This review outlines
the biological roles of various secreted proteins in angiosperm pollination, focusing on plant LTPs and
chemocyanin.

Key words: Angiosperm fertilization, Arabidopsis thaliana, chemocyanin, cysteine-rich peptides (CRPs), Lilium
longiflorum, lipid transfer proteins (LTPs), plantacyanins, pollen tube tip growth, stigma/style cysteine-rich

adhesin (SCA).

INTRODUCTION

Plant cells are enclosed in a rigid extracellular matrix (ECM),
the cell wall, through which various cell—cell communications
are accomplished in response to diverse environmental or
developmental signalling cues. The haploid pollen tube cell,
carrying two immotile sperm cells, is the only migrating cell
in the angiosperms (Sanders and Lord, 1989). For plant
sexual reproduction, pollen tube cells pass through a series
of signalling events in female reproductive tissues and
deliver two sperm cells into the embryo sac for double fertili-
zation: one sperm cell fuses to the egg cell, resulting in the for-
mation of the zygote, and the other to the central cell, resulting
in the formation of the endosperm, a nutritional tissue for the
developing embryo in the seed (Lord and Russell, 2002).
The pollen tube shows polar tip growth, which enables the
tube cell to migrate directionally toward the ovules through
the transmitting tract (TT) (Lord, 2000; Yang and Fu, 2007).
When the pollen tube grows in the reproductive tract, a
callose wall forms to sequester the cell cytoplasm containing
the male germ unit (tube cell nucleus and two sperm cells)
at the front (Lord, 2000). The tube cell is a completely separate
unit from the spent pollen tube and the pollen grain (Jauh and
Lord, 1995). The tube cell cytoplasm has tip-oriented, reverse
fountain streaming, which is fuelled by a dynamic cytoskele-
ton, to convey the vesicles containing membrane and cell
wall materials to the clear zone at the newly synthesized

tube tip (Lord and Russell, 2002). Here, fine actin filaments
and a tip-focused Ca®" gradient are found, and a tip-localized
Ca”*"-dependent protein kinase functions in oscillation and
reorientation of pollen tube tip growth (Holdaway-Clarke
et al., 1997, Moutinho et al., 1998). In addition, a
Rho-family GTPase of plant (ROP) functions in polar tip
growth by controlling the dynamics of actin filament formation
(Lin et al., 1996; Fu et al., 2001).

Pollen tubes grow much faster and longer in the pistil than in
germination medium. The in vivo pollen tubes of Lilium
longiflorum are able to travel the long stylar TT (approx.
10 cm) to reach the ovules in 3 d, while the in vitro pollen
tubes grow only up to approx. 5Smm and cease growth
within a day. This is probably due to a more dynamic actin
organization, exocytosis/endocytosis events and tip-growth
signalling occurring in the clear zone at the tip by interplay
between the tube cell and the pistil TT (Lord, 2000; Cheung
and Wu, 2008). The pistil tissues can provide the pollen tube
with a cue for guidance as well as nourishment for tube cell
growth. Polar tip growth and guidance of the pollen tube
need to be further studied in the light of pollen—pistil inter-
actions, because we have yet to understand fully the effects
of the pistil on the pollen tube. Several studies have recently
shown biochemical and genetic evidence that small proteins
secreted from either pollen or the pistil play critical roles in
pollen tube tip growth (Chae et al., 2007, 2009) and chemotro-
pic guidance (Kim et al., 2003; Dong et al., 2005; Okuda
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et al., 2009). The next big question is whether these small,
secreted proteins act with any receptor partner to regulate
downstream signalling, as their functional counterparts do in
neuronal axon guidance (Stumm and Hollt, 2007) and polar-
ized growth of the mating yeast cell (Madden and Snyder,
1998).

ROLES OF SMALL, SECRETED PROTEINS IN
VARIOUS POLLEN-PISTIL INTERACTIONS

In angiosperm fertilization, pollen tubes undertake a series of
interactions with sporophytic female tissues (Franklin-Tong,
1999, 2002; Lord and Russell, 2002). The most well under-
stood mechanism in pollen—pistil interaction is self-
incompatibility (SI), which functions as a genetic gateway to
prevent plant species from inbreeding. In the Brassicaceae,
self-/non-self-pollen recognition is controlled by a poly-
morphic S-locus, where both male and female SI determinants
are encoded as a set. The male determinant is the small
(approx. 6kDa), secreted pollen-coat protein, SCR/SPI11
(Schopfer et al., 1999; Takayama et al., 2000) and the
female determinant is the plasma membrane (PM)-localized
serine/threonine receptor kinase, S-locus receptor kinase
(SRK) (Stein et al., 1991). An identical S-allele ligand—recep-
tor interaction occurring on the surface of the papillar cell trig-
gers downstream SI signalling, consisting of some non-S-locus
factors to reject the self-pollen (Ivanov et al., 2010;
Tantikanjana ef al., 2010). The ligand recognition autopho-
sphorylates the receptor and recruits the M-locus protein
kinase (MLPK), a PM-tethering protein (Murase et al., 2004;
Kakita et al., 2007), and the Armadillo repeat-containing
protein 1 (ARC1), a U-box E3 ubiquitin ligase (Gu et al.,
1998; Stone et al., 1999, 2003), to the PM fraction.
Subsequently, SRK, together with MLPK, phosphorylates
ARCI1, which targets EXO70A1, a putative component of
the exocyst complex that promotes compatible pollination, to
the degradation pathway (Synek et al., 2006; Samuel et al.,
2009).

In the Solanaceae, the female SI determinants are S-locus
RNases (S-RNases) secreted from the style (McClure er al.,
1989). The stylar S-RNase is taken up through the pollen
tube tip and impairs tube growth of self-pollen by degrading
rRNA (Luu et al, 2000). In the non-self-pollen tubes that
grow in the style, the S-RNase is degraded by an S-locus
F-box protein (Sijacic et al., 2004). In Nicotiana tabacum,
HT-B, a small secreted protein, participates in the SI reaction
as a non-S-specific factor by controlling sequestration of the
S-RNase (Goldraij et al., 2006). In the Papaveraceae, the
female S-locus determinant gene encodes a small (approx.
15 kDa), soluble protein, PrsS (Papaver rhoeas stigma S)
(Foote et al., 1994). 1t is secreted from the stigmatic papillae
cells and interacts with the male determinant, PrpS
(P. rhoeas pollen S), which is a small (approx. 20 kDa)
protein with predicted transmembrane domains (Wheeler
et al., 2009). The S-allele-specific interaction triggers
Ca’"-mediated signalling, which results in actin depolymeri-
zation and programmed cell death responses in the self-pollen
(Bosch and Franklin-Tong, 2008; Poulter et al., 2010).

Although the SI signalling pathways in some species have
been well documented, most of the angiosperms are self-
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compatible and less is known about the mechanisms of compa-
tible pollination. The initial step for pollen—pistil interaction is
the physical adhesion of the pollen grain to the stigma. For the
dry stigma of Brassicaceae, pollen coat proteins play a signifi-
cant role in pollen adhesion. An Arabidopsis thaliana lipophi-
lic molecule in the exine of the pollen coat mediates pollen
grain adhesion to the dry surface of the papillar cells in a
species-specific manner (Zinkl et al., 1999). Two small,
secreted Brassica pollen coat proteins, SLR1-BP1 (approx.
9 kDa) and SLR1-BP2 (approx. 6 kDa), function in pollen
grain adhesion by interacting with S-locus glycoprotein
(SLG)-like receptor 1 (SLR1) (Luu et al., 1999; Takayama
et al., 2000).

Following physical contact with the stigma, pollen becomes
hydrated and produces the pollen tube. The Brassica
PM-localized aquaporin-like protein, MIP-MOD (approx.
30 kDa), was shown to function in pollen hydration and germi-
nation, supposedly by regulating the water supply to pollen
(Dixit et al., 2001). In tobacco, lipids are thought to be essen-
tial for pollen hydration and tube growth (Lush e al., 1998;
Wolters-Arts et al., 1998). The Arabidopsis pollen coat was
shown to be enriched in lipases and lipid-binding oleosins
(approx. 50 kDa) including GRP17 (Mayfield et al., 2001).
The T-DNA-inserted null mutant grp/7-1 pollen displayed a
significant delay in hydration after contact with the papillar
cells (Mayfield and Preuss, 2000). In tomato, LATS2
(approx. 20 kDa), a pollen-specific small, secreted protein, is
involved in pollen germination via an interaction with the
pollen receptor kinase LePRK2 (Tang er al., 2002; Zhang
et al., 2008). Once tomato pollen tubes germinate, LeSTIG1
(approx. 13 kDa) secreted from the stigma interacts with
pollen LePRK receptors to promote tube cell growth in the
stigma (Tang et al., 2004).

In the stigma and the style, pollen tubes grow in the ECM of
the TT, a specialized, secretory tissue where they are guided to
the female gametophyte. In lily, small, secreted proteins
[stigma/style cysteine-rich adhesins (SCAs), approx. 9-3 kDa;
and chemocyanin, approx. 9-8 kDa] function in adhesion-
mediated and chemotropic pollen tube guidance, respectively
(Park et al., 2000; Kim et al., 2003). In the Arabidopsis TT,
v-aminobutyric acid (GABA) was shown to form a gradient,
contributing to precise pollen tube guidance to the micropyle
(Wilhelmi and Preuss, 1996; Palanivelu er al., 2003). In
tobacco, transmitting tissue-specific (TTS) glycoprotein
(approx. 100 kDa) promotes pollen tube growth and its
RNAi (RNA interference) plants are female sterile (Cheung
et al, 1993, 1995). TTS becomes deglycosylated at the
growing pollen tube tip, forming a spatio-temporal glycosyla-
tion gradient for pollen tube attraction (Wu et al., 1995). The
gradient of a chemoattractant is proposed as a widespread
mechanism for pollen tube guidance across angiosperm
species.

Pollen tubes require cell wall-modifying activity to grow
through the extracellular space in the stylar TT. A Zea mays
pollen-specific extensin-like protein (Pexl, approx. 80 kDa)
is a secreted, glycosylated protein with a conserved
leucine-rich repeat (LRR) and a variable extensin-like
domain (Stratford er al., 2001). Pex1 functions as a male
factor in pollen tube growth in the TT (Rubinstein er al.,
1995a, D). An expansin-like activity is also required for
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pollen tubes to penetrate the rigid cell walls of the TT
(Cosgrove et al., 1997; Grobe et al., 1999). Pollen-specific
pectin methylesterase (PME), a cell wall-modifying enzyme,
was reported to enhance pollen tube tip dynamics and
growth (Bosch and Hepler, 2005; Bosch et al., 2005; Jiang
et al., 2005).

The female gametophyte governs pollen tube entrance to the
micropyle (Shimizu and Okada, 2000; Palanivelu and Preuss,
2006). Pollen tube growth was arrested in Arabidopsis ovule-
defective mutants, suggesting the presence of a signal from
the female gametophyte (Hulskamp et al., 1995; Ray et al.,
1997). A laser ablation study using Torenia fournieri demon-
strated that the micropylar guidance signal for pollen tubes
comes from the synergid cells (Higashiyama et al., 2001).
Two defensin-like cysteine-rich polypeptides (TfCRP1 and
TfCRP3, 8-6 and 9-8 kDa, respectively) are found in the syner-
gid cells and act as diffusible attractants for pollen tube target-
ing to the egg apparatus (Okuda et al., 2009). In terms of
guidance signalling, small, secreted proteins appear to be the
most common factors. Their roles in successful fertilization
may be accomplished through an interaction with a
PM-localized partner. Z. mays egg apparatus 1 (ZmEAl), a
small (approx. 10 kDa) protein with a predicted transmem-
brane domain, was shown to be essential in micropylar
pollen tube guidance (Marton et al., 2005). Arabidopsis
FERONIA is a PM-localized receptor-like kinase in the syner-
gid cells (Escobar-Restrepo et al., 2007) and feronia pollen
tubes fail to release the sperm cells following their entrance
into the receptive synergid (Huck ez al., 2003). Arabidopsis
GENERATIVE CELL SPECIFIC I/HAPLESS2 (GCSI1/
HAP2), a putative transmembrane protein (approx. 80 kDa),
functions in targeting pollen tubes to the ovule as well as in
fusion of the gametes at fertilization (von Besser er al.,
2006; Mori et al., 2006).

DISCOVERY OF ADHESION AND
CHEMOTROPIC FACTORS IN LILY POLLEN
TUBE GUIDANCE

It is difficult to study in vivo pollen tube growth in the pistil so
development of in vitro bioassays was necessary to increase
our understanding of compatible pollination in the angios-
perms. The lily flower has a large pistil (approx. 15 cm), an
open hollow style and a wide stigma covered with secreted
carbohydrate-rich exudates. These features allowed us to
obtain sufficient amounts of tissue for in vitro assays and
protein purification procedures. On the lily stigma, pollen
tubes show directional growth toward the entrance to the
hollow style. This guidance on the stigma was mimicked
using an in vitro pollen tube reorientation assay. When
pollen tubes were placed in the vicinity of an agarose well con-
taining the purified stigma proteins with the tube tips facing
away from the well, they reoriented to grow up a gradient of
the chemotropic source in the well. A high resolution purifi-
cation method using reverse-phase high-performance liquid
chromatography (HPLC) and mass analysis identified a
small, secreted plantacyanin family protein, chemocyanin
(Kim et al., 2003), as the chemotropic molecule responsible
for this reorientation.
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In the hollow style of lily, pollen tubes grow adhering to the
inner surface that consists of a layer of the specialized trans-
mitting tract epidermis (TTE). This haptotactic (adhesion-
mediated) pollen tube guidance was reconstituted in an in
vitro pollen tube adhesion assay (Jauh et al., 1997). It con-
sisted of nitrocellulose membrane-bound ECM from the
style, on which lily pollen tubes grew and tightly adhered.
This bioassay allowed us to isolate two adhesion molecules:
SCA, a small, secreted lipid transfer protein (LTP), and low
esterified pectic polysaccharides (Mollet er al., 2000; Park
et al., 2000). An ionic interaction between SCA and pectins
is critical in forming the functional, adhesive matrix (Mollet
et al., 2000). Neither of these molecules alone was active in
the adhesion assay.

LILY SCA, A PLANT LIPID TRANSFER PROTEIN

Plant LTPs are small (7—10 kDa), basic (pl 8-8—10) proteins
and are commonly found in the angiosperms as a multigene
family (Vignols et al., 1994; Kader, 1996; Arondel et al.,
2000). LTP protein structure has several conserved features:
a 3-D globular shape composed of four a-helices, three
loops and a long C-terminal tail, which are stabilized by
four disulfide bridges with eight conserved cysteines (Shin
et al., 1995; Gomar et al., 1996; Heinemann et al., 1996).
Depending on the disulfide bond arrangement and protein
size, plant LTPs can be classified into two groups: type 1
(LTP1, approx. 10 kDa) and type 2 (LTP2, approx. 7 kDa)
(Kader, 1997; Douliez et al., 2000a). The most outstanding
feature of this hydrophilic molecule is a hydrophobic cavity
that runs through the whole molecule and, in several known
cases, is capable of interacting with the acyl chain of a phos-
pholipid molecule and fatty acids in vitro (Zachowski et al.,
1998; Hamilton, 2004). Plant LTPs appear to have no speci-
ficity for binding lipids, and they even bind two monoacylated
lipid monomers (Charvolin et al., 1999; Douliez et al., 20000,
2001) or a diacylated lipid (Sodano et al., 1997). Although
many LTPs were shown to be able to interact with various
lipid molecules in test tubes, no in vivo LTP-lipid complex
has been isolated and shown to have biological significance.

Plant LTPs contain a secretory signal peptide and are
located in the extracellular space (Bernhard et al, 1991;
Thoma et al., 1993). For the last two decades, diverse extra-
cellular biological functions of plant LTPs and LTP-like pro-
teins have been explored. Onion (Allium cepa) Ace-AMP1
and barley (Hordeum bulgare) LTP4 showed defensive roles
against fungal and microbial pathogens (Phillippe er al.,
1995; Molina and GarciaOlmedo, 1997). Arabidopsis defec-
tive in induced resistance 1 (DIR1) is involved in systemic
acquired resistance (SAR) (Maldonado et al., 2002). Azelaic
acid-induced 1 (AZI1) is involved in salicylic acid
(SA)-mediated plant defence (Jung et al., 2009). Arabidopsis
glycosylphosphatidylinositol-anchored LTP 1 (LTPGl), an
LTP-like molecule, plays a role in cuticular wax deposition
(DeBono et al., 2009). In addition, there is evidence that
plant LTPs function in plant growth and development (Chae
et al., 2010). Tobacco LTP2 mediates cell wall loosening
in vitro (Nieuwland et al., 2005).

Plant LTPs are also implicated in pollen tube guidance. Lily
LTP, SCA, is secreted from the pistii TTE and functions
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Fi1G. 1. Two lily SCA isoforms that have identical pectin binding ability show
different levels of pollen tube adhesion activity in vitro, with correlating struc-
tural differences. (A—F) Three-dimensional structures of SCA1 and SCA3
were generated by homology/MD modelling using the crystal structure of
maize LTP (Shin et al., 1995) as the template. Both SCA1 (A) and SCA3
(B) have the typical plant LTP-like structure: a globular shape of the orthog-
onal four-helix bundle architecture, four disulfide bonds, an internal hydro-
phobic and solvent-inaccessible cavity, and a long C-terminal tail. H1-H4
indicate helices 1-4, respectively. L1-L3 represent loops 1-3. G26 in
SCAT1 does not interact with D9 (C). R26 in SCA3 is shown to have strong
hydrogen bonding and salt bridge interactions with D9 (D). SCA1 (E) has a
larger internal hydrophobic cavity (grey), compared with SCA3 (F). (G) In
vitro adhesion assays using HPLC-purified SCA isoforms. SP, pectin matrix
prepared with SCA-enriched size-column fractions prior to the HPLC purifi-
cation as a positive control of adhesion activity; Pectin, pectin matrix alone
without any protein (a negative control); BSA, pectin matrix with bovine
serum albumin (BSA) replacing SCA (a negative control); HPLC 24-30,
pectin matrices containing the HPLC-purified SCA proteins from size-column
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in forming an adhesive matrix with pectin that guides pollen
tubes to the ovules (Mollet et al., 2000; Park et al., 2000).
There are three SCA isoforms found in the lily stigma
secretion with similar molecular masses (SCA1l, 9370 Da;
SCA2, 9384 Da; and SCA3, 9484 Da) (Chae et al., 2007).
Among them, two SCAs (SCA1 and SCA3) were predicted
to have a typical LTP-like structure (Fig. IA—F). One amino
acid difference (Gly26 in SCA1 and Arg26 in SCA3)
between the two was predicted to result in significant structural
changes, especially in the size of the internal hydrophobic
cavity. Correlating with this, the two SCA isoforms showed
different levels of in vitro pollen tube adhesion activity
(Fig. 1G). However, they showed identical pectin binding abil-
ities, by which SCA and pectin form an adhesive matrix via
ionic interaction (Fig. 1H, I). The predicted electrostatic poten-
tials of both SCAs show that they are not different in their
charge interaction with a negative pectin moiety (Fig. 1J).

This structure—function study suggests dual roles for SCA in
pollen tube adhesion and tip growth. SCA may act as a lectin-
like molecule on the pollen tube cell wall back from the tip,
where adhesive pectins are mainly found, providing an ionic
‘glue’ for the link to the pectins on the surface of the stylar
TTE (Lord, 2000; Mollet et al., 2007). However, stylar SCA
was also shown to bind the tip region of in vitro growing
pollen tubes and then internalize to the cytoplasm of the
tube cell through an endocytotic pathway (Kim et al., 2006).
Specific correlation of the internal hydrophobic cavity
volume to adhesion activity implies that an as yet unknown
SCA-binding partner may exist at the pollen tube tip to influ-
ence tube growth and thereby adhesion rates. SCA may func-
tion in pollen tube tip growth signalling.

The proposed role of SCA in pollen tube tip growth was
further evidenced by a genetic study using A. thaliana. A
genome-wide screening of SCA-like Arabidopsis LTP proteins
and the phenotypic examination of T-DNA insertional mutants
revealed one SCA-like Arabidopsis LTP mutant (ltp5-1,
SALK104674) displaying disturbed pollen tube growth in the
pistil and decreased seed numbers in the mature siliques
(Chae et al., 2009). This was initially thought to be caused
solely by a pistil defect, since SCA was known to be secreted
from the stylar TTE and to act as a female factor to guide lily
pollen tube growth. However, the reciprocal cross-pollination
study showed that the defect in /tp5-1 in pollen tube growth

fractions 24 (SCA2-enriched), 27 (SCAl-enriched) and 30 (SCA3-enriched),
respectively. The insert shows equal amounts of proteins (5 ug) from each
fraction, applied to the bioassay. (H) In vitro pectin-binding assay. SP, positive
protein control prior to HPLC purification; C, a 10 pL aliquot of protein—
pectin mixtures as the loading control; R, retentate from the 100 kDa cut-off
spin-column containing proteins bound to pectins; E, eluate containing pro-
teins washed off by 1 m NaCl. (I) Ionic strengths of SCAs needed to be
detached from the pectin matrix. SP28 and SP31, size-column fractions 28
(SCATl-enriched) and 31 (SCA3-enriched), respectively; C, the loading
control; 0—1000 mm NaCl, eluates containing proteins that were serially
washed off using a gradient of ionic strengths; L, retentate containing proteins
that were left over in the spin-column after the final elution using 1 m NaCl. (J)
Electrostatic potentials for homology/MD structures of SCAs. Isopotential
contour plots at +1 kBT e~ ' for both SCAI and SCA3 were generated
using GRASP at 0 and 50 mm ionic strengths. Blue indicates a positive and
red a negative electrostatic potential. This research was originally published
in Journal of Biological Chemistry (Chae et al., 2007). Copyright the
American Society for Biochemistry and Molecular Biology.
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Fi1G. 2. A gain-of-function mutant for Arabidopsis LTPS, an SCA-like LTP, shows defects in polar pollen tube tip growth and pistil function for seed formation.
(A-D) In vivo reciprocal cross-pollination of /tp5-1 to wild-type plants. Flowers at stage 12 (Smyth et al., 1990) were emasculated a day before each
cross-pollination (n = 15 per cross). At 12 h after pollination, 6—7 pistils were fixed, and pollen tube growth was examined by aniline blue staining. The remain-
ing pollinated pistils ripened into mature siliques in 8 d. Siliques were then dissected for examination of fertilized ovules. Scale bars = 200 mm. Arrows indicate
the pollen tube front in the pistil. Asterisks designate unfertilized ovules in the silique. Scale bars = 1 mm. (E, F) Pollen from mature flowers was grown on
solid germination medium in vitro for 6 h at room temperature. Arrows indicate pollen tube tips. Scale bars = 100 mm. (G, H) GUS (B-glucuronidase) assay
of an LTP5,,:GUS flower. (G) A weak level of gene expression (arrow) was identified in pollen tubes grown on the solid medium in vitro for 6 h.
Scale bars = 10 mm. (H) A dissected pistil showed a low level of gene expression in the pistil TT (arrow). Scale bar = 400 mm. (I) Superposition of ribbon
representations of the structures of LTPS and 1tp5-1. The structures were generated using homology modelling and 1 ns molecular dynamics simulations. The
additional, predominantly hydrophobic, C-terminal tail of Itp5-1 is shown to cap one side of the protein, which is known to be an entrance for a putative
ligand to the internal hydrophobic cavity in maize LTP (Han et al., 2001). Red, LTPS; blue, Itp5-1; HI—H4, helix 1-4. (J) A focused view of the superposition
of (I) is shown, with residues of interest (Arg45, Tyr81, Val91 and Tyr91) depicted in ball and stick representations. Replacement of Val91 in LTP5 with Tyr91 in
1tp5-1 results in stabilizing m-cation interactions with Arg45 and mr-stacking interactions with Tyr81. The colouring scheme is the same as in (I). This research was
originally published in The Plant Cell (www.plantcell.org) (Chae et al., 2009). Copyright American Society of Plant Biologists.

was mainly dependent on pollen itself (Fig. 2A—-D). The ltp5-1 cross (Fig. 2D), similar to the mutant pollination (Fig. 2B).
pollen tubes grew only up to the middle of the wild-type pistil  When in vitro grown, the ltp5-1 pollen tubes displayed abnor-
in 12 h (Fig. 2D), by which time the wild type has arrived at mally swollen tips and growth cessation in 6 h (Fig. 2F). The
the base of the pistil (Fig. 2A). Therefore, no fertilized LTPS5 gene expression was found in pollen tubes at a low level
ovules were found in the bottom half of the pistil in this (Fig. 2G). To date, several Arabidopsis LTP genes and lily SCA
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have been shown to be expressed in various tissues, but not in
pollen (Thoma et al., 1994; Clark and Bohnert, 1999; Arondel
et al., 2000; Park and Lord, 2003). The LTP5 gene was also
weakly expressed in the pistil TT (Fig. 2H). The ltp5-1 pistil
seed sets were decreased when wild-type pollen was used in
a cross (Fig. 2C), suggesting that the lfp5-1 mutation might
interfere with pollen tube guidance to the female gametophyte.
Further study revealed that ltp5-1 was a gain-of-function
mutant (Chae et al., 2009).

As for lily SCAs, both Arabidopsis LTP5 and the aberrant
Itp5-1 proteins were predicted to have a typical plant LTP
structure (Fig. 2I). However, Itp5-1 was shown to have an
additional C-terminal tail (Fig. 21, blue). Interestingly, Tyr91
in the Itp5-1 tail sequence was predicted to localize in close
proximity to Arg45 and Tyr81, which are crucial residues in
maize LTP that interact with a lipid molecule (Han ef al.,
2001). Although there is no evidence that SCAs or
Arabidopsis LTPS have any ligand in their hydrophobic cav-
ities, the structural studies suggest that these LTPs may func-
tion in pollen tube tip growth by interacting with a putative
binding partner. The ballooned pollen tube tip of ltp5-1 is
highly similar to those of ROP signalling mutants (Li ef al.,
1999; Fu et al, 2001; Gu et al., 2006) and its putative
upstream receptor kinase (Zhang and McCormick, 2007),
suggesting that Arabidopsis LTPS may act as a cue for
pollen tube tip growth signaling.

DO ARABIDOPSIS SCA-LIKE LTPS PLAY
DIVERSIFIED ROLES IN PLANT
REPRODUCTION?

In the A. thaliana genome, about a hundred LTP or LTP-like
molecules are found, and 13 conventional plant LTPs are
highly homologous to lily SCA (>40 % amino acid identity)
(Fig. 3A). These Arabidopsis LTP genes are also known as
2008).

pathogenesis-related (PR)-14 genes (Sels et al.,

A At2g15325
At4g28395
At2g18370
At4g33355
At5g01870
At3g08770 (LTP6)
At3g51600 (LTP5) —
At2g15050 (LTP7)
At2938530 (LTP2) E
At2g38540 (LTP1)
Lily SCA1
Maize LTP
At3g51590 (LTP12)
At5g59320 (LTP3)
At5g59310 (LTP4) = ‘

—— 0-1 changes
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Although functional redundancy appears to occur in
Arabidopsis SCA-like LTPs, a recent study proposes that
they may be highly diversified in their roles in plant growth
and fertilization (Chae et al, 2010). Arabidopsis LTPI/2,
LTP3/4 and LTP5/12 genes are located right next to each
other in tandem orientation, appearing as duplicated pairs
(Arondel et al., 2000). The LTP1/2 and LTP3/4 pairs showed
>80 % cDNA sequence identity, but their gene expression pat-
terns are highly varied in Arabidopsis reproductive tissues.
LTP] is present most abundantly in the stigma and the style
(Fig. 3B), where pollen tubes initiate their growth, while
LTP2 was found only in the pedicel (Fig. 3C). LTP3 showed
its specific expression in the ovules (Fig. 3D), while LTP4
was expressed in the style (Fig. 3E). LTP5 displayed the
weakest level of gene expression among the SCA-like LTP
genes (Fig. 3F); however, it has specific gene expression in
pollen tubes and the pistili TT (Fig. 2G, H). LTP6 also
showed gene expression in the style and the ovule (Fig. 3G),
but LTP7 does not show any significant gene expression in
reproductive tissues (Fig. 3H). These diversified gene
expression patterns of SCA-like LTP genes suggest that each
gene plays its own role in the pistil for pollen tube growth
and guidance.

LILY CHEMOCYANIN, A PLANTACYANIN
FAMILY MEMBER

Plantacyanins are small ECM proteins that belong to the
ancient, plant-specific phytocyanins, which are classified as a
subfamily of blue copper proteins (Ryden and Hunt, 1993).
The blue copper proteins have a conserved copper-binding
site, formed by two histidines, one cysteine, and one methion-
ine, glutamine or leucine. Unlike other blue copper proteins,
two histidines in the copper-binding site of plantacyanins
were shown to be exposed to the surface (Einsle et al.,
2000), which may facilitate an interaction with ligands.

c e L7P2 |D " L7P3 |E LTP4
—
--' se l{ov e‘ e
o v
,‘ L
—_ <0 —‘x! —' se
sy LTP5 G LTP6 H LTP7
<—pe
w &

Fic. 3. The SCA-like LTP group in Arabidopsis thaliana. (A) Phylogenetic relationships of SCA and SCA-like LTPs in Arabidopsis. The asterisk indicates lily
SCA, maize LTP and seven closely related Arabidopsis SCA-like LTPs. The values on the branches indicate the number of bootstrap replicates supporting the
branch. Only bootstrap replication values >50 are shown. This research was originally published in The Plant Cell (www.plantcell.org) (Chae et al., 2009).
Copyright American Society of Plant Biologists. (B—H) GUS analysis for gene expression patterns of SCA-like Arabidopsis LTP genes in mature floral
tissues. This research was originally published in Journal of Experimental Botany (Chae et al., 2010). Copyright the Society of Experimental Biology.
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Plantacyanins from Arabidopsis, spinach and cucumber
harbour one methionine at the fourth copper-binding site,
which is thought to provide a high redox potential
(Nersissian et al., 1998), but lily plantacyanin contains
leucine at this site instead (Kim et al., 2003). A ragweed plan-
tacyanin, Ra3, does not contain histidines in the binding site
and does not display copper-binding activity (Hunt et al.,
1985). Their copper-binding abilities and reactive oxygen
species (ROS) production with respect to structural changes
need to be further evaluated to understand their biological
roles in plants.

No functionality of plantacyanins had been identified until
chemocyanin, the lily plantacyanin secreted from the pistil,
was shown to act as an external signal to regulate in vitro
pollen tube reorientation (Kim e al., 2003). Localization of
external chemocyanin at the tip of in vitro growing pollen
tubes (Kim et al., 2004) may be related to ROS accumulation
at the dynamic tip membrane. ROS are known to influence
intracellular signalling by activating calcium channels in the
plasma membrane (Pei et al., 2000; Foreman et al., 2003).
Activated calcium channels trigger calcium influx through
the plasma membrane of the growing pollen tube tip (Hepler
et al., 2001), which results in a tip-focused intracellular
calcium gradient for directional pollen tube growth (Malho
et al., 2000). A reorientation of the tip-focused calcium
gradient occurs during pollen tube tip reorientation (Hepler
et al., 2001).

There is a single plantacyanin gene (At2g02850) found in
the Arabidopsis genome. The amino acid identity with lily
chemocyanin is 51-9 %. Unfortunately, the knock-down did
not display any phenotype. The gene expression was most
abundant in the inflorescence, especially in the stigma and
the style (Dong et al., 2005). Immunolocalization showed
that plantacyanin is present in the surface of the stigmatic
papillar cell and in the TT from the style to the ovary, where
pollen tubes germinate and are guided to the ovule (Dong
et al., 2005). On the papillar cells of the Arabidopsis plant
over-expressing plantacyanin, many wild-type pollen tubes
could not grow toward the style/ovary, making many turns
around the papillar cell surface and ending their growth at
the papillar cell tip (Fig. 4E). This loss of directionality
might be due to a disturbed gradient of guidance cues with
over-expression of plantacyanin. This failure in pollen
tube guidance resulted in smaller seed sets in plantacyanin
over-expression lines, compared with the wild type (Fig. 4B
and C).

A gradient of Arabidopsis plantacyanin was found in the
embryo sac (Dong et al., 2005) with as yet unknown function-
ality. When travelling through the pistil TT, Arabidopsis pollen
tubes emerge through breaks in the septum epidermis and
adhere to the surface of this secretory epidermis until precisely
targeted to the ovules (Lord, 2000). Further study is necessary
to determine whether plantacyanin acts as a signalling cue in
pollen tube guidance to the ovule. Some Arabidopsis
SCA-like LTPs are also present in the female gametophyte
(Fig. 3) and may be involved in adhesion-assisted guidance.
The activity of lily chemocyanin is synergistically enhanced
by the presence of SCA in the pollen tube reorientation
assay (Kim er al., 2003), so both may interact in guidance in
the pistil.
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Fic. 4. Plantacyanin over-expression lines were used to examine the effect of
increased levels of Arabidopsis plantacyanin in the stigma on pollination with
wild-type (COL) pollen. Plantacyanin protein levels in the pistils (A) at flower
stage 12—13 of OXPs (homozygous T, generation) are much higher than those
of the wild type (COL), as revealed by protein blots. The protein loading
control used was Ponceau S staining of the Rubisco large subunit. (B, C)
Over-expression pistils pollinated with wild-type pollen produce siliques
with fewer seeds than the wild type (COL). The numbers of T, homozygous
pistils hand pollinated after emasculation of flowers are COL (n=75),
OXP12 (n=21) and OXP24 (n=23). Values are means =+s.d. (D)
Scanning electron microscope images of wild-type pollen on wild-type
stigma (two images). Dotted lines trace the path of the pollen tube after it pene-
trates the papilla cell wall. P, papilla cell, Po, pollen grain. (E) Wild-type
pollen on over-expression stigmas showed aberrant tube growth after pen-
etration of the papilla cell wall. Pollen tubes make many turns around the
papilla cell in the over-expression stigmas (OXP12; left). One pollen tube
shown (OXP12; right) grew away from the style and ended up at the papilla
cell tip (arrow). In a semi-in vivo analysis (F), the over-expression stigma
(left) and the wild-type stigma (right) were pollinated with wild-type pollen
and cultured on an Arabidopsis pollen growth medium. Pollen tubes that pene-
trate the stigma/style were quantified. No significant difference in number was
found between the transgenic and control samples. Scale bars = 20 wm. This
research was originally published in Plant Physiology (www.plantphysiol.org)
(Dong et al., 2005). Copyright American Society of Plant Biologists.

OUTLOOK

A series of biochemical and genetic studies on plantacyanin
(Kim et al., 2003; Dong et al., 2005) and LTPs (Park ef al.,
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2000; Chae et al., 2007, 2009), and defensin-like proteins
(Okuda et al., 2009) revealed their pivotal roles in pollen
tube guidance during compatible angiosperm fertilization.
By analogy, they may be proposed to function through a puta-
tive interacting partner such as a membrane receptor. In
Arabidopsis, small, secreted proteins function in diverse
receptor-mediated signalling events. Secreted CLV3 interacts
with a membrane-bound receptor—protein complex (CLV1
and CLV2) to regulate Arabidopsis shoot apical meristem
cell proliferation and differentiation (Clark, 2001).
EPIDERMAL PATTERNING FACTOR1 (EPF1) functions
in stomata cell differentiation and its role is dependent on
TOO MANY MOUTHS (TMM) receptor-like protein and
ERECTA (ER) family receptor kinases (Hara et al., 2007).
In neuronal axon guidance, the CXC motif chemokine
stromal cell-derived factor 1 (SDF1) is a small, secreted
protein that interplays with the CXC chemokine receptor 4
(CXCR4) (Stumm and Hollt, 2007). Yeast mating pair cells
utilize small, secreted a/a factors and PM-localized Ste2p
receptors to trigger downstream signalling for polarized cell
growth toward each partner (Madden and Snyder, 1998).

The fact that Arabidopsis SCA-like LTPs appear to be multi-
functional in plant vegetative growth and sexual reproduction
(Chae et al., 2010) suggests possible interactions with
diverse putative receptors. A mammalian [-defensin, a
small, secreted protein, was proposed to participate in
diverse cell signalling events by interacting with different
receptors for immunity and pigmentation (Candille et al.,
2007; Dorin and Jackson, 2007). One plant guidance molecule
may trigger either attractive or repulsive signalling, depending
on the combination of its putative receptors, as in the neuron.
Netrin, a secreted chemoattractant for neuronal outgrowth,
plays dual-opposite roles via different combinations of its
interacting receptors, UNC-5 and UNC-40 (Hong et al.,
1999). The field of pollination/fertilization remains an
exciting frontier in plant signalling, and small proteins play a
leading role.
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