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Dr. Bruce A. McClure, Dissertation Supervisor

ABSTRACT

Flowering plants control fertilization through pollen-pistil interactions.  Self-incompat-

ibility (SI) is a well-studied pollen-pistil interaction that promotes cross-pollination.  SI is con-

trolled by a multi-haplotype locus called the S-locus.  In Nicotiana alata, S-RNase is a product of

the S-locus and regulates specificity in the pistil, while S-locus F-box protein (SLF) controls

specificity in the pollen.  The interaction between S-RNase and SLF determines whether the

pollination is compatible or incompatible.  In an incompatible cross, the ribonuclease activity of

S-RNase inhibits pollen tube growth.  Genetic experiments indicate that, in addition to S-RNase

and SLF, non-S-factors are also required for SI.  S-RNase binding proteins represent potential

non-S-factors required for SI.  Using affinity chromatography, we found that S-RNase self-

associates and three homologous stylar glycoproteins - the 120kDa glycoprotein (120K), N. alata

pistil extensin-like protein III (NaPELP III), and N. alata transmitting tract specific glycoprotein

(NaTTS) - bind directly to S-RNase.  I studied the oligomerization of S-RNase in detail and

found that self-association is dependent on S-haplotype and buffer conditions.  I determined that

the components of the S-RNase complex account for 30% of soluble pistil protein.  120K is the

most likely candidate for a non-S-factor because it enters the cytoplasm of growing pollen tubes

and shows polymorphism when SI and self-compatible Nicotiana species are compared.  To test

its role in SI, I suppressed 120K expression using RNAi.  Suppressing 120K caused a breakdown

of SI, confirming that it functions in SI.
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1  General Introduction

1.1  Pollination

1.1.1  Flower Structure

In the angiosperms, the male and female gametes are produced in flowers.

Flower organization and structure are diverse (Weberling, 1989), but most flowers are

structured to promote fertilization.  In addition to the production of gametes, flowers

produce specialized organs that facilitate pollination (Lloyd and Barrett, 1996).  For

example, the diverse colors and shapes of the inflorescence, or petal structures, attract

pollinators.  Stamens may be strategically positioned to aid in this process.  However, the

pistil provides a physical barrier between the stigma, where pollen is received, and the

ovules, where fertilization occurs.  Thus, pollen-pistil interactions allow control over

fertilization.

Pistils are composed of three regions that correspond to the phases of pollen tube

growth: stigma, style, and ovary.  Pollen is captured and hydrated on the stigma at the

receptive end of the pistil.  Stigmas have been classified as “dry” and “wet” types.  Wet

stigmas are covered with a layer of sticky exudate that adheres to pollen and aids hydra-

tion.  Dry stigmas do not have this exudate, but instead have specialized cells that bind to

pollen grains and supply the hydration fluid.  Hydrated pollen tubes germinate, and the

resulting pollen tubes grow through the style.  The style contains transmitting tract cells

that create an extracellular matrix (ECM) for pollen tubes to grow on or through.  The

transmitting tract nourishes growing pollen tubes and directs them toward the ovary.  In

the ovary, pollen tubes fertilize the ovules to produce the embryo.  Often the ovary tissue

becomes the fruit that provides protection and aids dispersal.
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1.1.2  Pollen Tube Growth

Pollen tube growth occurs exclusively at the tip.  Growth is associated with a tip

focused calcium gradient and is inhibited by treatments that abolish the calcium gradient

(Taylor and Hepler, 1997).  The gradient, which is thought to be important for localized

secretion, is associated with a distinct pattern of vesicular flow.  Vesicles move toward

the tip near the cell wall and flow in the opposite direction in the center (Geitmann,

2000).  There is an abundance of vesicles at the tip, which is called a “clear zone” be-

cause of its appearance in light microscopy (Lennon and Lord, 2000, Taylor and Hepler,

1997).

Pollen tubes grow very quickly and travel relatively long distances.  Compatible

N. alata pollen has been reported to grow 20-25mm per day (Lush and Clarke, 1997).

Thus, pollen tubes can transverse a N. alata S
C10

S
C10

 pistil (average length 45mm) in 48 to

60 hours.  Research indicates that pollen tube growth occurs in a rhythmic pattern of

pauses and elongation (Pierson et al., 1996).  The oscillation of growth is accompanied

by oscillations in ion gradients (especially Ca2+), proton fluxes, and pH gradients (Hepler

et al., 2001).  These patterns are thought to alter exocytosis, endocytosis, turgor pressure,

and wall properties in a coordinated manner.

As pollen tubes elongate through the pistil, they deposit specialized cell walls.

The main wall component at the tip region is esterified pectin, which provides extensibil-

ity. Further from the tip, the pectins are de-esterified by pectin methyl-esterases.  These

de-esterified pectins then become crosslinked in the presence of calcium, providing

rigidity along the cylindrical wall structure (Geitmann, 1999).  In addition, a secondary

callose wall is deposited several microns from the tip (Ferguson et al., 1998, Heslop-

Harrison, 1987).  As the pollen tube extends, callose plugs are formed in the posterior

region of the pollen tube to maintain consistent cytoplasmic volume (Ferguson et al.,

1998).  These plugs create bright spots when stained with decolorized aniline blue, which

aids analysis of pollen tube growth (Figure 1.1, Kho and Baer, 1968).
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Figure 1.1  Aniline Blue Stained Pollen Tubes

Micrograph of compatible pollen tubes stained with decolorized aniline

blue (Kho and Baer, 1968).  Pollen tubes appear as fibers with brightly staining

callose plugs.

100µm
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1.2.3  Pollen-Pistil Communication

The pistil communicates with pollen tubes using biochemical signals.  These

signals affect the direction and speed of growth.  Interactions between pollen proteins and

pistil proteins in the ECM are thought to relay these signals.  For example, two trans-

membrane receptor kinases discovered in Lycopersicon esculentum pollen interact with

pistil and pollen proteins in the ECM.  LePRK1 and LePRK2 are localized near the tip of

growing pollen tubes (Muschietti et al., 1998). Their extracellular domains have been

shown to interact with a number of cysteine-rich pollen and pistil proteins (Tang et al.,

2002), including a secreted pollen protein, LAT52, required for pollen hydration and

elongation (Muschietti et al., 1994).  LePRK1 and LePRK2 form a complex in vivo and

when expressed in yeast.  However, the complex disassociates upon treatment with style

extract (Wengier et al., 2003).  Perhaps molecules from the pistil ECM alter the intracel-

lular signal from LePRK1 and LePRK2 and contribute to controlling pollen tube growth.

Pollen tubes grow faster and longer in vivo than in vitro (Lord, 2003).  This

indicates that pistil components or the physical environment in the pistil promotes pollen

tube growth.  In Nicotiana, the ECM includes many glycoproteins that are implicated in

this process.  Specifically, transmitting tract specific glycoprotein from N. tabacum and

N. alata, (NtTTS and NaTTS, respectively), was shown to promote pollen tube growth in

vitro (Cheung et al., 1995, Wu et al., 2000).  Transgenic tobacco plants with reduced

amounts of NtTTS protein are unable to support vigorous pollen tube growth (Cheung et

al., 1995).  NtTTS is differentially glycosylated in the pistil; higher molecular weight

forms predominate in the lower style while less glycosylated forms are more abundant

near the stigma.  NtTTS binds to the pollen tube wall and is deglycosylated by pollen

(Wu et al., 1995).  This has led to the proposal that the glycosylation gradient could help

establish polar pollen tube growth (Wu et al., 1995).  However, there also is evidence that

pollen tubes are capable of growing either direction in the style (Buchholtz et al., 1932,

Lush and Clarke, 1997).
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Some of the signals that guide pollen tube growth have been identified.  For

example, lipid droplets in the Nicotiana stigma exudate create a directional supply of

water that causes pollen tubes to grow toward the pistil (Lush et al., 1998, Wolters-Arts et

al., 1998).  In lily, a species with a hollow style, a small basic protein, chemocyanin, is

thought to direct pollen tubes into the style.  Kim et al. (2003) purified this protein from

stigma extracts using an in vitro pollen tube growth bioassay.  In this bioassay, germi-

nated pollen tubes are placed on agar with their tips directed away from a well of test

protein.  Control pollen tubes grow randomly, but if the well contains chemocyanin they

reorient and grow toward the well.  Reorientation is enhanced if stigma/stylar cysteine-

rich adhesion (SCA), a protein involved in pollen tube adhesion, is combined with

chemocyanin (Kim et al., 2003, Mollet et al., 2000, Park et al., 2000).

1.2  Pollen Selection Mechanisms

1.2.1  Incongruence

The pistil is a physical barrier between the pollen and the ovule.  This allows the

plant to reject undesirable pollen.  For this reason, pollination has been metaphorically

described as a series of “gates and locks” that must be opened for fertilization to occur

(Heslop-Harrison, 1975, Heslop-Harrison 2000).  Pollination is considered compatible

when the pistil provides the requirements for pollen tube germination and growth.  This is

distinct from compatible fertilization, which occurs only after pollen tubes reach the

ovules.  Thus, pollination may be compatible, but seed may not result if fertilization is

incompatible.

In the most basic type of pollen rejection mechanism, pollination fails because the

pollen and the pistil are incongruent.  Incongruence reflects the fact that the requirements

for rapid pollen tube growth differ from one species to the next.  Therefore, the pistil of
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one species is not likely to provide optimum conditions for pollen from unrelated species.

For example, when pollen that requires a dry stigma is placed on a wet stigma, the pollen

cannot properly hydrate and the pollination is incongruent (Heslop-Harrison et al., 1975).

Similar gates and locks contribute to controlling pollen tube growth at many stages as it

progresses toward the ovary.

1.2.2  S-specific Incompatibility

In many species, the pistil actively promotes outcrossing by rejecting pollen from

closely related individuals.  Outcrossing both increases the number of new allelic combi-

nations in populations and decreases the likelihood of expressing genetic load (Rick et

al., 1979). Because this rejection mechanism prevents selfing, it is called self-incompat-

ibility (SI).  SI mechanisms are common throughout both the grasses and broadleaf plants

and probably have played a large role in diversification and speciation.

In most cases, SI is controlled by a multi-haplotype locus (S-locus).  The S-locus

is composed of at least two components that function separately in the pollen and the

pistil.  Pollen is rejected when the pollen and pistil components have the same S-haplo-

type.  SI mechanisms are classified on the basis of where the pollen component is ex-

pressed.  In sporophytic SI mechanisms, the diploid parent produces pollen S-specificity

determinants that are deposited in the outer layer of the pollen wall, called the exine.

Thus, both the pollen and the pistil display two S-haplotypes (Figure 1.2).  In contrast, in

gametophytic SI the haploid pollen produces its own S-specificity determinant.  Thus, the

pollen displays a single S-haplotype, and pollinations between plants with only one S-

haplotype in common are partially compatible (Figure 1.3).

Three distinct types of SI have been described at the molecular level: the kinase-

based mechanism in the Brassicaceae (Luu et al., 1997, Stein and Nasrallah, 1993, Stone

et al., 1999, Takasaki et al., 2000); a calcium-dependant signal pathway in the

Papaveraceae (Hearn et al., 1996, Kakeda et al., 1998); and an S-RNase-based mecha-
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Figure 1.2  Sporophytic Self-incompatibility

Pollen produced by the S1S2 plant carries both S1- and S2-determinants.

Pollen is rejected (i.e., does not grow to the base of the style) when either S-

haplotype carried by the pollen matches either pistil S-haplotype.  Thus, these

plants are completely incompatible with each other because they both have the

S2-haplotype.
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Figure 1.3  Gametophytic Self-incompatibility

Pollen produced by the S1S2 plant expresses only the S1- or S2-determi-

nant. Pollen is rejected (i.e., does not grow to the base of the style) when the S-

haplotype of the pollen matches either S-haplotype on the pistil.  Thus, these

plants are partially compatible  because they only have the S2-haplotype in com-

mon (i.e., the S1-pollen is compatible with an S2S3 pistil,and the S2-pollen is

rejected).
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nism found in the Solanaceae, Scrophulariaceae, and Rosaceae.  Identification of the

factors required for pollen rejection has been the key to understanding these three mecha-

nisms.  This includes factors linked to the S-locus (i.e., S-specificity determinants) and

non-S-factors.

In the Brassicaceae, the S-locus receptor kinase (SRK) controls pistil specificity,

while the corresponding pollen S-factor is S-locus cysteine rich protein (SCR) (Schopfer

et al., 1999, Takasaki et al., 2000).  SCR is expressed by the sporophyte and deposited on

the pollen exine; thus, SI is sporophyticly determined.  The extracellular recognition

domain of SRK interacts with the SCR of the same S-haplotype, which causes a signaling

cascade that ultimately results in rejection (Takayama et al., 2001).  Expression of SCR

and SRK from SI Arabidopsis lyrata in SC Arabidopsis thaliana causes S-specific pollen

rejection, confirming their sufficiency for determining S-specificity (Kusaba et al., 2001).

Three non-S-factors expressed in the pistil are also known to bind to SRK.

Thioredoxin-h-like 1 and 2 (THL1, THL2) were shown to inhibit SRK activity in the

absence of SCR (Cabrillac et al., 2001).  Arm repeat containing 1 (ARC1), the other

factor, was shown to have SRK dependent E3 ubiquitin ligase activity (Stone et al.,

2003).  In an incompatible interaction (e.g., SCR
1
 binding SRK

1
), ARC1 is localized to

the proteasome; this is correlated with an observed increase in ubiquitinated proteins in

the pistil (Stone et al., 2003).  Current models predict that rejection is caused by degrada-

tion of compatibility factors in the stigma cells that are required for pollen tube growth.

In SI poppy, Papaver rhoeas, stigmatic S-proteins control pistil specificity (Foote

et al., 1994, Kurup et al., 1998, Walker et al., 1996).  These small polymorphic proteins

are thought to be ligands for a yet unidentified pollen S-receptor.  Pollen rejection is

elicited in vitro by recombinant stigmatic S-protein expressed in E. coli. (Foote et al.,

1994, Franklin-Tong et al., 1988), indicating that no other pistil proteins are required for

recognition and rejection.  The mechanism is gametophytic because the pollen expresses

the pollen S-receptor.
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In Papaver, pollen tube growth is quickly inhibited after interaction with stig-

matic S-proteins.  The inhibition is associated with increases in the cytosolic free Ca2+

and subsequent loss of the Ca2+ gradient (Franklin-Tong et al., 1993).  This is thought to

trigger multiple inhibition pathways, which ultimately result in programmed cell death

(Thomas et al., 2004).  The downstream steps include hyper-phosphorylation of a pollen

protein p26 (Rudd et al., 1996), dramatic alterations of the actin cytoskeleton (Geitmann,

2000), activation of a pollen map kinase p52 (Rudd and Franklin-Tong, 2003), and

programmed cell death responses (Thomas et al., 2004).  These primary and secondary

inhibition steps completely stop pollen tube growth.

S-RNase-based SI is found in diverse species in the Solanaceae, Scrophulariaceae,

and Rosaceae.  The broad distribution of this mechanism has led to the proposal that it

was present in the ancestor of modern dicots (Igic and Kohn, 2001, Steinbachs et al.,

2002).  The factors involved in S-RNase-based SI are reviewed in chapter 1.3.

1.2.3  Interspecific Pollen Rejection

Pollen rejection mechanisms also prevent crosses between closely related species.

Controlling interspecific pollination prevents interspecies hybridization and preserves

species identity.  SI species often exhibit well-defined crossing relationships with closely

related self-compatible (SC) species (Lewis and Crowe, 1958).  In many cases, the SI

species rejects pollen from related SC species, but the SI pollen is fertile with the SC

species.  This is a form of unilateral incompatibility (UI) (Figure 1.4).  Although there are

exceptions to this pattern between SI and SC species, the correlation between SI and UI

led to the hypothesis that both mechanisms rely on common factors (Lewis, 1949,

Pandey, 1964, Murfett et al., 1996 ).
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Figure 1.4  Unilateral Incompatibility

The crossing relationship between SI N. alata and SC N. plumbaginifolia is

an example of unilateral incompatibility.  Pollen from N. plumbaginifolia is re-

jected by N. alata, but the reciprocal cross is compatible.
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1.3  S-RNase-based Self-incompatibility

1.3.1  S-RNase

In S-RNase-based SI, S-RNase is the determinant of S-specificity in the pistil.  S-

RNase was identified based on its polymorphism and linkage to the S-locus.  Bredemeijer

and Blaas (1981) used isoelectric focusing (IEF) to show that abundant style proteins

cosegregate with pollen rejection in N. alata.  The different mobilities in IEF was an early

indication of the S-proteins’ polymorphism (Bredemeijer and Blaas, 1981).  N-terminal

sequencing of an N. alata protein that cosegregated with rejection of S
2
-pollen allowed

the corresponding cDNA to be cloned (Anderson et al., 1986).  Many similar S-locus-

linked cDNAs were subsequently cloned (e.g., Ai et al., 1990, Anderson et al., 1989,

Clark et al., 1990).  Sequence analysis showed the clones to be similar to fungal RNase

T
2
, and the S-proteins are now referred to as S-RNases (Ioerger et al., 1991, McClure et

al., 1989).

Conclusive evidence that S-RNase controls the S-specificity of the pistil comes

from transgenic experiments.  Expressing S-RNase transgenes in the pistil of SI plants

causes rejection of pollen with the new S-haplotype (Lee et al., 1994, Matton et al., 1997,

Murfett et al., 1994, Zurek et al., 1997).  For example, (SC N. plumbaginifolia x SC N.

alata) hybrids expressing a S
A2

-RNase transgene rejected S
A2

-pollen (Murfett et al.,

1994).  In addition, suppression of S
A2

-RNase in (SC N. plumbaginifolia x SI N. alata

S
A2

S
A2

) using an antisense construct disrupted S-specific pollen rejection (Murfett et al.,

1996).

The ribonuclease activity of S-RNase is directly responsible for the inhibition of

incompatible pollen.  Observations of pollen tube growth in compatible and incompatible

styles indicate that incompatible pollen tubes grow very slowly and do not progress very

far into the style.  Abnormal callose deposition and wall thickening, tube swelling, and tip
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bursting characterize the inhibition (Lush and Clarke, 1997).  McClure et al. (1990) used

radiolabeled pollen to show that pollen ribosomal RNA is degraded after incompatible

but not compatible crosses.  This led to the proposal that S-RNase functions as an S-

specific cytotoxin.  Expressing S-RNase proteins that have been inactivated by substitut-

ing the active site residues with other amino acids (e.g., H93R or H93N) in P. inflata does

not add additional S-specificity to the style (Huang et al., 1994).  In addition, a naturally

occurring S-RNase in Lycopersicon peruvianum has an H33N substitution (i.e., His is

present at position 33 in all active S-haplotypes) that results in SC (Royo et al., 1994).

Ribonuclease activity is required but not sufficient for pollen rejection.  This was

shown by testing whether bacterial RNase was sufficient for N. plumbaginifolia pollen

rejection.  E. coli RNase I was chosen because its size and charge are similar to S-RNase.

When RNase I was expressed in the style of (SC N. plumbagnifolia x SC N. alata) hy-

brids at levels similar to S
A2

-RNase, neither N. plumbagnifolia nor N. alata S
A2

-pollen

were rejected (Beecher et al., 1998).  This indicates that the RNase I ribonuclease activity

does not substitute for S-RNase in interspecific or intraspecific pollen rejection.

S-RNase is secreted into the ECM by transmitting tract cells (Anderson et al.,

1989, Cornish et al., 1987).  Extraordinary amounts of S-RNase are required for effective

pollen rejection.  One estimate indicates that S-RNase accounts for up to 50% of the

extractable protein in the style (Jahnen et al., 1989).  Studies of the developmental ex-

pression of S-RNase indicate that the greatest accumulation occurs just prior to flower

opening (Anderson et al., 1986, Clark et al., 1990).  When S-RNases are expressed below

a threshold level, S-specific pollen rejection is not observed (Murfett et al., 1996, Qin et

al., 2001).  One explanation for this is that pollen tubes posses a resistance mechanism to

overcome cytotoxicity.  This is consistent with grafting experiments that showed that

pollen tubes recover from SI inhibition when transferred to a SC style (Lush and Clarke,

1997).  An inefficient S-RNase uptake mechanism in pollen tubes also could account for
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the high threshold level of S-RNase needed for pollen rejection.

The mechanism that controls S-RNase uptake into pollen tubes has not been

elucidated.  S-RNase has been shown to enter the growing pollen tube in both compatible

and incompatible pollinations.  Luu et al. (2000) used a monospecific polyclonal anti-

body to detect Solanum chacoense S
11

-RNase in S
11

-, S
12

-, S
13

-, and S
14

-pollen tubes,

suggesting a common uptake mechanism for all S-RNases.  Our results show that S
105

-

and S
C10

-RNase are both taken up into S
A2

-, S
105

-, and S
C10

-pollen (Goldraij et al., 2005).

One hypothesis explored here is that S-RNase uptake may be combined with the uptake

of other molecules that are required for pollen tube growth.

A unique S-RNase is produced by each S-haplotype.  S-RNases from many

species have been characterized (Ioerger et al., 1991, McCubbin and Kao, 1996, Vieira

and Charlesworth, 2002).  S-RNases from the same species may have as little as 40%

amino acid identity (Tsai et al., 1992).  S-RNases from different species are often more

closely related than S-RNases from a single species.  For example, phylogenetic analysis

shows that some Nicotiana S-RNases cluster with Solanum S-RNases while others cluster

with Petunia sequences, suggesting that diversification of the S-haplotypes predates

speciation (Ioerger et al., 1990).  The most polymorphic areas, named the hypervariable

(HV) regions (Figure 1.5), are thought to be responsible for interaction with the pollen

specificity component (Anderson et al., 1989, Ioerger et al., 1991).  Analysis of non-

synonymous changes between S-RNases indicates that positive selection has specifically

acted upon the HV regions (Ishimizu et al., 1998a).  There are some functionally different

S-haplotypes that differ by only a few amino acids, most of which are located within the

HV regions (Ishimizu et al., 1998b, Matton et al., 1999, Wang et al., 2001).  However,

Zisovitch et al. (2004) recently identified two S-RNases in Pyrus communis with differ-

ent S-specificity that have identical HV regions.  This implies that other regions are also

required for S-specificity.
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Figure 1.5  S-RNase and SLF Structure Organization

Diagrams of S-RNase and SLF (S-linked F-box protein)  showing the

conserved (C1-5 and F-box) and hypervariable (HV) regions.
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Mutated S-RNase genes have been used in plant transformation experiments to

better understand how S-specificity is controlled.  Experiments using chimeric S-RNase

constructs have produced S-RNases that fail to act in S-specific pollen rejection (Beecher

and McClure, 2001, McCubbin and Kao, 1996, Zurek et al., 1997). Some of these chi-

meric S-RNases had no alteration to the HV regions, but did not function in S-specific

recognition.  This indicates that the regions responsible for S-specific pollen rejection are

not contiguous, but instead are composed of residues from multiple regions (Zurek et al.,

1997).  However, when the HV domains of the S
11

- and S
13

-RNases from S. chacoense,

which differ by only four amino acids (52, 54, 55, and 79), were swapped, the S-specific-

ity was changed (i.e., the modified S
11
-RNase now caused rejection of S

13
-pollen, Matton

et al., 1997).  When only three of the four differing residues in the HV domains were

altered, the “HVapb-RNase” showed dual specificity and caused rejection of both S
11

- and

S
13

- pollen (Matton et al., 1999).  Taken together, this indicates that these HV residues are

involved in the S-specific recognition interaction of some S-RNases; it does not rule out

the involvement of other residues that are identical between the two S-haplotypes

(Zisovitch et al., 2004).

In addition to sequence polymorphism, the number and position of N-

glycosylation sites is also not conserved among S-RNases, which results in considerable

mobility differences in SDS-PAGE (Oxley et al., 1995, 1996b, 1998, Woodward et al.,

1989).  A non-glycosylated S-RNase was tested to determine if N-glycosylation plays a

role in S-specific pollen rejection.  Expression of a Petunia inflata S
3
-RNase N29D

transgene (i.e., the single N-glycosylation site was mutated) caused normal rejection of

S
3
-pollen (Karunanandaa et al., 1994).  Thus, N-glycosylation of S-RNase is not required

for pollen rejection and differential glycosylation is not important for S-specific recogni-

tion.
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1.3.1.1  S-RNase Structure

Sequence analyses have defined five conserved regions thought to be responsible

for the general fold and structure of S-RNase (Figure 1.5). The crystal structures of S
3
-

RNase from Pyrus pyrifolia (Japanese Pear) and S
F11

-RNase from N. alata indicate that

the tertiary structures of S-RNases are similar to other members of the T
2
 family of

RNases (PDB 1IQQ and 1IOO, Ida et al., 2001b, Matsuura et al., 2001b).  The central

portion of the molecule is dominated by a four strand anti-parallel β-sheet; three β-

strands are comprised of conserved regions.  The active site is positioned within a cleft

formed by this β-sheet, which contains His32/33, and helixes 4 and 5, which position

His88/91.

There are conflicting results concerning S-RNase oligomerization.  The crystal

structure of P. pyrifolia S
3
-RNase shows a monomer; whereas, the N. alata S

F11
-RNase

crystallized as a dimer (Ida et al., 2001b, Matsuura et al., 2001b).  Sedimentation equilib-

rium experiments indicated that S
F11

-RNase is a monomer in solution.  However, oligo-

merization may only occur at high concentrations.  It has already been noted that ex-

tremely high concentrations of S-RNase are required for pollen rejection.  This could

imply that S-RNase self-association is relatively weak.  An analysis of the interface

between the two S
F11

-RNase monomers shows that it contains six hydrogen bonds as well

as hydrophobic contacts (Figure 1.6, Hancock and McClure, 2003).  The buried surface

area of 637.34 Å2 per monomer accounts for 6.49% of the total surface area of the pro-

tein.  Other crystal homodimers show a range of buried surface areas from 368 Å2 to

4746 Å2 (mean 1685.03 ± 1101.09Å2, n = 32, Jones et al., 1996).  Thus, the contact area

between S
F11

-RNase dimers is near the lower limit for known homodimers.  This is

consistent with a weak but potentially important interaction.

Interpreting the biological relevance of the S-RNase oligomeric state is compli-

cated by the effect of reducing agents present during purification.  Oxley and Bacic
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Figure 1.6  S F11-RNase Dimer Interface

A. Schematic of the dimer interface of PDB 1IOO produced by the pro-

gram DIMPLOT.  B. HV region from SF11–RNase. Residues that are involved in

the dimer interface are shown in bold. Underline, HV regions.  Asterisk, active

site His.

A .A .A .A .A .
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(1996a) found that dimerization of N. alata S
2
-RNase is favored by reducing agents.  P.

pyrifolia S
3
-RNase, which is monomeric in the crystal, was purified in the absence of a

reducing agent (Matsuura et al., 2001a).  S
F11

-RNase, which forms a dimer, was purified

with a reducing agent present (Ida et al., 2001a, McClure et al., 1989).  Although a

change in disulfide bonding is a possible result from differences in oxidation state, the

crystal structure shows all the expected disulfide bonds intact.  Currently, there are no

hypotheses about how the oxidation state of S-RNase might relate to function.

An S-specific dominant negative effect caused by expressing a catalytically

inactive S-RNase suggests that S-RNase oligomerization may have a biological role.

Expression of H93R P. inflata S
3
-RNase resulted in suppression of S

3
-pollen rejection in

S
3
S

2
 plants (McCubbin et al., 1997).  The authors concluded that either S-RNase is active

as a homodimer or that the active and inactive forms of S
3
-RNase compete for binding to

another molecule.  Clearly, since the dominant negative effect is S-specific, the mutant S-

RNase interacts with an S-specificity determinant (i.e., S-RNase or SLF, the pollen S-

specificity determinant).  Since the authors found no evidence for S
3
-RNase self-associa-

tion, they suggested that the mutant S
3
-RNase was competing for pollen S, now known to

be SLF.  However, the evidence does not rule out the possibility that homodimerization is

responsible for the observed phenotype.  Thus, formation of S-RNase oligomers could

play an important role in pollen rejection.  Figure 1.6 shows that the N. alata S
F11

-RNase

dimer interface is made up of HV residues.  This suggests that the HV regions could be

involved in S-specific self-association.  This would help explain the S-specific dominant

negative effect observed with the H93R P. inflata S
3
-RNase, and may have implications

for S-specific interactions with pollen S (i.e., homo-oligomeric S-RNase may be involved

in recognition).
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1.3.2  S-linked F-box Protein

The pollen determinant of S-specificity in S-RNase-based SI is the S-linked F-box

protein (SLF).  To identify SLF, researchers sequenced artificial chromosomes and

cosmids that included S-RNase.  This was complicated by the fact that the S-locus is

embedded in repetitive DNA (probably due to its location near the centromere, Coleman

and Kao, 1992, McCubbin et al., 2000).  Nonetheless, large portions of the S-locus from

Antirrhinum hispanicum, Petunia inflata, Prunus mume, and Prunus dulcis were success-

fully sequenced (Entani et al., 2003, Lai et al., 2002, Sijacic et al., 2004, Ushijima et al.,

2003, Wang et al., 2003).  Each of these studies found multiple genes at the S-locus,

including several F-box containing genes.  SLF was the most likely candidate for the

pollen S-specificity determinant because it was expressed only in pollen and showed S-

specific polymorphism (Entani et al., 2003, Ikeda et al., 2004, Lai et al., 2002, Sijacic et

al., 2004, Ushijima et al., 2003, Yamane et al., 2003).  Additional SLF genes have been

cloned in Prunus cerasus and Prunus avium based on sequence homology (Yamane et al.,

2003).

The N-terminal region of SLF contains the F-box domain (Figure 1.5).  F-box

domains interact with Skp1-like and Cullin-like proteins to form Skp1/Cullin/F-box

(SCF) complexes that function as E3 ubiquitin ligases.  These E3 complexes, in turn

facilitate the ubiquitination of specific target proteins, which acts as a signal for

proteasomal degradation or endomembrane trafficking (Kipreos and Pagano, 2001).  The

role of the F-box proteins in this complex is to bind the target protein and position it for

ubiquitination (Zheng et al., 2002).  Thus, the F-box protein determines the specificity of

the SCF complex.  This allows organisms to use many F-box proteins to regulate protein

stability, relying on only a few Cullin-like and Skp-like proteins.  For example, the A.

thaliana genome encodes nearly 700 F-box genes, but only 11 Cullin-like proteins

(Gagne et al., 2002, Shen et al., 2002).
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Preliminary experiments indicate that SLF functions in an SCF complex.  Pull-

down experiments showed that histidine tagged A. hispanicum SLF
2
 bound to a Cullin-

like protein (Qiao et al., 2004a).  Other experiments showed that A. hispanicum SLF
2

antibody co-immunoprecipitates Skp1-like proteins (Qiao et al., 2004a).  The authors

attempted to show the physiological significance of the putative SLF
2
/SCF complex using

the proteasome inhibitors MG115 and MG132.  Many SCF complexes promote

ubiquitination dependent proteasomal degradation and these inhibitors can be used to

infer the biological role of this process.  In vitro grown pollen tubes were unaffected by

these inhibitors in the absence of S-RNase, but showed significant inhibition when

treated with S-RNase (Qiao et al., 2004a).  These results suggest that SLF functions in an

SCF complex and that proteasomal degradation is required for inhibition of S-RNase

cytotoxicity.  However, in vitro assays for S-RNase-based SI have proven unreliable in

the past (i.e., pollen inhibition is not S-specific and RNase independent) and proteasomal

inhibitors are lethal to Actinidia deliciosa pollen (Gray et al., 1991, Speranza et al.,

2001).

The role of SLF in S-specificity was confirmed using a transgenic approach.

Unlike S-RNase, where expression of an S-RNase transgene adds S-specificity to the

style, expression of pollen S is predicted to disrupt S-specificity.  This prediction is based

on findings in the Solanaceae that conversion of an SI diploid to a tetraploid commonly

results in self-compatibility.  Pistil function is normal in the tetraploid (i.e., an S
1
S

1
S

2
S

2

tetraploid rejects both S
1
- and S

2
-pollen).  However, the reciprocal cross is compatible

(Figure 1.7).  Significantly, all progeny of a cross S
1
S

2
 x S

1
S

1
S

2
S

2
 are either S

1
S

1
S

2
 or

S
1
S

2
S

2
.  Thus, only pollen with two different S-haplotypes is defective, S

1
S

1
- and S

2
S

2
-

pollen is rejected normally (Chawla et al., 1997).  This is interpreted as evidence that the

two different pollen S proteins compete for the same molecule (competitive effect).  This

interaction could be with S-RNase, pollen S, or another SI factor.  Sijacic et al. (2004)
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Figure 1.7  Breakdown of S-RNase based Self-incompatibility in

Tetraploids

The tetraploid S1S1S2S2  expresses both S1- and S2-RNase in the pistil and

rejects S1- or S2-pollen.  Half of the diploid pollen from the tetraploid plant is S1S2

and expresses both pollen S1 and pollen S2.  This pollen evades rejection by S1-

and S2-RNase, but S1S1 and S2S2  pollen is rejected normally.
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showed that expression of P. inflata SLF
2
 in P. inflata S

3
-pollen resulted in a breakdown

in S-specific pollen rejection, while expression of SLF
2
 in S

2
-pollen had no effect.  Simi-

larly, P. inflata became SC when it was transformed with a A. hispanicum SLF
2
 transgene

controlled by a pollen specific promoter (Qiao et al., 2004b).  These results confirmed

that SLF is, in fact, pollen S.

The polymorphic regions of SLF may function in S-specificity.  HV regions were

identified based on the number of non-synonymous substitutions observed between S-

haplotypes and are concentrated in the C-terminal region (Figure 1.5, Ikeda et al., 2004,

Kao and Tsukamoto, 2004).  These HV regions are presumably involved in the interac-

tion with S-RNase.  A. hispanicum SLF
2
 was shown to bind to both S

2
- and S

5
-RNase by

pull down and yeast two-hybrid assays (Qiao et al., 2004a).  Using N-terminal and C-

terminal constructs, they further showed that this interaction was specific to the C-

terminal region.  Together, these results indicate that the SLF C-terminal region is respon-

sible for interaction with S-RNase, but this interaction is not S-specific under the in vitro

conditions used.

Although SLF has been identified as pollen S, a number of hypotheses still need

to be tested.  Antisense experiments that suppress SLF expression in the pollen should

definitively determine whether pollen S is required for pollen tube growth or inhibition of

S-RNase.  Domain swapping and crystallography should localize residues important for

recognition and give indications about how S-specificity is achieved.  Biochemical assays

will determine whether SLF forms oligomers as predicted by genetic experiments.  Fi-

nally, transfer of SLF and S-RNase into SC species may allow further investigation into

the non-S-factors required for SI; similar to the transfer of the A. lyrata SI determinants

into Arabidopsis thaliana described in Chapter 1.2.2 (Nasrallah et al., 2002).
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1.3.2.1  Models for SLF Function

Until SLF was identified, there were two popular models to explain the action of

pollen S.  The receptor model predicted that pollen S acts as an S-specific receptor that

only allows self-S-RNase into the style (Figure 1.8, Kao and McCubbin, 1996, Thompson

and Kirch, 1992).  The inhibitor model predicted that pollen S acts as an inhibitor (i.e.,

inhibits cytotoxicity, not necessarily enzymatic activity) of all S-RNases except self-S-

RNase (Figure 1.9, Kao and McCubbin, 1996, Thompson and Kirch, 1992).  A modifica-

tion of the inhibitor model suggested that an additional component is capable of inhibit-

ing all S-RNases (Figure 1.10, Luu et al., 2001).  In this model, the pollen S-specificity

determinant binds to self-S-RNase and prevents the inhibitor from acting on it.

The inhibitor models are now preferred for several reasons.  Significantly, S-

RNase enters both compatible and incompatible pollen tubes (Goldraij et al., 2005, Luu

et al., 2000).  This indicates that once inside, non-self S-RNase must be inhibited (i.e.,

prevented from exerting its cytotoxicity) to allow compatible pollinations.  In addition,

selective pressures typically can not favor a receptor that functions solely to prevent

pollen from reaching the ovules, as loss of such a factor would result in compatibility.

Transgenic plant studies support the hypothesis that pollen posses a mechanism to

inhibit S-RNase.  For example, SC N. tabacum pollen is inhibited in transgenic SC N.

tabacum and SC N. plumbagnifolia styles that express S-RNase from N. alata (Beecher

and McClure, 2001, Murfett et al., 1998).  This shows that S-RNase enters the tobacco

pollen tubes and is active.  It is possible that N. tabacum pollen is susceptible to S-RNase

because it does not express a SLF or because it processes S-RNase differently than N.

alata pollen.  Even a chimeric S-RNase that is defective in S-specific pollen rejection

retains activity toward N. tabacum pollen (Beecher and McClure, 2001, Zurek et al.,

1997).
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Figure 1.8  Receptor Model for S-RNase based Self-incompatibility

In the absence of S1-RNase, the pollination is compatible because S2- and

S3-RNase do not enter S1-pollen.
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Figure 1.9  Inhibitor Model for S-RNase based Self-incompatibility

All S-RNases enter the growing pollen tubes.  Pollen S1 (probably in

conjunction with other pollen factors) acts as an inhibitor of all S-RNases except

S1-RNase.
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Figure 1.10  Modified Inhibitor Model for S-RNase based Self-

incompatibility

All S-RNases enter the growing pollen tubes.  A general inhibitor acts on

all S-RNases.  The inhibitor is suppressed when Pollen S1 oligomers interact with

S1-RNase.
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The role of SLF in inhibiting S-RNase activity has not been resolved.  Golz et al.

(1999, 2001) performed experiments to identify pollen S mutations.  Radiation-induced

mutants were selected by planting seed from otherwise incompatible pollinations.  All of

the mutants they obtained resulted from pollen carrying duplications of the pollen S-gene

and could be explained by the competitive effect (Golz et al., 1999, 2001).  The fact that

no deletions or point mutations in pollen S were recovered was taken as evidence that

pollen S function is required for pollen tube growth in an incompatible style.  These

findings could suggest that pollen S is required for inhibiting S-RNase, but the results do

not exclude the possibility that pollen S is required for some other essential function.

The conflict concerning the requirement for SLF may be resolved as the function

of pollen S is revealed in more detail.  Currently, three pollen-part mutations have been

characterized in P. avium and P. mume.  Two of these mutations produce truncated SLF

proteins that are missing the HV domain (Figure 1.5, Ushijima et al., 2004).  These

specific alterations suggest that the N-terminal region is required for growth in SI pistils

(i.e., inhibit S-RNase cytotoxicity) and that the C-terminus is only required for S-specific-

ity.  The third pollen-part mutation was reported to be a complete deletion of the SLF
3

gene, suggesting that SLF function is dispensable (Sonneveld et al., 2005).  However,

PCR amplification using SLF
3
-specific primers and hybridization using SLF

3
-specific

probes were the basis for detection.  Thus, alterations to the S-specific regions may

interfere with detection of an altered SLF
3
.  In such case, a the F-box protein may func-

tion in the inhibition of S-RNase, but fail to act in pollen rejection.

One model proposes that SLF inhibits S-RNase cytotoxicity by ubiquitinating

non-self S-RNases and targeting them for degradation (Luu et al., 2001, Ushijima et al.,

2004).  Self-S-RNase is thought to escape ubiquitination, and hence, remain active and

exert cytotoxicity. While this model is attractive, a straightforward prediction would

suggest that less non-self-S-RNase would be found in compatible pollen tubes.
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Immunolocalization studies, in fact, indicate that similar amounts of S-RNase are found

in both incompatible and compatible pollen tubes (Goldraij et al., 2005, Luu et al., 2000).

The model also cannot explain why additional non-S-RNase factors (Chapter 1.3.3)

would be required for pollen rejection.

The modified inhibitor model proposes that the determinant of S-specificity is

separate from the S-RNase inhibition.  This model emerged from the analysis of the

behavior of pollen from a Solanum chacoense S
11

S
11

S
13

S
13

 tetraploid.  Such pollen is

normally compatible on S
11

S
13

 styles (Chapter 1.3.2).  However, it was rejected by the

dual specificity HVapb-RNase that rejects both S
11 

- and S
13

-pollen discussed earlier

(Chapter 1.3.1, Luu et al., 2001).  To explain this, the authors proposed the modified

inhibitor model in which S-RNase is inhibited by a non-S-specific S-RNase inhibitor

(Figure 1.10).  This model proposes that pollen S (SLF) is oligomeric and prevents the

inhibitor from binding self-S-RNase.  In this model, the competitive effect is explained

by the oligomerization of two different S-haplotypes of SLF.  The HVapb-RNase over-

comes the competitive effect because it interacts with both SLF
11

 and SLF
13

.

Additional evidence for the modified inhibitor model comes from genetic experi-

ments that indicate that non-S-pollen factors are required for S-RNase inhibition.  QTL

mapping experiments by Chetelat and DeVerna (1991) specifically tested pollen tube

growth of SI L. pennelli and SC L. esculentum hybrids on pistils expressing an S-RNase

from a distantly related species (L. esculentum X S. lycopersicoides hybrid).  Their results

indicate that, in addition to the S-locus, a QTL on chromosome 6 of the SI parent is

required for pollen tube growth on these S-RNase producing styles (Chetelat and

DeVerna, 1991).  These results suggest that both SLF and additional proteins are required

for inactivation of S-RNase.
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1.3.3  Non-S Factors

In addition to S-RNase and SLF, factors not linked to the S-locus (non-S-factors)

are also required for S-RNase-based SI.  These factors can be classified into three groups:

1) factors required for expression of S-specificity determinants, 2) factors that function by

interacting with specificity determinants, and 3) factors that are required for SI as well as

other pistil functions (McClure et al., 1999, 2000).  The first group may include transcrip-

tion factors or components of the secretory pathway that are required for the proper

expression, assembly, and placement of the S-RNase or SLF.  Examples of Group 1

factors were discovered in P. axillaris and S. chacoense.  An Uruguayan population of P.

axillaries has a suppressor of S
13

-RNase expression that results in SC (Tsukamoto et al.,

1999).  Similarly, a population of S. chacoense was found to have modifier genes that

affect the amounts of S
12

-RNase produced (Qin et al., 2001).  Little is known about these

non-S-factors, but efforts are being made to identify them and clarify their functions.

Genetic evidence for additional non-S-factors comes from crosses between SI

plants and closely related SC species.  For example, East (1932) crossed SI N. forgetiana

S
1
S

1
 and SC N. langsdorfii (i.e., probably lacking a functional S-locus (S

null
S

null
)).  The F

1

rejected pollen from the N. forgetiana parent.  F
1
 plants were selfed to determine the

number of dominant non-S-factors missing in the SC parent.  The F
2
 population created

by normal selfing segregated 3.7 acceptors to 1 rejector when tested with pollen from N.

forgetiana S
1
S

1
.  If it is assumed that S

1
-pollen was rejected upon selfing and no other

factors are required, the F
1
 should have a 1 acceptor to 1 rejector (i.e., S

1
S

1
 = rejector,

S
1
S

null
= acceptor).  Thus, the results are consistent with the presence of two or three

dominant genes from the N. forgetiana background (in addition to S-RNase) that are

required for S-specific pollen rejection (East, 1932).  Similarly, in an F
2
 population

generated by crossing SC A. majus and SI A. hispanicum using plants heterozygous for

two different S-haplotypes, only 13% of the plants were SI instead of the expected 25%.

This ratio suggests that A. majus is lacking two dominant factors (i.e., unlinked to the S-
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locus in the F
2
) that are required for SI (Xue et al., 1996).  Ai et al. (1991) found that SC

P. hybrida cv. Strawberry Daddy expressed two different S-RNases  (S
X
 and S

O
).  By

crossing P. hybrida with SI P. inflata (S
2
S

2
), pollen rejection could be restored for the S

X
-

haplotype.  Interestingly, 50% of the plants with S
X
- and S

2
-RNase were SC, indicating

the segregation of an additional non-S-factor (Ai et al., 1991).

Experiments that introduce S-RNase transgenes into SC species also demonstrate

a requirement for non-S-factors.  For example, SC N. plumbagnifolia expressing S
A2

-

RNase is not capable of rejecting pollen from SI N. alata S
A2

S
A2

, but pollen rejection is

normal in (SC N. plumbaginifolia x SC N. alata) hybrids expressing an S
A2

-RNase

transgene (Figure 1.11, Murfett et al., 1996).  Thus, N. plumbagnifolia is missing non-S-

factors that are required for pollen rejection.  Similar experiments also have been per-

formed with SC tomato cultivars with similar results (Kondo et al., 2002a, 2002b).

The requirement for multiple factors for S-specific pollen rejection suggests that

there are numerous ways for SI plants to become SC (Stone, 2002).  Clearly, the loss or

disruption of one factor required for SI removes the selection to maintain others.  Thus, it

is not surprising that genetic studies of SC species often show them to have mutations in

both S-specificity determinants and non-S-factors (Ai et al., 1991, Kondo et al., 2002a,

2002b, McClure et al., 1999).  Pairs of closely related SC and SI species have been useful

for discovery of these additional factors.

1.3.3.1  HT-B

The only non-S-factor identified prior to the work described in this thesis was an

asparagine-rich protein, HT-B (Kondo et al., 2002b, McClure et al., 1999).  A striking

feature of the HT-B protein is the presence of a 19 residue asparagine and aspartate rich

(ND) domain near the C-terminus.  A similar asparagine-rich domain is found in some

arabinogalactan proteins (AGPs), but it appears to be removed from the mature AGP (Du
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Figure 1.11  Expressing S A2-RNase in SC N. plumbaginifolia

SC N. plumbaginifolia expressing an SA2-RNase transgene was crossed to

N. plumbaginifolia and SC N. alata cv. Breakthrough (i.e., no S-RNase).  SA2-

pollen is not rejected when SA2-RNase is expressed in the N. plumbaginifolia

background.  S-specific pollen rejection is restored in the (N. plumbaginifolia x N.

alata) hybrid.  Thus, N. plumbaginifolia is missing non-S-factors required for SI

that can be supplied in trans from N. alata. (Murfett et al., 1996)
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et al., 1996, Mau et al., 1995).  The expected size of the HT-B protein after removal of

the secretion signal is about 9kD, but the protein migrates with an apparent M
r
 of about

18kD.

Often, HT-B is not expressed in SC species.  It was originally identified by differ-

ential cloning using SC N. plumbaginifolia and an N. alata accession thought to possess a

full compliment of non-S-factors (McClure et al., 1999).  SC L. esculentum, which

appears to be missing multiple factors in addition to S-RNase, also does not express the

HT-B gene (Kondo et al., 2002b).  Analysis of a larger group of SI and SC Lycopersicon

species revealed that many of the SC taxa have HT gene mutations, while SI

Lycopersicon species, express normal HT-B transcripts (Kondo et al., 2002a).

HT-B is a Group 2 factor secreted into the extracellular matrix of the transmitting

tract.  When HT-B expression in (SC N. plumbaginifolia x SI N. alata S
C10

S
C10

) hybrids

was suppressed by an antisense transgene, S-specific pollen rejection failed.  O’Brien et

al. (2002) showed similar results in Solanum.  These experiments confirm a role for HT-B

in S-specific pollen rejection.  Additional support for this comes from the fact that the

onset of HT-B expression correlates closely with the developmental onset of SI (McClure

et al., 1999).  Unlike S-RNase, HT-B has been very difficult to analyze in vitro, and little

is known about its function.  Currently there is no hypothesis about how HT-B is in-

volved in S-RNase-based SI.

1.3.3.2  Arabinogalactan Proteins

S-RNase binding assays have been used to identify potential non-S-factors re-

quired for SI (Cruz-Garcia et al., 2005, McClure et al., 2000).  The S-RNase binding

proteins include S-RNase, p11 (a chemocyanin-like protein), and a family of high mo-

lecular weight glycoproteins: NaTTS, the 120kDa glycoprotein (120K), and N. alata

pistil extensin-like protein III (NaPELP III) (Figure 1.12, Cruz-Garcia et al., 2005).
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Figure 1.12  Pollen Interacting Glycoproteins Bind to S C10-RNase

Affi-Gel

  Crude extracts from 2.5g SC10SC10 N. alata (CE) were passed over SC10-

RNase Affi-Gel in a bind-rebind assay.  UB1, unbound proteins from the first

pass; B1, bound proteins from the first pass; UB2, unbound proteins from the

second pass; B2, bound proteins from the second pass.   Loading based on fresh

weight.  Silver stain and glycoprotein blots: CE, UB1, 0.8mg fw/lane; B1, UB2,

B2, 37mg fw/lane; SC10-RNase and p11 blots: CE, UB1, 0.5mg fw/lane; B1, UB2,

B2, 18mg fw/lane.  (Cruz-Garcia et al., 2005)
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Using a bind-rebind assay (i.e., initially bound proteins are eluted and reapplied to the

column), we found that the interaction with the immobilized S-RNase was robust and

reproducible.

Each of the glycoproteins we identified as S-RNase binding proteins have been

previously characterized and classified as arabinogalactan proteins (AGPs) (Bosch et al.,

2001, Lind et al., 1994, Sommer-Knudsen et al., 1996).  AGPs are characterized by

extensive O-glycosylation that includes a high proportion of arabinosyl and galactosyl

residues.  The carbohydrate moieties typically consist of 30 to 150 residues with a main

chain of (1→3)-β-D-galactan, side chains of (1→6)-β-D-galactan, and non-galactosyl

residues at the terminal positions (Serpe and Nothnagel, 1999).  It is common for 90% of

the AGP to be carbohydrate (i.e., many glycan moieties).  Classical AGPs are linked to a

glycosylphosphatidylinositol (GPI) anchor, but soluble forms also exist.  AGPs have been

implicated in cell growth and are often located in the cell wall and membranes of actively

growing cells (Knox, 1995). Yariv phenylglycoside, a reagent that specifically binds

AGPs, inhibits pollen tube growth in some species (Mollet et al., 2002).  According to a

recent classification scheme, 120K, NaTTS, and NaPELP III are classified as chimeric

AGPs because the C-terminal is composed of a cysteine rich domain (Figure 1.13,

Schultz et al., 2002).  Like other AGPs, these pistil AGPs are highly glycosylated (i.e.,

35-50% carbohydrate), but, unlike classical AGPs, they are not anchored to the mem-

brane by a GPI linkage.

NaTTS and NtTTS have been implicated in pollen tube growth (Chapter 1.1.3).

These proteins share a conserved cysteine-rich C-terminal domain with 120K and

NaPELP III (Figure 1.13).  Experiments with the N. tabacum PELP III indicate that it

also associates with pollen tubes.  While NtTTS was localized to the pollen tube wall,

PELP III associates with both the wall and callose plugs (de Graaf, 2000).  NtPELP III

does not have chemoattractive properties and is not required for pollen tube growth in
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Figure 1.13  Alignment of the C-terminal Cysteine-rich Domain of

NaTTS, NaPELP III, and 120K

Sequences used to generate anti-peptide antibodies are shown in bold.

(Cruz-Garcia et al., 2005)
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tobacco (Bosch, 2002).  In contrast to NtTTS and NtPELP III, 120K has been found in

the cytoplasm of growing pollen tubes (Lind et al., 1996).  A survey of some Nicotiana

species - including results presented in Chapter 2.2 - indicate that 120K does not have a

consistent size in SDS-PAGE, suggesting it is poorly conserved (Lind et al., 1994).

The C-terminal domain in these three AGPs (i.e., NaTTS, NaPELP III, and 120K)

is similar to the pollen Ole e I protein family (pfam accession # 01190, Bateman et al.,

2004).  LAT52 is another family member of particular interest.  As mentioned previously

(Chapter 1.1.2), this secreted pollen protein binds to LePRK2, a receptor kinase ex-

pressed at the pollen tube tip (Muschietti et al., 1994, 1998, Tang et al., 2002).  This is

significant because it provides evidence for a receptor-mediated interaction with an Ole e

I domain ligand that could be involved in sensing the pollen tube environment.  It is

possible that the C-terminal AGP domain interacts with PRK2-like receptors.

1.4  Conclusion

Although some of the factors required for S-RNase-based SI are known, the

complete rejection mechanism can not be described until all involved factors are identi-

fied.  There are significant gaps in our knowledge concerning how S-specificity is deter-

mined and communicated.  In addition, the relationship between pollen rejection and

pollen tube growth mechanisms are vague.  To begin to bridge these gaps, we identified

S-RNase binding proteins.

The hypothesis for this research is that S-RNase binding proteins play a role in S-

specific pollen rejection.  To test this hypothesis, the makeup of the S-RNase complex

must be established.  This includes determining the stoichiometry of the S-RNase binding

proteins in vivo and assessing whether the interactions within the complex are direct.  Of

significant interest is whether S-RNase oligomerization is biologically relevant.  Answer-
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ing these questions will lay the foundation for addressing the functional role of these

proteins.

Although the stylar AGPs have been shown to interact with pollen tubes and

promote pollen tube growth, it is not known if they are involved in SI.  Comparison of

the 120K-, TTS-, and PELP III-like proteins from SI and SC Nicotiana species should

indicate whether any of these proteins are likely non-S-factors.  Good candidates can then

be tested for a role in S-specific pollen rejection using a transgenic approach.  Together,

these studies should address the hypothesis and allow further insight into the SI mecha-

nism.
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2  Functional Studies of the S-RNase Complex

2.1  Analysis of the S-RNase Complex

Summary

S-RNase is the key pistil protein in Nicotiana alata pollen rejection mechanisms.

Its ribonuclease activity is required for inhibiting incompatible pollen and, it is thought,

pollen rejection is a result of its cytotoxic activity.  S-RNase binds a number of Nicotiana

alata pistil proteins in vitro.  These include the p11 (a protein similar to lily

chemocyanin), S-RNase, the 120kDa glycoprotein (120K), pistil extensin-like protein III

(PELP III), and the transmitting tract specific (TTS) protein.  The latter three are

arabinogalactan proteins (AGPs) known to interact with growing pollen tubes.  We

investigated the stoichiometry of S-RNase and AGPs in pistil extracts.  Quantitative

protein blot analysis showed that S-RNase, 120K, NaPELP III, and NaTTS account for

19, 3.2, 5.2, and 2.5%, respectively, of the buffer soluble protein in the pistil.  The mole

ratio of S-RNase to AGP is greater than five to one even if the three glycoproteins are

treated as one class.  Binding studies with purified proteins suggest the interaction be-

tween S-RNase and the AGPs is direct.  Thus, 120K, PELP III, and TTS are candidate

self-incompatibility factors. We also tested for oligomerization of S-RNase in vitro using

analytical ultracentrifugation, acidic native gels, and pull down assays.  At the micromo-

lar concentrations accessible in vitro, reducing conditions favor oligomerization of S
C10

-

RNase, but not S
9811

-RNase.  All S-RNases tested formed dimers and higher oligomers in

acidic native gels, but RNase I from E.coli did not.  The results suggest that the degree of

S-RNase self-association is dependent on the S-haplotype and buffer conditions.
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Introduction

Self-incompatibility (SI) mechanisms promote fitness and genetic diversity in

many plant species.  SI relies on interactions between pollen and pistil proteins encoded

by a polymorphic S-locus.  In S-RNase-based SI, the S-locus protein expressed in the

pistil is a polymorphic ribonuclease named S-RNase.  Each S-haplotype encodes a dis-

tinct S-RNase that is secreted at high levels into the pistil extracellular matrix (ECM)

(Murfett et al., 1996, Qin et al., 2001).  Pollen growing in the ECM is rejected if an S-

RNase matches the S-haplotype of the pollen (e.g., S
C10

-pollen is rejected in a pistil

expressing S
C10

-RNase, de Nettancourt, 1977). S-RNase is taken up into pollen tubes in

both compatible and incompatible pollinations (Luu et al., 2000).  S-RNase mutants with

no ribonuclease activity cannot cause S-specific pollen rejection (Huang et al., 1994,

Royo et al., 1994) and pollen ribosomal RNA is degraded in incompatible but not com-

patible pollinations (McClure et al., 1990).  Thus current models suggest that S-RNases

act as S-specific cytotoxins, causing pollen rejection (Kao and Tsukamoto, 2004).

The S-linked F-box protein (SLF) gene is the S-haplotype-specificity gene that

determines rejection specificity on the pollen side (Entani et al., 2003, Lai et al., 2002,

Sijacic et al., 2004, Ushijima et al., 2003, Yamane et al., 2003).  SLF genes are closely

linked to the S-RNase gene, expressed in pollen, and show evidence of positive selection

similar to S-RNases (Kao and Tsukamoto, 2004).  SLF interacts with S-RNases and

putative E3-ubiquitin ligase components in vitro (Qiao et al., 2004a).  Current models

propose that SLF-mediated ubiquitination and subsequent proteasomal degradation

govern S-RNase cytotoxicity (McClure, 2004).  The target of the proposed ubiquitination

has not yet been determined, but some propose that compatible pollinations result from

direct ubiquitination and degradation of non-self-S-RNase (Qiao et al., 2004a, Ushijima

et al., 2004).  Pollen rejection is thought to result when SLF and self-S-RNase interact,

but without ubiquitination so that self-S-RNase remains active.
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While S-RNase and SLF determine rejection specificity, transgenic experiments

have shown that they alone are not sufficient for S-specific pollen rejection (McClure et

al., 2000).  For example, transgenic self-compatible (SC) N. tabacum and SC N. plum-

baginifolia expressing S
A2

-RNase do not reject N. alata S
A2

-pollen (Murfett et al., 1996).

These plants also fail to reject N. plumbaginifolia pollen in an interspecific pollen rejec-

tion mechanism (Murfett et al., 1996).  Furthermore, both the S-specific and interspecific

rejection mechanisms are restored if non-S-factors are supplied in trans by crossing

transgenic N. plumbaginifolia expressing S
A2

-RNase with SC N. alata cv. Breakthrough

(Beecher and McClure, 2001, McClure et al., 2000, Murfett et al., 1996).  This confirms

that, non-S-factors from the N. alata background are required for the S-RNase based

pollen rejection.

S-RNase binding proteins are candidate SI factors.  We have shown that the

120kDa glycoprotein (120K), N. alata pistil extensin-like protein III (NaPELP III), N.

alata transmitting tissue specific glycoprotein (NaTTS), S-RNase, and p11 bind to immo-

bilized S
C10

-RNase (Cruz-Garcia et al., 2005, McClure et al., 2000).  Three of these -

120K, NaPELP III, and NaTTS - are arabinogalactan proteins (AGP), which possess

homologous cysteine-rich C-terminal domains approximately 138 amino acids in length

(de Graaf, 2000, Sommer-Knudsen et al., 1997).  Immunohistochemistry studies in N.

alata and N. tabacum demonstrate that each of these AGPs interacts directly with Nicoti-

ana pollen tubes.  120K was shown to enter growing N. alata pollen tubes (Lind et al.,

1996); PELP III and TTS from N. tabacum were shown to be mainly associated with the

pollen tube wall (Cheung et al., 1993, Cheung et al., 1995, de Graaf, 2000, Goldman et

al., 1992, Wu et al., 1995).  TTS promotes pollen tube growth in vitro, and suppression of

TTS in N. tabacum reduces fertility (Cheung et al., 1995, Wu et al., 2000).  It is possible

that these AGPs function both in supporting growth of compatible pollen tubes and in

pollen rejection.
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The S-RNase binding proteins include S-RNase, indicating that S-RNase may

self-associate to form oligomers.  Previous studies support this hypothesis.  Oxley and

Bacic (1996a) detected N. alata S
2
-RNase dimers by size-exclusion chromatography

under reducing, acidic, and slightly denaturing conditions.  N. alata S
F11

-RNase (identical

to S
9811

-RNase, Beecher and McClure, 2001) crystallized in unit cells containing two or

four S-RNase molecules, depending on the crystallization conditions (Ida et al., 2001b).

Ida et al. (2001b) concluded that the oligomeric arrangement of S
F11

-RNase was not

biologically significant, because oligomers were not detected in solution by sedimenta-

tion equilibrium centrifugation.  Interestingly, the contact surface between the S
F11

-RNase

dimer is composed of residues thought to be involved in S-specificity (Hancock and

McClure, 2003, Ida et al., 2001b).  However, the S
3
-RNase from Pyrus pyrifolia did not

crystallize as an oligomer (Matsuura et al., 2001b).  Thus, the evidence for S-RNase

oligomerization is limited to a few S-haplotypes under specific conditions.

Two other T
2
 type RNases, the ERNS coat protein from Pestivirus and the wound

inducible RNase NW from N. glutinosa, crystallize as homodimers (Kawano et al., 2002,

Langedijk et al., 2002).  The role of dimerization of these enzymes has not been deter-

mined.  Oligomerization of other nucleases is thought to play a role in the progressive

degradation of substrate (Serratia endonuclease, Franke and Pingould, 1999) or the

suppression of inhibitors (Bovine Seminal RNase, Kim et al., 1995).  It is not known if

oligomerization conveys these characteristics to S-RNase.

Genetic experiments also suggest that S-RNase oligomerization could have a

biological function in S-specific pollen rejection.  Enzymatically inactive S
3
-RNase

(H93R) from Petunia inflata was coexpressed with wild-type S
3
-RNase to test for effects

on S-specific pollen rejection.  This combination of mutant and wild-type S
3
-RNases

resulted in a dominant negative effect, causing compatibility with S
3
-pollen (McCubbin et

al., 1997).  S
3
-RNase (H93R) had no effect on the rejection of S

2
-pollen when

coexpressed with the S
2
-RNase.  The authors concluded that this phenotype is likely the
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result of competitive binding of S
3
-RNase and the inactive H93R mutant.  Importantly,

the S-haplotype specific nature of the phenotype suggests that the S-locus proteins SLF
3

and S
3
-RNase are the best, and perhaps only, candidates for competitive binding.

McCubbin et al. (1997) did not detect S
3
-RNase oligomerization in vitro and, thus,

concluded that the phenotype resulted from competitive binding to SLF
3
.

The nature of S-RNases’ S-specific interactions has been tested using bacterial

RNase and mutant S-RNases.  Beecher et al. (1998) showed that RNase I from E. coli.

does not reject N. plumbaginifolia pollen.  This indicates that RNase activity alone is not

sufficient for pollen rejection.  Zurek et al. (1997) expressed nine chimeric S-RNase

constructs (i.e., including portions of the S
A2

- and S
C10

-RNase sequences) in (SC N.

langsdorfii x SC N. alata) hybrids.  The chimeric S-RNases retained ribonuclease activity

and were expressed at normal levels, but none of them could be recognized by S
A2

- or

S
C10

-pollen (Zurek et al., 1997).  One of the chimeras, Con5-RNase, was also tested for its

ability to cause rejection of pollen from SC N. tabacum.  Although Con5-RNase was

inactive in S-specific pollen rejection, it retained its ability to reject N. tabacum pollen

(Beecher and McClure, 2001).  Together, these results suggest that the chimeric S-RNases

are localized correctly, but do not function in S-specific pollen rejection because the

domain(s) responsible for S-specific interactions are disrupted.

The in vitro interaction between AGPs and S-RNase suggests that they also form a

complex in vivo.  Some results also suggest that S-RNase has the potential for formation

of dimers and higher oligomers.  In view of the fact that so little is known of the bio-

chemical mechanism of pollen rejection, we judged that further investigation was war-

ranted.  Using quantitative protein blot analysis, we determined the amounts of S-RNase,

120K, NaPELP III, and NaTTS in N. alata pistils.  Purified AGPs were also tested indi-

vidually for binding to S-RNase.  The results showed that S-RNase is in excess over AGP

and that each AGP is capable of interacting directly with S-RNase.  We tested for S-

RNase oligomerization using multiple S-haplotypes under various in vitro conditions. We
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found that the ability of S-RNase to form oligomers is widespread and is dependent upon

S-haplotype and buffer conditions.  In addition, we used Con5-RNase to determine

whether S-specific interactions are required for induction of a dominant negative effect.

We speculate that S-specific interactions are required for S-RNase oligomerization.

Results

Purification of N. alata TTS, 120K, and PELP III

120K, NaPELP III, and NaTTS were purified using standard methods (Deutscher,

1990). Purification was simplified by starting with pistils from N. alata cv. Breakthrough,

which do not express S-RNase.  Basic pistil proteins were adsorbed to CM-Sepharose.

Metal ion affinity chromatography and gel filtration on Superose 12 were used to purify

NaTTS (Wu et al., 2000).  120K and NaPELP III were further purified by cation ex-

change on SP-Sepharose.  Figure 2.1 shows the purification results.  Silver staining

shows that each fraction is largely free of the other two AGPs.  Immunostaining identifies

each distinct AGP.

Quantitation of S-RNase, PELP III, 120K, and TTS

Since interactions involving S-RNase are likely to be concentration dependent, we

estimated the concentration of the S-RNase binding proteins in vivo.  We used purified

S
C10

-RNase as a standard to assess the amount of S
C10

-RNase in N. alata S
C10

S
C10

 pistils.

Figure 2.2 compares dilution series of purified S
C10

-RNase and extracts from N. alata

S
C10

S
C10

 pistils.  The results show that S
C10

-RNase accounts for 19% (w/w) of the soluble

protein in N. alata S
C10

S
C10

 extracts (50mM Tris, 350mM NaCl pH7.5), which corre-

sponds to 33µg of S
C10

-RNase per pistil.  Figure 2.3 compares dilution series of purified

120K, NaTTS, and NaPELP III with N. alata S
C10

S
C10

 pistil extracts.  120K accounts for

3.2% of the soluble protein; NaPELP III and NaTTS account for 5.2% and 2.5%, respec-

tively.  On average, 175µg of protein are extracted per pistil.  Thus, the results show that
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Figure 2.1  Purified Stylar Arabinogalactans

Silver stain and immunoblot analysis of purified 120K, NaPELP III, and

NaTTS  (0.25µg/lane).  Proteins were purified from N. alata cv. Breakthrough by

means of cation exchange, metal affinity, and size exclusion chromatography.
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Figure 2.2   Quantitation of S C10-RNase in SI N. alata S C10SC10 Pistils

Dilution series of purified SC10-RNase (left) and pistil extracts from N. alata

SC10SC10  (right) were analyzed by immunostaining with anti-SC10-RNase.  Signal

intensity was normalized to 0.5 µg SC10-RNase.  S-RNase accounts for about

19% (w/w) of the buffer extractable protein in the pistil.
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Figure 2.3  120K, PELP III, and TTS in SI N. alata S C10SC10 pistils

Dilution series of purified AGPs (left) and pistil extracts from N. alata

SC10SC10 (right) were analyzed by immunoblot.  Signal intensity was determined

using Total Lab software and graphed as normalized intensity.
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the N. alata pistil contains 5.6 µg 120K, 9.1 µg PELP III, and 4.4 µg TTS per pistil.

Together, S-RNase and the AGPs account for 30% of stylar protein.

We estimated the volume of the transmitting tract ECM to allow an estimate of in

vivo protein concentrations.  Modeling the transmitting tract as a cylinder of radius

100µm and height of 46.7mm gives a volume of 1.5µl.  The transmitting tract is wider at

the stigma, so it was modeled as a cylinder of radius 700µm and 600µm height, bringing

the total volume to 2.4µl.  By examining micrographs of fixed and embedded styles, we

estimated that the ECM accounts for no more than 35% of this volume. Thus, we con-

cluded that the S
C10

-RNase concentration in the ECM is at least 1.4mM and that the AGP

concentrations are approximately 54µM (120K), 106µM (NaPELP III), and 64µM

(NaTTS).  Using molecular weights of 120kD (120K), 100kD (NaPELP III), and 80kD

(TTS) for the AGPs and 26.9kD for S
C10

-RNase, we estimated that the mole ratio of S-

RNase to AGP is approximately 5:1 (i.e., 22.3 (S-RNase): 1 (120K): 2 (PELP): 1.2

(TTS)).

Using the same method, we quantified 120K-, TTS-, and PELP III-like proteins in

SC N. plumbaginifolia and SC N. tabacum (Figure 2.4 and 2.5).  The data are summa-

rized in Table 2.1.  SI N. alata and the two SC species all express large amounts of AGPs.

N. plumbaginifolia pistils have about half the concentration of 120K- and PELP III-like

proteins compared to N. alata.  N. tabacum pistils express more than three times as much

TTS-like protein as N. alata or N. plumbaginifolia.

S-RNase Binding Assays

We used purified AGPs to test for direct interactions with immobilized S
C10

-

RNase.  Figure 2.6 shows that each individual AGP binds to S
C10

-RNase Affi-Gel directly.

No binding was detected to a control matrix blocked with ethanolamine.  This demon-

strates that the interactions between S-RNase and AGPs are specific and direct.

Self-association of S-RNase is favored by reducing conditions (see below).
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Figure 2.4  120K, PELP III, and TTS in SC N. plumbaginifolia  Pistils

Dilution series of purified AGPs (left) and pistil extracts from N. plum-

baginifolia  (right) were analyzed by immunoblot.  Signal intensity was determined

using Total Lab software and graphed as normalized intensity.
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Figure 2.5  120K, PELP III, and TTS in SC N. tabacum Pistils

Dilution series of purified AGPs (left) and pistil extracts from N. tabacum

(right) were analyzed by immunoblot.  Signal intensity was determined using

Total Lab software and graphed as normalized intensity.
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Table 2.1  AGP Concentrations in Three Nicotiana Species

120K PELP III TTS Total

SI N. alata SC10SC10 3.2%a 5.2% 2.5% 10.9%

SC N. plumbaginifolia 1.2% 1.7% 2.2%  5.1%

SC N. tabacum 2.1% 4.0% 8.2% 14.3%

aPercentage expressed  as (w/w)( i.e.,  µg AGP/µg buffer soluble protein)
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Figure 2.6  Purified AGPs Bind S-RNase

Purified AGPs from SC N. alata pistils were incubated with control

(blocked) and SC10-RNase Affi-Gel.  Bound proteins were analyzed by

immunoblot with AGP-specific antibodies, as shown.  120K, PELP III, and TTS

bound to the SC10-RNase Affi-Gel independent of other proteins.



56

Therefore, we assessed the effect of reducing agents on binding of AGPs to S-RNase.

Little or no AGP bound to a control column blocked with ethanolamine. Figure 2.7 shows

that 120K, NaPELP III, and NaTTS bind immobilized S-RNase under reducing and non-

reducing conditions.

In vitro S-RNase Oligomerization

Figure 2.8 shows velocity sedimentation results obtained by analytical ultracen-

trifugation of S
C10

-RNase and S
9811

-RNase at 8ºC.  The van Holde and Weischet method

was applied to correct for diffusional spreading (van Holde and Weischet, 1978).  In this

method, the sedimenting boundary, which forms a gradient from low to high concentra-

tion, is separated into equally spaced segments that represent the behavior of a molecule

at a particular concentration.  Thus, the boundary fraction of 0.5 represents the midpoint

concentration and fractions above this level increase to the maximum concentration

within the centrifugation cell.  The apparent s-value is calculated for each fraction by

extrapolating to infinite time.  Plotting these values allows determination of the protein’s

apparent s-value at each concentration.  The results show that non-reduced S
C10

-RNase

has a sedimentation coefficient near 3S, which is consistent with a monomer (maximum

s-value for sphere (S
sphere

) of 26,917 D = 3.36S, Lebowitz et al., 2002), and forms higher-

order aggregates at concentrations above 4.5µM  (0.7 boundary fraction), as shown by

the increasing s-values.  Upon addition of 2mM Tris (2-carboxyethyl)phosphine hydro-

chloride (TCEP), a reducing agent with low absorbance at 280nm, S
C10

-RNase species

appear monomeric at lower concentrations, but have a sedimentation coefficient of 4S

from the 0.3 to 0.7 boundary fraction (1.9µM to 4.5µM).  This falls within the potential s-

values expected for a dimer of S
C10

-RNase (S
sphere

 for 53,820 D = 5.33S).  At the highest

concentrations, the reduced S
C10

-RNase has s-values as high as 6.5S (S
sphere

 for a trimer =

6.99S, tetramer = 8.47S), but it is difficult to determine if this is a distinct species because

of the sloping line above the 0.7 boundary fraction.  After longer incubation with TCEP,
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Figure 2.7  AGP Binding Under Reducing and Non-reducing Con-

ditions

Extracts from SC N. alata pistils were incubated with control (blocked) and SC10-

RNase Affi-Gel (with 1% 2-mercaptoethanol and without reducing agent).  Bound

proteins were analyzed by immunoblot using 120K, NaPELP III, and NaTTS

antibodies (Cruz-Garcia et al., 2005).  Each of these AGPs bind to SC10-RNase

Affi-Gel under both conditions.
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Figure 2.8  Sedimentation Velocity

van Holde and Weischet analysis of SC10- and S9811-RNase at 8°C.  Sedi-

mentation velocity was performed with and without 2mM TCEP.  The majority of

non-reduced SC10-RNase (top) is monomeric (3S), while reduced SC10-RNase has

monomeric, dimeric (4S), and tetrameric species (~6.5S).  S9811-RNase protein

(bottom) has a sedimentation coefficient of 2.6S with and without 2mM TCEP,

consistent with a monomeric form.
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we observed rapid cell clearing when S
C10

-RNase was centrifuged at 20ºC.  This indicates

that large polymers, or aggregates, formed under these conditions (data not shown).  The

vertical distribution plot indicates that S
9811

-RNase has a sedimentation coefficient of 2.6S

with and without 2mM TCEP and does not aggregate.  This result is consistent with the

predicted 24.4kD monomer of S
9811

-RNase (S
sphere

 = 3.07S) and the results reported by Ida

et al. (2001b).

We used an acidic native gel system and Ferguson plot analysis as a second

method to assess the oligomerization state of S-RNase in vitro.  Figure 2.9 shows native

gels of S
C10

-, S
9811

-, S
105

-RNases and RNase I separated in 12.5% and 15% acrylamide.

The S-RNases (also S
A2

-RNase, Figure 2.10) migrated as multiple bands under these

conditions, but RNase I migrated as a single band.  In general, the monomer S-RNase

bands (i.e., fastest migrating) contain the majority of the protein.  When the monomer S-

RNase bands are aligned as shown in Figure 2.9A, the effect of increasing acrylamide

concentration on the mobility of oligomeric S-RNase is apparent.  Ferguson plot analysis

uses these changes in mobility to estimate the molecular mass of protein multimers

(Andrews, 1986).  We created a standard curve using native proteins with molecular

weights ranging from 29-232 kD in gels with acrylamide concentrations from 7.5% to

15%.  Figure 2.9B shows the slope of the log mobility vs. percent acrylamide plotted

against the molecular mass of each standard.  This shows that the major S
C10

-RNase

bands have a mass of 33kD and 35kD (monomer).  The slower migrating bands are

consistent with dimers (79kD and 87kD) and tetramers (143kD and 146kD).

The results suggest that the potential for S-RNase oligomerization is widespread,

but the degree of oligomerization varies at the relatively low concentration accessible in

vitro.  We, therefore, used formaldehyde crosslinking to stabilize S-RNase oligomers.

Native gel analysis after incubation with 0%, 0.25%, and 0.5% formaldehyde clearly

shows evidence of oligomer formation for S
A2

-RNase (Figure 2.10A, left).  Formaldehyde

treatment clearly increased the amount of oligomeric S
A2

-RNase.  Using an in-gel assay,
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Figure 2.9   Acidic Native Gel Analysis of S-RNase

(A) Representative Coomassie stained native gels showing SC10-, S9811-,

S105-RNases and RNase I.  The monomeric band contained the majority of protein.

Monomer bands were aligned to show the relative change in mobility of the slower

migrating oligomer bands with different percent acrylamide.  (B) Ferguson plot

analysis using bovine serum albumin (BSA), catalase, hemoglobin, and carbonic

anhydrase separated in acidic native gel (7.5%, 10%, 12.5%, and 15%

acrylamide) as native standards.  The slope of the log percent mobility vs. percent

acrylamide was graphed relative to the molecular mass (kD).  The mass of the

SC10-RNase was estimated from the change in mobility in relation to % acrylamide.

M = monomer, D = dimer, T= tetramer.
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Figure 2.10  Formaldehyde Crosslinked RNase

(A) In-gel activity assay of formaldehyde crosslinked SA2-RNase.  Brief

formaldehyde treatment increases the amount of oligomeric SA2-RNase in native

gels (left).  In-gel ribonuclease assay shows that all of the SA2-RNase bands have

ribonuclease activity (right, dark bands indicate RNA degradation).  (B) Formal-

dehyde crosslinked SC10-RNase, S105-RNase, and RNase I from E.coli.

analyzedby SDS-PAGE and Coomassie staining (Molecular weights shown next

to the gel).  M = monomer, D = dimer.
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we confirmed that the oligomeric forms of S-RNase retain enzyme activity (Figure

2.10A, right).  This analysis was extended to include two other S-RNases and an RNase

that is inactive in pollen rejection.  Figure 2.10B shows formaldehyde treated S
C10

-RNase,

S
105

-RNase, and RNase I from E. coli. separated by SDS-PAGE.  Both S-RNases show

crosslinked oligomers, but RNase I does not.

S-RNase Stability

We used circular dichroism spectroscopy (CD) to determine whether S-RNase

oligomerization was accompanied by changes in secondary structure.  The ultracentrifu-

gation experiments in Figure 2.7 showed that significant oligomerization of S
C10

-RNase

occurs in 2mM TCEP.  Figure 2.11 shows CD spectra (190nm to 250nm) for S
C10

- and

S
9811

-RNases with and without 2mM TCEP.  S
C10

-RNase shows a very small structural

change under the conditions that favor oligomer formation.  S
9811

-RNase, which does not

form oligomers under reducing conditions, also shows little change in the CD spectrum.

The slight shifts in CD spectra are not consistent with denaturation under reducing condi-

tions.

Ribonuclease activity is another measure of whether S-RNase is in a native

conformation.  Generally, S-RNase activity is assayed at 37ºC, but the N. alata S
2
-RNase

and P. inflata S
3
-RNase show optimal activity at near 50ºC (McClure et al., 1989, Parry et

al., 1997, Singh et al., 1991).  We performed ribonuclease activity assays at a range of

temperatures from 32ºC to 62ºC to reflect the stability of S-RNase under reducing condi-

tions (Figure 2.12).  RNase I from E. coli. was used as a control, as it shows impaired

activity in the presence of a reducing agent (Cannistraro et al., 1991).  S
C10

-, S
9811

-, and

S
105

-RNases activities were unaffected by the addition of 2mM TCEP at 32ºC.  In con-

trast, RNase I activity decreased by approximately 90% with addition of the reducing

agent.  Each of the RNases tested showed reduced activity at 62ºC with and without

TCEP.  S
9811

-RNase, which does not form oligomers under these conditions, showed no
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Figure 2.11  Circular Dichroism Spectra

CD spectra (190nm to 250nm) for SC10-RNase (left) at 25°C shows very

little change with reducing conditions (2mM TCEP) and the associated formation

of oligomers.  S9811-RNase (right), which does not form oligomers under these

conditions, shows slightly more secondary structure alteration.
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Figure 2.12  Ribonuclease

Assays

Ribonuclease activity

assays for RNase I, SC10-RNase,

S9811-RNase, and S105-RNase with

and without 2mM TCEP.  RNase I

from E. coli. is sensitive to reduc-

ing conditions, while the S-

RNases show no reduction in

activity with 2mM TCEP.  The

reduced oligomeric SC10-RNase

shows increased activity at 42°C,

suggesting that self-association

stabilizes the enzyme.  Error bars

represent the standard error for 5

replicates (RNase I, SC10-RNase,

S9811-RNase) or 3 replicates (S105-

RNase).
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difference between reducing and non-reducing conditions.  S
C10

-RNase activity at 42ºC in

the presence of 2mM TCEP is significantly higher than the non-reduced S
C10

-RNase.

Since reducing conditions favor oligomerization, the oligomeric forms of S
C10

-RNase

may have more activity than the monomeric forms at this temperature.  S
105

-RNase also

showed increased activity under reducing conditions at 42ºC, but we have not determined

its oligomeric state.

S-RNase Oligomerization in vitro Is Not S-specific

We performed pull down assays with purified S-RNases to determine whether in

vitro oligomerization is S-haplotype specific.  Biotinylated S
A2

- and S
C10

-RNase were

attached to streptavidin beads and used as baits.  S
A2

-, S
C10

-, S
9811

-, and Con5-RNases

were incubated with the S-RNase baits under reducing conditions to test for binding.

Under non-reducing conditions, no binding was observed (data not shown).  Figure 2.13

shows that with mildly reducing conditions, all of the S-RNases bound to S
A2

- and S
C10

-

RNase.  In some experiments, some of the S
A2

- and S
C10

-RNase baits also eluted from the

streptavidin beads along with the bound fraction (asterisks).  These results show that

different S-RNases can interact with each other in vitro.

Con5–RNase Has No Effect on S-specific Pollen Rejection

Con5-RNase is non-functional in S-specific pollen rejection (Zurek et al., 1997),

but its potential effects on other S-RNases in vivo has not been investigated.  We crossed

SC N. plumbaginifolia expressing Con5-RNase with SI N. alata (S
C10

S
C10

, S
A2

S
A2

, or

S
105

S
105

).  Offspring expressing normal amounts of both Con5-RNase and the wild-type S-

RNase were pollinated with S
C10

-, S
A2

-, and S
105

-pollen.  Pollinations were scored as

compatible if 50 or more pollen tubes reached the base of the style 48 hours after pollina-

tion.  Table 2.2 shows that plants expressing Con5–RNase showed no difference from

controls for both compatible and incompatible pollinations.
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Figure 2.13  Pull Down Assays

Pull down assays  testing the ability of purified S-RNases to bind to

biotinylated S-RNase baits.  Immunoblots show  the proteins that were bound to

the SC10- and SA2RNase baits.  SA2-, SC10-, S9811-, and Con5-RNase bind to both

SC10- and SA2-RNase baits, but showed little binding to the control (streptavidin

beads alone).  Asterisks indicate bait protein that eluted from the streptavidin

beads.  Experiments were performed under mild reducing conditions.
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Table 2.2  Pollen Tube Growth in (SC N. plumbaginifolia x SI N.

alata) Hybrids

Compatibility assessed by counting pollen tubes at the base of style 48hrs

post-pollination.  Pollinations with >50 pollen tubes were considered compatible

(+) and pollinations with <50 were considered incompatible (-).  Pollinations with

a single female plant were repeated 5 times and averaged.

Pistils                   SC10               SA2 S105

SC10-RNase -              +      +
SC10-RNase+ Con5-RNase -              +      +
SA2-RNasse +               -  +
SA2-RNase+ Con5-RNase +               -       +
S105-RNase +              +  -
S105-RNase+ Con5-RNase +              +  -

Pollen
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Discussion

120K, NaPELP III, NaTTS, and S-RNase together make up about 30% of the

soluble protein in the N. alata pistil.  The abundance of these proteins reflects the special-

ization of the pistil.  The finding that S-RNase accounts for 19% of the soluble protein is

similar to the results of Jahnen et al. (1989), which showed that S-RNase accounts for 25-

50% (extracted in 100mM Tris pH 7.8 with 14mM 2-mercaptoethanol).  When S-RNase

is expressed as a transgene, no phenotype is observed unless the expression is similar to

wild-type S-RNase levels (Murfett et al., 1994).  Moreover, when S. chacoense S
12

-

RNase is expressed below threshold levels in natural populations, S-specific pollen

rejection fails (Qin et al., 2001, Tsukamoto et al., 1999).  This requirement for near mM

S-RNase concentrations may give clues about S-RNase function.  The practical limita-

tions of in vitro experiments mean that S-RNase studies are normally conducted at con-

centrations two or three orders of magnitude below the in vivo concentrations.

We found that the levels of TTS-like proteins ranged from 2.2% to 8.2% in three

Nicotiana species.  TTS-like proteins have been shown to be important for pollen tube

growth in vitro and in vivo (Cheung et al., 1995, Wu et al., 2000).  Antisense experiments

in N. tabacum suggest that a threshold level of TTS is required for efficient pollen tube

growth.  The increased amount of TTS in N. tabacum may suggest a greater potential to

support pollen tube growth.  Our 120K results in N. alata S
C10

S
C10

 pistils are comparable

with the results obtained by Lind et al. (1994) in N. alata S
2
S

3
 pistils (i.e., 5.5%); the

difference (3.2% vs. 5.5%) probably results from differences in extraction buffers or

varietal differences in plant materials.

Comparison of SI and SC species has proved useful for identification of factors

required for S-specific pollen rejection.  HT-B, the first non-S-factor identified, is ex-

pressed in SI N. alata but not in SC N. plumbaginifolia (McClure et al., 1999).  In addi-

tion, a detailed study of Lycopersicon showed that many SC species did not express HT-B

or S-RNase (Kondo et al., 2002a, 2002b).  This evidence suggests that the loss of SI
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removes selection pressure for retaining factors required for SI.  Our comparison of the

AGP levels in N. alata and two SC species did not show a correlation with pollination

behavior.  In a related study, we showed that AGPs from N. plumbaginifolia and N.

tabacum bind to immobilized S-RNase (Cruz-Garcia et al., 2005).  We observed no

significant difference in ability of AGPs from SC species to form an S-RNase complex.

Further studies are required to determine if there are other important differences between

the AGPs from SC and SI species.

 Our results provide insight into the interaction between S-RNase and the major

stylar AGPs.  First, the interaction between the AGPs and S-RNase is direct.  While this

suggests that the interaction requires no other proteins, it does not exclude the potential

for additional proteins participating in the complex.  Binding was similar in non-reducing

and mildly reducing conditions, suggesting that disulfide bonds are not critical for the

interaction.  Second, S-RNase outnumbers the three AGPs by a ratio of five - to - one.  If

the functional complex of S-RNase and the AGPs is simply a 1:1 ratio, S-RNase is in

excess.  This excess S-RNase could interact with other pistil proteins such as p11 or other

unidentified pollen and pistil proteins.  However, the stoichiometry strongly suggests that

the S-RNase complex consists of large AGPs decorated by multiple S-RNases.  S-RNase

oligomerization was suggested by S-RNase binding assays, crystallization, and gel

filtration (Ida et al., 2001b, Oxley et al., 1996a, Cruz-Garcia et al., 2005).  Thus, it is also

possible that the S-RNase complex is composed of an oligomeric form of S-RNase bound

to 120K, PELP III, and TTS.

This study also provides additional evidence of S-RNase self-association.  Sedi-

mentation velocity is a function of protein mass and hydrodynamic radius.  Self-associa-

tion increases the mass of a protein, and thus, its sedimentation coefficient.  Our results

show that under reducing conditions the majority of S
C10

-RNase sediments as a dimer or

higher-order oligomer above 1.9µM.  While S
9811

-RNase did not form oligomers under

these conditions, it did crystallize as a dimer, and we detected oligomers of S
9811

-RNase in
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acidic native gels, which shows that it, too, can form oligomers under appropriate condi-

tions.  This indicates that the potential for S-RNase oligomerization depends upon both S-

haplotype and solution conditions.  This may explain the lack of consistent results in the

literature; S-haplotype-specific differences are not surprising given the variation between

S-RNases.  For example, S
C10

-RNase and S
9811

-RNase only share 45.5% amino acid

identity (Pearson, 1990).  The conserved resides in S-RNases contribute to the active site

and three other conserved regions that together account for less than 20% of the protein

(Ioerger et al., 1991).  The remaining polymorphic residues in S-RNase are thought to be

involved in specificity.  Interestingly, the dimer interface observed in the crystal structure

of S
9811

-RNase is composed of residues from a non-conserved variable region (Hancock

and McClure, 2003, Ida et al., 2001b).  Together, these results suggest that the polymor-

phic regions of S-RNase play a role in oligomerization.

In addition to the differences in oligomerization observed for S
C10

-RNase, S
9811

-

RNase, and RNase I, these RNases behave differently in pollen rejection.  Rejection of

SC N. plumbaginifolia pollen by SI N. alata requires S-RNase.  In this interspecific

rejection, multiple S-RNases from N. alata (including S
C10

-RNase) cause rejection.  Thus,

interspecific pollen rejection does not display the S-specificity characteristics of SI

(Beecher and McClure, 2001, Murfett et al., 1996).  However, some S-specificity exists;

Beecher and McClure (2001) showed that N. alata S
9811

S
9811

 fails to reject N. plumbagini-

folia pollen.  RNase I also fails to cause either S-specific pollen rejection, or interspecific

pollen rejection (Beecher et al., 1998, Beecher and McClure, 2001).  Thus, there is a

correlation between the reduced capability to oligomerize and reduced effectiveness in

pollen rejection.

The oligomerization we observed cannot be attributed to protein denaturation.  We

detected S
C10

-RNase oligomers under reducing conditions that could potentially reduce

disulfide bridges and cause unfolding.  However, the conditions used did not cause large

changes in secondary structure or ribonuclease activity.  Protein secondary structures,
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such as α−helixes and β−sheets, give distinct CD spectra.  Thus, changes in protein

secondary structure result in changes in the observed CD spectrum (Johnson, 1990).

Figure 2.11 shows that there were no significant changes in the S
C10

- or S
9811

-RNase

secondary structure with 2mM TCEP.  In addition, reducing agent had no effect on S-

RNase ribonuclease activity at 32ºC, while RNase I (also a T2 type RNase) from E. coli.

showed significantly reduced activity (Figure 2.12).  In fact, reduced/oligomeric S
C10

-

RNase showed increased activity at 42ºC compared to the non-reduced/monomeric form;

oligomerization actually stabilizes the protein.  It is noteworthy that S-RNases are

thought to function in the pollen tube cytoplasm, a potentially reducing environment.

We observed multiple S-RNase bands in acidic native gels.  The slower migrating

bands were shown to be oligomers by Ferguson plot analysis and formaldehyde

crosslinking.  The gel pH is close to ECM (pH 5-6, Feijo et al., 2004, Felle, 2001) or

vacuole (~pH5.5, Fox and Ratcliffe, 1990) conditions.  In addition, electrophoresis may

increase the effective concentration of S-RNase and stabilize the oligomeric forms.

The experiments show that in vitro S-RNase oligomerization is not S-specific

because the biotinylated S
C10

-and S
A2

-RNase baits interacted with all S-RNases tested.

This assay does not discriminate between different oligomeric forms (i.e., dimers, tetram-

ers, etc.), so the nature of the interaction is unclear. Similarly, the Antirrhinum SLF-S
2

interacts with multiple S-RNases in pull down and yeast two hybrid assays (Qiao et al.,

2004a).  This may suggest that S-specific interactions require other components that are

only present in vivo.

Non-S-factors are required for SI and may contribute to S-RNase oligomerization

in vivo (Hancock et al., 2005, McClure et al., 1999, 2000).  NaTrxh, a recently identified

thioredoxin that is secreted into the ECM with S-RNase, has been shown to reduce S-

RNase in vitro (personal communication F. Cruz-Garcia).  It is possible that NaTrxh may

promote S-RNase oligomerization or act as a chaperone to prevent S-RNase aggregation.
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The dominant negative effect observed for inactivated H93R S-RNase is S-

specific, implying a role for the regions of S-RNase involved in recognition.  We tested

Con5-RNase, a chimeric S-RNase that is not recognized by S
A2

- or S
C10

-pollen, to see if it

would disrupt the activity of other S-RNases.  We observed no change in compatibility

phenotype, reinforcing the proposal that the dominant negative effect results from S-

specific interactions.  The requirement for S-specific interactions is consistent with S-

specific oligomerization in vivo (i.e., homo-oligomerization of S-RNase).  However, we

detected hetero-oligomerization of S-RNase in vitro.  Thus, the S-specificity observed in

the dominant negative phenotype may require SLF or other non-S-factors.  Moreover,

Con5-RNase expressed in SC N. plumbaginifolia x SC N. alata does not cause rejection

of N. plumbaginifolia pollen (Beecher and McClure, 2001), which suggests that Con5-

RNase has additional defects.

The complex responsible for the S-specific nature of SI is composed of SLF and

S-RNase.  Genetic evidence indicates that the SLF within this complex is oligomeric

(Luu et al., 2001).  We provide evidence that S-RNase forms oligomers and the affinity of

this interaction depends on the S-haplotype.  Conflicting results in the literature may

reflect the fact that in vitro analyses are conducted at S-RNase concentrations that are

orders of magnitude below the conditions in the stylar ECM and in the absence of other

stylar proteins.  We also showed that stylar AGPs interact directly with S-RNase.  Thus,

120K, NaPELP III, and NaTTS are candidate SI factors.

Materials and Methods

Plant Material

N. tabacum, N. plumbaginifolia, N. plumbaginifolia expressing Con5-RNase, and

N. alata (S
C10

S
C10

, S
A2

S
A2

, S
9811

S
9811

, and S
105

S
105

) have been described (Beecher and Mc-

Clure, 2001).  Hybrid seedlings were germinated on 200µg/ml kanamycin and tested for

expression of the transgene.
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Protein Purification

Protein was extracted from N. alata cv. Breakthrough pistils with 50mM MES

pH6.5, 5mM EDTA, and 1% 2-mercaptoethanol (0.25g fw/ml).  The extract was cleared

by centrifugation, filtered through miracloth, and the oily layer removed.  The extract was

adsorbed to CM-Sepharose (Sigma-Aldrich, St. Louis, MO, USA), which was washed

with 50mM HEPES pH8 before eluting with 0.7mM NaCl.  Eluted proteins were applied

to BD Talon™ superflow metal affinity resin (BD Biosciences, Palo Alto, CA, USA).

Bound proteins were eluted with 500mM EDTA pH8.  The flow through and bound

fractions were precipitated with saturated ammonium sulfate, resuspended, and desalted

into 50mM HEPES pH8 using a Centricon Plus-20 (PL-10) filter (Millipore, Billerica,

MA, USA).  Samples were further separated by chromatography on Superose 12

(Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA) (50mM Tris, 350mM NaCl

pH7.5, flow rate 0.4ml/min).  Fractions (Talon bound) containing NaTTS were combined

and rebound to a Talon column to yield purified NaTTS.  Fractions (Talon unbound)

containing NaPELP III and 120K were combined, diluted in 50mM HEPES pH8, and

applied to SP-Sepharose (Sigma-Aldrich).  Proteins were eluted with a salt gradient (0-

1M); NaPELP III eluted earlier than 120K.  Talon beads were added to PELP III fractions

to remove contaminating TTS.  Protein concentrations were determined by the Bradford

assay using BSA as a standard. S-RNases were purified by cation exchange chromatogra-

phy as described (Cruz-Garcia et al., 2005).  Immunoblots were performed as described

(Beecher and McClure, 2001, Cruz-Garcia et al., 2005,  Goldraij et al., 2005).

Quantitation

Crude extracts were prepared from N. alata S
C10

S
C10

 pistils in 50mM Tris 350mM

NaCl pH7.5 (0.2mg fw/ml), cleared by centrifugation, and then diluted 1:1 in SDS-PAGE

loading buffer.  Protein concentration was determined by Bradford assay (pistil extract)

and A280 (purified S
C10

-RNase – A280 per cm for 1mg/ml= 1.58 (calculated by
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SEDNTERP http://www.rasmb.bbri.org/).  Immunoblots were performed as described

(Beecher and McClure, 2001, Cruz-Garcia et al., 2005, Goldraij et al., 2005).  Stained

blots were analyzed using the Total Lab software (Fotodyne Inc., Hartland, WI, USA).

Estimation of the transmitting tract volume was based on a triple labeled cross-section

from N. alata S
C10

S
C10

 (S-RNase, callose, and PPase).  Regions representing pollen tubes

(callose and PPase) and transmitting tract cells were cut out of printed versions, and the

volume of ECM vs. the total was determined by weight.

Binding Assays

Affi-Gel (Biorad, Hercules, CA, USA) matrices were prepared as described

(Cruz-Garcia et al., 2005).  Extracts were prepared from N. alata cv. Breakthrough pistils

in 50mM, Tris 50mM NaCl, 1% Tween, pH8.8 (0.2g fw/ml) and cleared by centrifuga-

tion.  Extract (50µl) was incubated with 50µl Affi-Gel beads (~0.5µg S
C10

-RNase/µl

beads) for 30 minutes at 4ºC.  The beads were washed with 50µl and 200µl buffer.  The

reducing conditions consisted of 1% 2-mercaptoethanol added to the extracts and washes.

Proteins were eluted and visualized as described (Cruz-Garcia et al., 2005).  In Figure

2.7, each lane represents 1µg fresh weight.  In Figure 2.6, 0.5µg of purified AGP in 50µl

of buffer with 10µg BSA as a blocking agent was used.  This was incubated with 25µl of

Affi-Gel, washed twice with 500µl of buffer, and eluted with 15 µl of 4x SDS loading

buffer (80ºC for 5 minutes).

Sedimentation Velocity Centrifugation

Purified S-RNases were centrifuged at 48,000rpm using the XL-I ultracentrifuge

(Beckman Instruments Inc, Fullerton, CA, USA) in an An-60 Ti rotor.  S-RNase at ap-

proximately 6.5µM (0.3 A280) was centrifuged in 12mm cells at 8ºC (50mM HEPES,

120mM NaCl pH8 with or without 2mM Tris (2-carboxyethyl)phosphine hydrochloride

(TCEP)).  Sixty consecutive radial scans at 280nm were taken at 5 minute intervals.  van
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Holde and Weischet analysis was performed using the Ultrascan Data Analysis Program

(version 6.0) from Borries Demeler (University of Texas Science Center, San Antonio,

Texas).  The buffer density and viscosity values used were 1.00645 and 1.0505 relative to

water at 20ºC respectively.  Protein mass and density were calculated using SEDNTERP.

All sedimentation coefficients were corrected to water at 20ºC.

Native Gel Electrophoresis

Acidic native gels were a modification of a described method (Cruz-Garcia et al.,

2005).  Samples were separated in gels of differing polyacrylamide concentration

(150mM potassium acetate pH6.7) with a 0.5cm gel layer (7.5% acrylamide, 10% glyc-

erol, 125mM potassium acetate pH4.3) at the base to prevent abnormal dye fronts.  He-

moglobin, carbonic anhydrase, bovine serum albumin (Sigma-Aldrich, St. Louis, MO,

USA), and catalase (Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA) were used

as native standards.  Proteins were visualized by Coomassie staining.  Molecular weight

was estimated by Ferguson plot analysis (Andrews, 1986).  Purified S-RNases were

crosslinked in formaldehyde for 15 minutes and quenched with 2mM glycine.  In-gel

activity assays were used as described (Wilson, 1971).  Gels were washed in TBE buffer

for 10 minutes.  RNA was soaked into the gel by placing it in buffer containing 0.16mg/

ml purified Torula Yeast RNA (Sigma-Aldrich, St. Louis, MO, USA) and 0.5µg/ml

ethidium bromide and incubating for 1 hour at 37ºC.  The gel was visualized using

ultraviolet light.

Circular Dichroism

CD spectroscopy was performed using a model 202 spectrometer (AVIV Bio-

medical Inc., Lakewood, NJ, USA) in 0.1cm cuvettes.  Data were collected at 1nm

increments from 250nm to 190nm with a 5 second averaging time.  The bandwidth was

1nm with a 0.33 second settling time.
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Activity Assays

S-RNase activity was determined as described (McClure et al., 1989).  Error bars

represent the standard error for 3-5 replicates.  Activity was normalized to the activity at

37ºC without TCEP.  RNase One™ Ribonuclease (Promega, Madison, WI, USA) was

used as a control.

Pull Down Assays

S-RNases were biotinylated as directed with NHS-PEO
4
-biotin, an N-

hydroxysuccinimide ester containing biotin with a polyethylene oxide spacer arm (Pierce,

Rockford, IL, USA).  Biotinylated S-RNase (50µg) was incubated with streptavidin gel

(25µl) from the Profound™ Pull-Down Biotinylated Protein:Protein Interaction Kit #

21115 (Pierce).  Approximately 90% of the S-RNase bound to the streptavidin beads.

Unbiotinylated S-RNases (~100µg) were incubated with the beads in 50mM Tris, 50mM

NaCl, and 1% 2-mercaptoethanol pH8.8 at 4ºC for 1 hour.  The beads were washed with

buffer containing 1% Tween 20 and eluted with 250µl of the supplied elution buffer.

Eluted fractions were analyzed by immunoblotting (30µl/lane) as described (Beecher and

McClure, 2001, Goldraij et al., 2005).  Anti-S
C10

-RNase was used for detection of Con5-

RNase.

Pollination Phenotypes

Mature flowers were pollinated using pollen from untransformed testers.  Pistils

were collected 48 hours after pollination and visualized as described (Kho and Baer,

1968).
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2.2  The 120kDa Glycoprotein is Required for S-specific Pollen Rejec-

tion in Nicotiana

As submitted to The Plant Journal

Summary

S-RNase participates in at least three pollen rejection mechanisms.  It functions in

S-specific pollen rejection (self-incompatibility) and in at least two distinct interspecific

pollen rejection mechanisms in Nicotiana.  S-specific pollen rejection and rejection of

pollen from N. plumbaginifolia also require additional stylar proteins.  Transmitting tract

specific (TTS) protein, 120kDa glycoprotein (120K), and pistil extensin-like protein III

(PELP III) are stylar glycoproteins that bind S-RNase in vitro and are also known to

interact with pollen.  Here, we tested whether these glycoproteins have a direct role in

pollen rejection.  120K shows the most size polymorphism between Nicotiana species.

Larger 120K-like proteins are often correlated with S-specific pollen rejection.  Sequenc-

ing results suggest that the polymorphism primarily reflects glycosylation differences;

although, indels also occur in the predicted polypeptides.  Using RNAi, we suppressed

120K expression to determine if it is required for S-specific pollen rejection.  Transgenic

SC N. plumbaginifolia x SI N. alata (S
105

S
105

 or S
C10

S
C10

) hybrids with no detectable 120K

were unable to perform S-specific pollen rejection.  Thus, 120K has a direct role in S-

specific pollen rejection.  However, suppression of 120K had no effect on rejection of N.

plumbaginifolia pollen.  In contrast, suppression of HT-B, a factor previously implicated

in S-specific pollen rejection, disrupts rejection of N. plumbaginifolia pollen.  Thus, S-

specific pollen rejection and rejection of N. plumbaginifolia pollen are mechanistically

distinct, because they require different non-S-RNase factors.
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Introduction

Plants possess a variety of physical and biochemical mechanisms to control

pollination, of which self-incompatibility (SI) mechanisms are the best understood.  In

the Solanaceae, Roseacea, and Scrophulariaceae, the specificity of pollen rejection in SI

is controlled by the S-locus (de Nettancourt, 1997).  When the S-haplotype (e.g., S
A2

) of

the haploid pollen matches either of the two S-haplotypes in the diploid pistil (e.g., S
A2

 +

S
C10

), the pollen is inhibited (de Nettancourt, 1977).  S-specific products are required on

both the pollen- and pistil-sides.  S-RNase determines specificity in the pistil, and SLF

(S-locus F-box protein) determines specificity in the pollen (Lee et al., 1994, Murfett et

al., 1994, Sijacic et al., 2004).  Each S-haplotype encodes unique S-RNase and SLF

genes.  S-RNase is secreted into the extracellular matrix (ECM) of the transmitting tract

and it is thought to physically interact with SLF after uptake into pollen (Luu et al., 2000,

Qiao et al., 2004a).  In an incompatible cross (i.e., S-RNase and SLF from the same S-

haplotype) this interaction results in S-specific pollen rejection.

In addition to S-RNase and SLF, S-specific pollen rejection requires non-S-

factors.  For example, an S
A2

-RNase transgene expressed in self-compatible (SC) N.

tabacum or SC N. plumbaginifolia does not cause rejection of N. alata S
A2

-pollen.  Thus,

these SC species lack one or more factors required for S-specific pollen rejection

(Beecher and McClure, 2001).  Presently, HT-B is the only cloned non-S-factor known to

be required for S-specific pollen rejection (McClure et al., 1999).  Plants with suppressed

levels of HT-B do not perform S-specific pollen rejection (McClure et al., 1999, O’Brien

et al., 2002).  Kondo et al. (2002a) also found that many SC Lycopersicon species do not

express functional HT-B protein.  They suggested that mutations in HT-B may have

resulted in the transition from SI to SC (Kondo et al., 2002a, 2002b).

S-RNase and non-S-factors are also implicated in interspecific pollen rejection.  It

is clear that N. plumbaginifolia pollen is rejected by an S-RNase dependent mechanism.

Untransformed (SC N. plumbaginifolia x SI N. alata (S
A2

S
A2

)) hybrids reject N. plum-
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baginifolia pollen.  However, suppressing S
A2

-RNase expression in (N. plumbaginifolia x

SI N. alata (S
A2

S
A2

)) prevents rejection of N. plumbaginifolia pollen (Murfett et al.,

1996).  Transgenic SC N. plumbaginifolia expressing S
A2

-RNase do not reject N. plum-

baginifolia pollen (McClure et al., 2000). Thus, like S-specific pollen rejection, N. plum-

baginifolia pollen rejection requires non-S-factors.  Nonetheless, the mechanisms are

distinct, since, unlike the S-specific pollen rejection typical of SI, almost any S-RNase

functions in the rejection of N. plumbaginifolia pollen.  The role of HT-B in the rejection

of N. plumbaginifolia pollen has not been previously reported.

The pistil also functions to promote the growth of desirable pollen.  One group of

pistil proteins that may contribute to this function are arabinogalactan proteins (AGPs).

AGPs are a diverse group of proteins characterized by their high carbohydrate content

(often >90%) and binding to β-glucosyl Yariv reagent (Cassab, 1998, Yariv et al., 1962).

They are implicated in cell growth and expansion, because they are often localized to the

cell surface, and some cell types do not grow when their AGPs are disrupted (Serpe and

Nothnagel, 1999).  Most AGPs are tethered to the plasma membrane by a

glycosylphosphatidylinositol (GPI) anchor (Schultz et al., 2004).  A specialized class of

AGPs that are abundant in the transmitting tract are not GPI anchored, but instead have a

cysteine-rich C-terminal domain that is homologous to the major pollen allergen from

Olea europaea, Ole e I (Bacic et al., 1988, Bosch, 2002, Schultz et al., 1997, Sommer-

Knudsen et al., 1996, Villalba et al., 1993).  One such AGP in N. tabacum and N. alata

pistils, the transmitting tract specific (TTS) protein, has been shown to bind to pollen

tubes, incorporate into the pollen tube wall, and promote pollen tube growth in vitro

(Cheung et al., 1995, Wu et al., 1995, 2000).  Studies show that pollen tube growth is

reduced when TTS expression is suppressed in N. tabacum styles, suggesting that TTS

supports pollen tube growth in vivo (Cheung et al., 1995).

Two similar proteins, the pistil extensin like protein III (PELP III) and the 120kDa

glycoprotein (120K), share sequence homology with the C-terminal Ole e I-like domain
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of TTS (Goldman et al., 1992, Schultz et al., 1997).  These glycoproteins are classified as

hybrid AGPs, because they contain both extensin and AGP motifs (Bosch et al., 2001).

Transgenic experiments in which PELP III was suppressed in N. tabacum showed no

change in pollen tube behavior even though it integrates into the callose of growing

pollen tubes (Bosch, 2002, de Graaf, 2000).  No transgenic experiments investigating the

role of 120K in style function have been reported, but immunolocalization studies indi-

cate that 120K enters growing pollen tubes (Lind et al., 1996).

TTS, PELP III, and 120K also comprise the most abundant class of S-RNase

binding proteins retained on S-RNase Affi-Gel (Cruz-Garcia et al., 2005).  We hypoth-

esized that these AGPs may be non-S-factors essential for S-specific pollen rejection.

Lind et al. (1994) first reported that 120K exhibited size polymorphisms among Solan-

aceae species.  We extended this study by examining 120K variation in SI and SC Nicoti-

ana species to determine if there was a correlation between 120K mobility and SI.  The

results suggest that 120K may indeed have a role in SI.  Therefore, we used RNAi to

suppress 120K in (SC N. plumbaginifolia x SI N. alata (S
C10

S
C10

 and S
105

S
105

)) hybrids.

We found that hybrids with little or no 120K fail to show S-specific pollen rejection but

retain the ability to reject N. plumbaginifolia pollen.  From this, we conclude that 120K

has a role in S-specific pollen rejection.

Results

120K Polymorphism

We tested selected Nicotiana species for size polymorphisms among TTS-, PELP

III-, and 120K-like glycoproteins.  Figure 2.14 shows that the NaTTS antibody detects a

smear from ~55kD to 120kD.  The extent of the smear and of the staining intensity shows

limited variability in different species and accessions.  The NaTTS polypeptide has a

predicted molecular weight of 27.5kD; differential glycosylation accounts for the wide

variation in apparent molecular weight (Cheung et al., 1995, Sommer-Knudsen et al.,
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Figure 2.14  S-RNase Binding Glycoproteins in Nicotiana

Immunoblot analysis of TTS-, PELP III-, and 120K-like glycoproteins after

electrophoresis in 7.5% tris-tricine gels.  The 120K-like proteins migrate as a

condensed band, and the TTS- and PELP III-like proteins migrate as more dis-

perse smears.  Generally, the 120K-like proteins from the SI plants have a lower

mobility than the 120K-like proteins from SC plants.  Molecular weights are

indicated to the left of the immunoblots.  *SC N. plumbaginifolia x SI N. alata

SC10SC10 hybrids are sterile, but pollen tube analysis shows they perform S-spe-

cific pollen rejection (Murfett et al., 1996).
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1996).  The PELP III-like proteins are also variably glycosylated but show more size

polymorphism among the tested species.  A previous study using an antibody made to the

C-terminal segment of PELP III showed no apparent size difference between N. alata and

N. tabacum (de Graaf, 2000). The different results may be attributed to differences in

antibody specificity, electrophoresis conditions, or Nicotiana cultivars.  The 120K-like

proteins stain as relatively distinct bands that vary from about 80kD to 120kD in different

plant materials.  Interestingly, extracts from some populations do not react with the

Na120K antibody.  For example, N. forgetiana accession 21A does not show a 120K-like

band, but other N. forgetiana accessions do show appropriately sized immunoreactive

bands (data not shown).  We cloned a 120K-like cDNA from the former (see below).  In

general, the 120K from SI species displays lower mobility than the 120K from SC spe-

cies.  For example, 120K-like proteins from SC N. tabacum, SC N. plumbaginifolia, and

SC N. longiflora show a lower apparent molecular weight than the 120K from N. alata

and N. bonariensis (Figure 2.14).  In addition, the 120K-like protein from SC N.

langsdorfii accession 28A migrates slightly faster than the 120K-like protein from SI N.

langsdorfii accession 28B.  The (SC N. plumbaginifolia x SI N. alata (S
C10

S
C10

)) hybrid

expresses two 120K-like bands that correspond to the 120K from each parent.  This

suggests that the differences in apparent molecular weight result from glycosylation

differences caused by the protein sequence, and not  glycosylation machinery differences.

We cloned and sequenced 120K-like cDNAs to determine whether there are

consistent differences between SI and SC species in Nicotiana.  Figure 2.15 shows an

alignment of the predicted amino acid sequences from eight species.  The mature protein

sequences consist of both variable proline-rich regions extending to approximately

position 280 in the alignment, and a more conserved cysteine-rich C-terminal domain of

about 138 residues. The variable proline-rich region from SC species contains numerous

indels and amino acid replacements when compared to the SI species.  The cysteine-rich

domains are more conserved except for a ten amino acid deletion in the SC N. plum-
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Figure 2.15  120K-like Protein Sequences

Alignment of predicted 120K-like polypeptide sequences.  Overlapping

regions are shown.  Secretion signals and extreme N-terminal residues not

present in all cloned sequences are not shown.  Numbering corresponds to the

N. alata sequence.  Indels and substitutions unique to SC species are boxed.

The shaded box indicates the peptide region (315 to 324) that was used for

antibody production.  Conserved cysteine residues are noted by asterisks.  A

single amino acid substitution in the N. forgetiana 21A sequence (black highlight

with white text) may inhibit antibody binding.  N. alata sequence retrieved from

GenBank (accession no. U88587 (Schultz et al., 1997)). The N. langsdorfii (28B)

sequence is a prediction based on two clones and the cloning primer sequences.



85

baginifolia and SC N. longiflora sequences.  The N. forgetiana 120K-like protein has an

amino acid substitution in the area recognized by the 120K antibody that may prevent

detection by immunostaining (Figure 2.14).  None of the sequence differences between SI

and SC accessions consistently correlate with pollination behavior.  Moreover, the amino

acid changes (i.e., deletions) alone are not sufficient to explain the observed differences

in apparent molecular weight.

S-Specific Pollen Rejection

Since 120K-like proteins showed the most polymorphism between SI and SC

species, we used RNAi (Wesley et al., 2001) to test for a direct role in S-specific pollen

rejection.  We identified a 119bp region of the 120K gene with minimal homology to the

PELP III and TTS genes and cloned this region into the RNAi vector (Figure 2.16A).  We

transformed SC N. plumbaginifolia and crossed the resulting T0 plants with SI N. alata

(S
105

S
105

 and S
C10

S
C10

).  Figure 2.16B shows that suppression was largely restricted to

120K.  Results are shown for progeny of four independent T0 plants (i.e., ZE, ZG, ZW,

and BA).  While hybrids ZE x S
105

S
105

 and ZG x S
105

S
105

 show partial suppression of

120K, hybrids ZW x S
105

S
105

, BA x S
105

S
105

 and BA x S
C10

S
105

 are fully suppressed (i.e.,

show no detectable 120K).  The latter hybrids also show a slight reduction in PELP III

and TTS levels.

Plants with suppressed 120K are deficient in S-specific pollen rejection.  Compat-

ibility was assessed by counting the number of pollen tubes that reached the base of the

style 60 hours after pollination with S
C10

- and S
105

-pollen (Figure 2.17).  The untrans-

formed control hybrid allowed two or less S
105

-pollen tubes to reach the base of the style,

but in a compatible cross, many S
C10

-pollen tubes were observed.  Because of the diffi-

culty in counting crowded and tangled pollen tubes, pollinations were judged as highly

compatible when >75 pollen tubes were observed (Table 2.3).  Transformed hybrids with

partial suppression of 120K were similar to controls, but hybrids with no detectable 120K
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Figure 2.16  Suppression of
120K

(A) PELP III and TTS homol-

ogy to 120K are indicated by vertical

lines.  (Each line represents two

identical amino acids.)  The trigger

region (indicated by an arrow) from

the 120K (PRP5 gene) shows the

lowest similarity to TTS and PELP III.

The trigger sequence was cloned

into the pHANNIBAL vector as an

inverted repeat flanking an intron

sequence, transfered to the binary

vector pART 27, transformed into N.

plumbaginifolia, and then crossed

with N. alata.  (B) Protein blot analy-

sis of transformed N. plumbaginifolia

x SI N. alata (S105S105 and SC10SC10)

hybrids.  ZE, ZG, ZW, and BA repre-

sent four independent transforma-

tions.  120K expression is partially

suppressed (ZE and ZG) and fully

suppressed (ZW and BA) in the

120K RNAi hybrids.  PELP III and

TTS protein levels are at or near

control levels.  Molecular weight

(kDa) is indicated to the left.  Un-

transformed control is SC N. plum-

baginifolia x SI N. alata (S105S105).
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Figure 2.17 Loss of 120K
Cases Breakdown of S-
specific Pollen Rejection

Pollen tube staining results

for 120K RNAi  (N. plumbaginifolia

x SI N. alata (S105S105 and

SC10SC10)) hybrids.  Hybrids were

pollinated with S105- and SC10-

pollen and prepared for imaging

60 hours after pollination.  Images

were taken at or near the base of

the style.  No pollen tubes are

present in the untransformed

control x S105S105 hybrid when

pollinated with S105-pollen. A

fragment of epidermis (EP) is

shown for orientation.  Many

pollen tubes are seen at the base

of the style when the untrans-

formed control x S105S105 hybrid is

pollinated with SC10-pollen.  Pollen

tubes appear as fibers with

brightly stained callose plugs

(arrows).  Partially suppressed

hybrids show no significant differ-

ence from the control.  Fully

suppressed hybrids show a loss

of S-specific pollen rejection,

because both S105- and SC10-pollen

tubes reach the base of the style.
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Table 2.3   Number of Pollen Tubes at the Base of the Style  in

120K RNAi (SC N. plumbaginifolia x SI N. alata) Hybrids

60 hr post-pollination

Pistil 120K Expression S 105-pollen S C10-pollen

ZE x S105S105 Partially Suppressed 1 ± 0.5 79 ± 11

ZG x S105S105 Partially Suppressed 5 ± 2 98 ± 12

ZW x S105S105 Fully Suppressed 58 ± 5 92 ± 16

BA x S105S105 Fully Suppressed 43 ± 4 75 ± 12

BA x SC10SC10 Fully Suppressed 65 ± 3 52 ± 12
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showed large numbers (~50) of otherwise incompatible pollen tubes at the base of the

style (Table 2.3, Figure 2.17).  Although the number of otherwise incompatible pollen

tubes was slightly lower than the number of fully compatible pollen tubes, it is clear that

S-specific pollen rejection does not occur in the absence of 120K.  Thus, like HT-B, 120K

is a non-S-RNase factor required for S-specific pollen rejection.

N. plumbaginifolia Pollen Rejection

Since it has been shown that non-S-factors are also required for interspecific

pollen rejection, we tested HT-B and 120K for roles in N. plumbaginifolia pollen rejec-

tion.  Figure 2.18 shows that the N. plumbaginifolia pollen tubes do not reach the base of

the untransformed control (SC N. plumbaginifolia x SI N. alata (S
C10

S
C10

)) style 72 hours

after pollination.  This rejection mechanism inhibits N. plumbaginifolia pollen tubes at 1

± 0.2cm.  Hybrids with suppressed HT-B allowed the N. plumbaginifolia pollen tubes to

reach the base of the style (~ 3.8cm).  The SC N. plumbaginifolia x SI N. alata (S
C10

S
C10

)

hybrids with fully suppressed 120K were similar to the control, only allowing the N.

plumbaginifolia pollen tubes to grow 1.6 ± 0.2cm (ZW) and 1.1 ± 0.3cm (BA).

Discussion

We regarded TTS, 120K, and PELP III as good candidates for non-S-RNase

factors that contribute to controlling pollination, because they bind to S-RNase in vitro

and interact with growing pollen tubes (Cheung et al., 1995, Cruz-Garcia et al., 2005, de

Graaf, 2000, Lind et al., 1996).  TTS and PELP III-like proteins did not display a great

deal of polymorphism (Figure 2.14).  120K showed the most polymorphism in our ex-

periments (Figure 2.14), and, moreover, it has been shown to enter pollen tubes (Lind et

al., 1996).  Thus, 120K emerged as the best candidate for a specific role in pollen rejec-

tion.

The sequence differences (i.e., indels) of 120K-like proteins do not account for



90

Figure 2.18  120K Is Not Required for Rejection of N. plum-

baginifolia Pollen

Images of pollen tubes  at the base of the style 72 hours after pollination.

N. plumbaginifolia pollen did not reach the base of the style in the control (N.

plumbaginifolia x SI N. alata (SC10SC10)) hybrids.  Hybrids with suppressed HT-B

allowed N. plumbaginifolia pollen to reach the base of the style.  Similar to the

control, hybrids with suppressed 120K rejected N. plumbaginifolia pollen.  The

ZW x SC10SC10 hybrid showed complete suppression of 120K, similar to ZW x

S105S105 and BA x SC10SC10 hybrid (data not shown).
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the large differences in mobility (Figure 2.15).  This suggests that the size polymorphism

results from glycosylation differences.  In addition to alteration in the glycosylated

domain, SC N. plumbaginifolia and SC N. longiflora have a 10 amino acid deletion in the

cysteine-rich domain.  Other proteins containing the Ole e I domain, including Ole e I

and LAT52, also contain this deletion (Twell et al., 1989, Villalba et al., 1993).  Thus, it

would not be expected to inhibit protein folding or function.

Control pollinations show that suppression of 120K has no effect on compatible

pollinations; thus, it is not absolutely required for pollen tube growth (Table 2.3, Figure

2.17).  However, the results clearly show that suppression of 120K interferes with normal

S-specific pollen rejection.  We observed this effect in progeny from two independent

transformants (ZW and BA, Table 2.3, Figure 2.17) that failed to reject two different S-

haplotypes (i.e., S
C10

- and S
105

-pollen).  Since the partially suppressed hybrids behaved

similarly to controls, this suggests that high-level expression of 120K is not required for

S-specific pollen rejection.  This is somewhat surprising, since 120K-like proteins are

very abundant.  However, fully suppressed hybrids clearly fail to show S-specific pollen

rejection.

S-RNase-dependent rejection of N. plumbaginifolia pollen is similar to S-specific

pollen rejection in many respects (Murfett et al., 1996).  We showed that HT-B is re-

quired for both of these pollen rejection mechanisms and that 120K is not required for N.

plumbaginifolia pollen rejection.  While the role of HT-B in pollen rejection is unknown,

these results suggest that it has a more general function than 120K in pollen rejection.  It

is also possible that PELP III or another similar protein can substitute for 120K in N.

plumbaginifolia pollen rejection.

Despite the homology between 120K, TTS, and PELP III, these proteins do not

have entirely redundant functions.  Sequence analysis of this protein group does not

immediately suggest the structural basis for the functional differences.  In addition to

sequence differences at the protein level, there are differences in glycosylation.  SDS-
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PAGE analysis indicates that, unlike TTS and PELP III, 120K is relatively uniformly

glycosylated and that it runs as a distinct band.  At this point, we can not speculate on the

specific roles of the glycan and protein moieties in 120K.  Further experiments such as

domain substitution or deletion may help resolve this question.

Our goal is to develop a comprehensive model of the SI mechanism by identify-

ing all the factors required for S-RNase-dependent pollen rejection.  It is now established

that S-RNase and SLF determine the specificity of pollen rejection in SI (Sijacic et al.,

2004). We and others have shown that HT-B is also required (McClure et al., 1999,

O’Brien et al., 2002).  Here, we showed that 120K is similarly required, but neither HT-B

nor 120K contributes directly to the specificity of S-specific pollen rejection.

Experimental Procedures

Plant Material

Nicotiana alata (S
C10

S
C10

 and S
105

S
105

 genotypes), N. tabacum cv. Praecox, and N.

plumbaginifolia (43B) were described previously (Beecher and McClure, 2001, Murfett

et al., 1994).  N. langsdorfii (inventory # TW74, accession 28A), N. langsdorfii (inven-

tory # TW75, accession 28B), N. bonariensis (inventory # TW28, accession 11), N.

forgetiana (inventory # TW50, accession 21A), and N. longiflora (inventory # TW79,

accession 30A) were obtained from the U.S. Tobacco Germplasm Collection (Crops

Research Laboratory, Oxford, NC).  Antisense HT-B hybrids were described previously

(McClure et al., 1999).

Protein Analysis

Styles were weighed, ground in 4 x SDS-PAGE loading buffer (Barker, 1998),

boiled, and centrifuged.  Extracts equivalent to 1.5mg fresh weight were separated in

7.5% Tris-tricine gels (Schägger and von Jagow, 1987).  Proteins were electroblotted and

immunostained as described (Cruz-Garcia et al., 2005, Harlow and Lane,1988).
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Cloning and Sequencing

Polyadenylated RNA was prepared from mature styles.  cDNA was prepared

using the SMART cDNA library construction kit (BD Biosciences, Palo Alto, CA).  The

following oligonucleotides were used for PCR amplification of 120K homologs:

120F-CCTCTAATCATCGTCGGCCATGT,

120R-GGTCTTTCTAATAATGAAGAGCTCG,

Con C-term-GCACCAGATTTTCCACCATTGAAGTTTGTTGGGACAT,

Mid N-term-TCTCCCAAGAAAAGCCCCTCTAGCCCTACA,

Rev N-term-CTGAGCAGCCGGTGACGGAGA,

Repeat Rev-GGAGGTGATGATCTAATAGGTGGTGGAGGTGGC,

Whole N-term-ACATGGCCGACGATGATTAGAGG,

N1F-TGAAAGAATCGAAAGATCGTTAATAGACAAAGGTCA ,

N1R-TTGTTTACCGGTGTAGGGCTAGAGGGG,

N2F-TCACCACCACCACAGGTTAAGTCGTCC,

N2R-ATTGTTTTGGTGGTTGAACTGGTGGCG.

PCR fragments were cloned using the pGEM vector (BD Biosciences, Palo Alto,

CA).  Sequence alignment was performed using the programs Clustal W (Thompson et

al., 1994) and Align (Pearson, 1990) administered by the San Diego Supercomputer

Center (http://workbench.sdsc.edu).

RNAi Construct and Plant Transformation

A 119bp sequence near the 5’ end of the 120K transcript was amplified with the

N1F and N1R primers and cloned into pHANNIBAL (CSIRO Plant Industry, Canberra,

Australia) (Wesley et al., 2001) as shown in Figure 2.16A.  The RNAi construct was

transferred into to the binary vector pART 27 for transformation into Agrobacterium

tumefaciens.  N. plumbaginifolia was transformed as described (Beecher, 1999) except



94

that the shooting and cocultivation media contained 10µg/ml 6-(3-methyl-2-

butenylamino) purine (2iP) and .3µg/ml indole-3-acetic acid.

Pollination Phenotype

Mature flowers were pollinated with N. plumbaginifolia or N. alata (genotype

S
105

S
105

 or S
C10

S
C10

) pollen.  Pistils were stained with decolorized aniline blue as described

(Kho and Baer, 1968) and observed on an Olympus IX-170 microscope.  Pollen tube

length was measured from the top of the stigma to where less than ten pollen tubes could

be seen.  Pollinations were repeated five or more times.
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2.3  Discussion

Although the genetics of S-RNase-based SI are simple, the underlying mecha-

nisms of pollen rejection are still far from understood.  When this thesis work was initi-

ated, S-RNase and HT-B were the only factors definitely known to be required for pollen

rejection.  Many researchers focused on identifying pollen S because of its role in deter-

mining S-specificity.  However, little attention was given to the role of S-RNase.  Clearly,

the biochemical interactions of S-RNase could provide a means to explore the system

from a new perspective.  Thus, S-RNase binding assays were used as a starting point.

These assays showed that S-RNase and AGPs are prominent binding proteins, and this

peaked our interest.

That S-RNase itself proved to be a binding protein was consistent with self-

association results in the literature, but most authors doubted its significance (Ida et al.,

2001b, McCubbin et al., 1997, Oxley et al., 1996a).  RNase oligomerization is important

in other mechanisms.  In mammals, RNase L degrades single-stranded RNA in a caspase

dependent apoptosis mechanism.  RNase L is inactive until it binds 2’5’oligoadenylate,

allowing formation of the active dimer (Dong and Silverman, 1995).  Other RNases are

also affected by their oligomerization state.  For instance, trimeric mammalian RNase A

degrades double stranded RNA faster than RNase A dimers or monomers (Gotte et al.,

1999, Liu et al., 2002).  I initiated studies of S-RNase oligomerization to determine if it

could play a role in S-specific pollen rejection.

My results indicate that S-RNase does form oligomers.  I found that self-associa-

tion is dependent on S-haplotype.  This suggests that oligomerization may function in S-

specific recognition, because if self-association was a conserved property, it would not

show such variation between different S-RNases.  These studies should pave the way for
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biochemical studies of the S-RNase/SLF complex and may illuminate how the interaction

between these proteins produces S-specific pollen rejection.

I showed that 120K is required for S-specific pollen rejection.  The interaction

between 120K and S-RNase may have parallels to binary toxins (i.e., composed of a

cytotoxic A-chain and an associated cell binding B-chain).  In many cases, toxin-associ-

ated B-chains are required for toxin uptake and localization.  For example, Ricin pro-

duced by Ricinus communis is composed of a catalytically active A-chain and a non-toxic

galactose-binding B-chain.  A-chain alone has no cytotoxic effect (Newton et al., 1992).

In the native toxin, the B-chain binds glycoproteins on the cell surface and in the

endomembrane system.  Trafficking mediated by the B-chain ultimately allows the A-

chain to gain access to the cytoplasm (Lord et al., 1994).  The interaction between S-

RNase and 120K may function similarly, providing S-RNase access to the pollen cyto-

plasm.  In this case, the absence of 120K would result in SC.

The parallels between toxin-associated proteins and 120K extends to the proposed

tertiary structures.  The C-terminal domain of 120K belongs to the Ole e I family of

proteins that are homologous to the Kunitz trypsin inhibitors (Muschietti et al., 1994, van

Ree et al., 1994).  This has led to the suggestion that, like the Kunitz soybean trypsin

inhibitors, the Ole e I proteins have the β-trefoil fold (Aalberse, 2000).  Assignment of

the disulfide bonds in the Ole e I protein has caused doubts about this hypothesis

(Gonzalez et al., 2000), but the structure has not been solved.  Many toxin-associated

proteins also have the β-trefoil fold.  For example, the enzymatically inactive B-chain for

plant toxins such as Ricin, Abrin, and Mistletoe Lectin I is composed of two β-trefoil

domains (Krauspenhaar et al., 1999, Rutenber et al., 1991, Tahirov et al., 1995).  Simi-

larly, the β-trefoil domain in the enzymatically inactive proteins, which are associated

with two bacterial toxins (botulism and tetanus), binds gangliosides and plays a role in

the translocation of the toxin into the cell (Emsley et al., 2000, Lacy et al., 1998, Umland
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et al., 1997).  By analogy, 120K could function in S-RNase localization, but the function

of the C-terminal remains speculative.

Additional research is needed to determine the function of 120K.  Currently,

others are working to identify pistil and pollen proteins that interact with the C-terminal

domain. Yeast two-hybrid experiments suggest that several pollen and pistil proteins

interact with the 120K C-terminal domain (X. Gan and C. B. Lee unpublished).

Immunolocalization experiments using 120K and S-RNase antibodies are providing

insight into their fate in pollen tubes.  The results showed that after uptake into pollen

tubes S-RNase is contained within a compartment marked by 120K.  This compartment is

stable in compatible crosses, but is disrupted or absent in rejected pollen tubes.  These

results suggest that exclusion from the cytoplasm prevents S-RNase cytotoxicity. Rejec-

tion may result when this compartment is compromised as a downstream effect of an S-

specific interaction.  The association of 120K with the pollen compartment suggests that

it binds to a membrane or membrane-bound proteins.  Thus, the current results support

the hypothesis that 120K is important for S-RNase to enter the pollen cytoplasm.  How-

ever, preliminary results suggest that 120K is not directly involved in S-RNase uptake.

Although it is clear that non-S-factors are required for SI, they are not included in

current models of pollen rejection.  HT-B is not homologous to proteins of known func-

tion; thus, no predictions about its function have been made.  I have shown that 120K is

required for SI.  It is homologous with the TTS-like proteins and Ole e I-like proteins,

suggesting that its function requires interaction with the pollen tube.  Identification of this

additional SI factor opens up new avenues of research that should provide greater insight

into the mechanism of S-specific pollen rejection.  Ultimately, this will allow for a com-

prehensive model of S-RNase-based SI.
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