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Petunia inflata S-locus F-box (Pi SLF) is thought to function as a typical F-box protein in ubiquitin-mediated protein
degradation and, along with Skp1, Cullin-1, and Rbx1, could compose an SCF complex mediating the degradation of nonself
S-RNase but not self S-RNase. We isolated three P. inflata Skp1s (Pi SK1, -2, and -3), two Cullin-1s (Pi CUL1-C and -G), and
an Rbx1 (Pi RBX1) cDNAs and found that Pi CUL1-G did not interact with Pi RBX1 and that none of the three Pi SKs
interacted with Pi SLF,. We also isolated a RING-HC protein, S-RNase Binding Protein1 (Pi SBP1), almost identical to
Petunia hybrida SBP1, which interacts with Pi SLFs, S-RNases, Pi CUL1-G, and an E2 ubiquitin-conjugating enzyme, sug-
gesting that Pi CUL1-G, SBP1, and SLF may be components of a novel E3 ligase complex, with Pi SBP1 playing the roles of
Skp1 and Rbx1. S-RNases interact more with nonself Pi SLFs than with self Pi SLFs, and Pi SLFs also interact more with
nonself S-RNases than with self S-RNases. Bacterially expressed S;-, S,-, and S;-RNases are degraded by the 26S
proteasomal pathway in a cell-free system, albeit not in an S-allele-specific manner. Native glycosylated S;-RNase is not
degraded to any significant extent; however, deglycosylated S;-RNase is degraded as efficiently as the bacterially ex-
pressed S-RNases. Finally, S-RNases are ubiquitinated in pollen tube extracts, but whether this is mediated by the Pi SLF-

containing E3 complex is unknown.

INTRODUCTION

Self-incompatibility (Sl) is an intraspecific reproductive barrier
that allows pistils of a plant to reject self pollen (genetically
related pollen) but to accept nonself pollen (genetically unrelated
pollen) for fertilization (de Nettancourt, 2001). Sl is further clas-
sified into two major types, sporophytic Sl (SSI) and gameto-
phytic SI (GSI), based on how pollen behavior in Sl interactions is
determined. In the simplest cases, both SSI and GSI are con-
trolled by a highly polymorphic locus, named the S-locus, which
contains two separate genes: one encoding female specificity
and the other encoding male specificity (Takayama and Isogai,
2005). For SSI, the pollen phenotype is determined by the
S-genotype of the pollen parent, and for GSI, the pollen pheno-
type is determined by the S-genotype of the pollen itself. In GSI,
matching of the pollen S-allele with either S-allele of the pistil
results in the inhibition of pollen tube growth in the style. Only pol-
len carrying a different S-allele from both S-alleles of the pistil can
grow down through the style to effect fertilization in the ovary.
One type of GSI mechanism that has been studied extensively
is the S-RNase-based SI, which has been found in the Solana-
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ceae, Scrophulariaceae, and Rosaceae (Kao and Tsukamoto,
2004). In these families, the S-RNase gene, a highly polymorphic
gene first identified in Nicotiana alata (Solanaceae) (Anderson
et al., 1986), controls the pistil specificity in Sl (Lee et al., 1994;
Murfett et al., 1994). The RNase activity of S-RNases is required
for their function in rejecting self pollen (Huang et al., 1994), and
results consistent with rRNA degradation being responsible for
growth inhibition of self pollen tubes have been obtained
(McClure et al., 1990). S-RNases are glycoproteins with various
numbers of N-linked glycan chains; however, the carbohydrate
moiety is not required for their function in Sl (Karunanandaa et al.,
1994). Thus, the recognition function of S-RNases appears to
reside in the protein backbone.

The S-Locus F-box (SLF) gene, which controls pollen speci-
ficity, was identified recently. Lai et al. (2002) first reported the
identification of Ah SLF (Antirrhinum hispanicum SLF) from
sequencing a 63-kb region of the So-locus of A. hispanicum
(Scrophulariaceae) that contains the S,-RNase gene. Subse-
quently, SLF (also named SFB for S-Locus F-Box) was identified
in several species of the genus Prunus (Rosaceae). For example,
Pm SLF (P. mume SLF) was identified from sequencing a 62.5-kb
S7-locus region (Entani et al., 2003), and Pd SFB (P. dulcis SFB)
was identified from sequencing a 70-kb S.-locus region of
P. dulcis (Ushijima et al., 2003). In Petunia inflata (Solanaceae),
Pi SLF was identified from sequence analysis of a 328-kb S-locus
region that contains the S,-RNase gene (Wang et al., 2004). The
role of Pi SLF in Sl was demonstrated by introducing its So-allele,
PiSLF,, into S;S7, S1S5, and S,S3 plants and showing that the Pi
SLF, transgene caused the breakdown of Sl in pollen carrying
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the S;- or Sz-allele but not in pollen carrying the S,-allele (Sijacic
et al., 2004). The rationale for this approach was based on the
well-documented phenomenon called competitive interaction, in
which pollen carrying two different S-alleles (heteroallelic pollen),
but not pollen carrying two copies of the same S-allele (homo-
allelic pollen), fails to function in Sl. Interestingly, introducing the
So-allele of Ah SLF into Petunia hybrida S3S3 plants also caused
the breakdown of Sl in Sz pollen that inherited the transgene
(Qiao et al., 2004a), even though Ah SLF is only ~30% identical
in amino acid sequence to Ph SLF3 and Pi SLF,. Several pollen-
part mutants have been found to be associated with either
truncation or deletion of SLF/SFB, strongly suggesting that this
gene controls the pollen specificity in the Rosaceae (Ushijima
et al., 2004; Sonneveld et al., 2005).

The finding that the pollen specificity gene encodes an F-box
protein provides a clue to the biochemical mechanism of
S-specific inhibition of pollen tube growth. Most F-box proteins
are involved in ubiquitin-mediated protein degradation. This
system uses E1 (ubiquitin-activating), E2 (ubiquitin-conjugating),
and E3 (ubiquitin ligase) enzymes to catalyze the transfer of
polyubiquitin chains to specific protein substrates for degrada-
tion by the 26S proteasome (Bai et al., 1996). One class of E3s is
the RING-related class, which can be further divided into single
subunit RING/U-box E3s and multisubunit E3s (Moon et al., 2004;
Willems et al., 2004). SCF, a class of the multisubunit E3, consists
of Skp1, Cullin-1, F-box protein, and Rbx1 (a RING-H2 protein)
(Willems etal., 2004). Cullin-1 serves as the scaffold protein; its N-
and C-terminal domains interact with Skp1 and Rbx1, respec-
tively. The F-box domain of F-box proteins interacts with Skp1,
and a separate domain interacts with specific protein substrates
(Zheng et al., 2002). The substrate-interacting domains may
contain WD40 repeats, Leu-rich repeats, other protein—protein
interaction modules, or unrecognizable motifs (Cenciarelli et al.,
1999; Moon et al., 2004). None of the SLFs characterized to date
contains any known protein—protein interaction motifs in the C-
terminal region (i.e., outside of the N-terminal F-box domain).
Qiao et al. (2004b) have shown, by yeast two-hybrid, in vivo
coimmunoprecipitation, and pull-down assays, that this C-ter-
minal region of Ah SLF, interacts with both its self and nonself S-
RNases with no allelic specificity. Huang et al. (2006) recently
used yeast two-hybrid screens to identify a Skp1-like protein that
interacted with the F-box domain of Ah SLF,, suggesting that Ah
SLF is likely to be a component of an SCF complex.

Using immunolocalization of pollinated pistils, Luu et al. (2000)
showed that, in Solanum chacoense (Solanaceae), both self and
nonself S-RNases were localized in the cytoplasm of the pollen
tube. By contrast, Goldraij et al. (2006) reported that, in N. alata,
both self and nonself S-RNases were sequestered in a vacuolar
compartment of the pollen tube at an early stage (16 h after
pollination) of pollen tube growth in the style. At a later stage (36 h
after pollination), the compartment in the incompatible pollen
tube was disrupted, presumably releasing S-RNases into the
cytoplasm of the pollen tube to exert their cytotoxic function,
whereas the compartment in the compatible pollen tube re-
mained intact. However, Goldraij et al. (2006) could not rule out
the possibility that some small amounts of self and nonself
S-RNases taken up by the pollen tube were present in the
cytoplasm. Thus, even if S-RNases are indeed compartmental-

ized after they are taken up by the pollen tube, it would appear
that some mechanism should still be required to prevent nonself
S-RNases from exerting their cytotoxic effect on pollen tubes.

A current model for the function of SLF is predicated on the
assumption that SLF is a component of a canonical SCF complex
(Qiao et al., 2004a, 2004b; Sijacic et al., 2004; Huang et al., 2006).
This model predicts that an SLF interacts with its self and nonself
S-RNases differently so that only nonself S-RNases are ubiquiti-
nated and degraded by the 26S proteasome. As a first step
toward testing the validity of this model in P. inflata, we set out
to identify potential components of the putative SCFPi SLF com-
plex. The results suggest that a Cullin-1 (named Pi CUL1-G), a
RING finger protein (hamed Pi SBP1), and Pi SLF are likely to be
components of a novel E3 ligase complex, with Pi SBP1 playing
the roles of Skp1 and Rbx1 in the canonical SCF complex. The in
vitro binding assay was also used to examine the interactions
between S-RNases and Pi SLFs, and the results suggest that
S-RNases interact with their nonself Pi SLFs to a greater extent
than with their self Pi SLF and that Pi SLFs exhibit a similar
binding property for S-RNases. Finally, we used pollen tube
extracts and purified recombinant S;-, S,-, and S3;-RNases, as
well as both glycosylated and deglycosylated forms of S3-RNase
purified from pistils, to show that all nonglycosylated S-RNases
were degraded via the 26S proteasome pathway and that the
recombinant S-RNases were ubiquitinated.

RESULTS

Isolation and Characterization of Three Skp1 Genes
of P. inflata

Toisolate Skp1 genes of P. inflata, we used cDNAs for ASK1 and
ASK2, two well-characterized Arabidopsis thaliana Skp1s, as
probes to screen an S;S; pollen cDNA library under low-
stringency hybridization conditions. Screening of 3 X 10° plaque-
forming units (pfu) resulted in four independent clones, and
sequencing revealed that they all corresponded to the same
gene. The longest cDNA was 681 bp, with a 468-bp open reading
frame. The deduced amino acid sequence was 80 and 83%
identical to the amino acid sequences of ASK1 and ASK2,
respectively, suggesting that this cDNA encodes a Skp1. The
corresponding gene was thus named Pi SK1 (for P. inflata SKP1).
Genomic gel blot analysis revealed that, under low-stringency
hybridization conditions, Pi SK7 hybridized to at least three
additional genomic fragments of P. inflata (data not shown). To
isolate other Skp1 genes homologous with Pi SK7, we used the
full-length Pi SK7 cDNA as a probe to screen 3 x 108 pfu of an
S,S, pollen cDNA library under low-stringency hybridization
conditions. Twenty-two positive clones were isolated, and se-
quencing revealed that 6 encoded Pi SK1 and the other 16
corresponded to two Pi SK1 homologues. These two genes were
named Pi SK2 and Pi SK3. Alignment of the amino acid se-
quences of Pi SK1, Pi SK2, and Pi SK3 with those of ASK1, ASK2,
and a human SKP1 (Schulman et al., 2000) is shown in Supple-
mental Figure 1 online. Pair-wise amino acid sequence identities
between these three P. inflata Skp1 proteins range from 90 to
92%, which is greater than the 79% amino acid sequence identity
between ASK1 and ASK2.



We next used the yeast two-hybrid assay to examine whether
Pi SK1, Pi SK2, and Pi SK3 interact with Pi SLF. The coding
sequences of Pi SK1, Pi SK2, and Pi SK3 were inserted into a
yeast two-hybrid bait vector, pGBD-C1 (James et al., 1996), and
the coding sequence of Pi SLF,, the product of the S,-allele of Pi
SLF, was inserted into a prey vector, pGAD-C1 (James et al.,
1996). No positive interactions were observed between any of
these three Pi SKs and Pi SLF, (Figure 1). The yeast two-hybrid
assay was also performed using Pi SK7 and Pi SK2 in pGAD-C1
and Pi SLF; (for S;-allele of Pi SLF) and Pi SLF, in pGBD-C1.
Again, no interactions were observed in any of the four possible
combinations of Pi SKs and Pi SLFs (data not shown). To
ascertain whether these three Pi SKs are bona fide Skp1s, we
used pGBD-C1-Pi SK1 as bait to screen an S,S, pollen prey
library previously constructed in pGAD424 (Skirpan et al., 2001).
Twenty independent colonies were isolated under high-strin-
gency screening. PCR fingerprinting and sequencing revealed
that these 20 clones represented seven different genes, and the
deduced amino acid sequences of all of them contained an
F-box domain at the N terminus. B-Galactosidase activity assays
showed that all seven of these F-box proteins interacted strongly
with Pi SK1, Pi SK2, and Pi SK3; the results for two of these F-box
proteins, named Pi FBP23 and Pi FBP2011 (for P. inflata F-Box
Protein 23 and 2011, respectively), are shown in Figure 1. The
observation that all of the interacting proteins of Pi SK1 isolated
from the yeast two-hybrid screen are F-box proteins suggests
that Pi SK1 and its homologues, Pi SK2 and Pi SK3, are bona fide
Skp1 proteins. None of the genes encoding these seven F-box
proteins are likely linked to the S-locus, because no restriction
fragment length polymorphism was observed when cDNAs for
these genes were used as probes in genomic gel blot analysis of
S1S1, S2S2, and S3S; genotypes (data not shown).

Pi SLF Does Not Interact with Arabidopsis Skp1 Proteins

The observation that Pi SLF, did not interact with Pi SK1, Pi SK2,
or Pi SK3 suggested that Skp1 might not be a component of the

o) = o ps -
w w w e 2
o) G & =
Prey
Pi FBP2011 & ¢ &

PiFBP23 W0 = @

Pi SLF;

Figure 1. Yeast Two-Hybrid Assay of Interactions between Three Pi SKs
and Three F-Box Proteins.

Pi FBP2011 and Pi FBP23 are F-box proteins that are likely encoded by
genes unlinked to the S-locus. The bait vector is pGBD-C1, and the prey
vector is pGAD-C1; p53 is a tumor suppressor and was used here as a
negative control. Six colonies of yeast SFY526 coexpressing a pair of
bait and prey proteins were streaked on filter paper for 3-galactosidase
activity assay. The paper was incubated in an X-Gal-containing solution
(Breeden and Nasmyth, 1985) for 1 h at 30°C.
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complex containing Pi SLF. To address this possibility, we first
examined whether there is any Skp1 that interacts with Pi SLF..
Because the complete genome sequence of Petunia was not
available, we tested the interactions of Pi SLF, with the Arabi-
dopsis Skp1s. The Arabidopsis genome sequence predicts the
existence of 19 Skp1 genes, ASK1 through ASK19 (Farras et al.,
2001; Gagne et al., 2002; Zhao et al., 2003), which, based on
phylogenetic studies, have been classified into seven subgroups
(Zhao et al., 2003). We chose one member from each subgroup
(ASK1,-4,-5,-9,-11,-13, and -16) to test whether their encoded
proteins interact with Pi SLF,. The yeast two-hybrid assay
showed that none of these seven ASKs interacted with Pi SLF,
(data not shown). Because Skp1 interacts with F-box proteins
through their F-box domain, we also used the yeast two-hybrid
assay to examine whether any of these seven Arabidopsis ASKs
interacts with Pi SLF5(FB), the F-box domain (amino acids 1 to 49)
of Pi SLF,. Again, no interactions were observed (data not shown).

Identification of Pi SBP1 as an Interacting Partner of Pi SLF

To further examine the possibility that Pi SLF might interact with
other Skp1(s) present in the pollen tube, we used Pi SLF,, Pi
SLF,(FB), and Pi SLF,(CTD), which contains the C-terminal
domain (amino acids 50 to 389), as baits to separately screen
the S,S, pollen prey library; 10, 13, and 7 positive colonies were
isolated for pGBD-C1-Pi SLF,, pGBD-C1-Pi SLF,(FB), and
pGBD-C1-Pi SLF,(CTD), respectively. Restriction digestion and
sequence analysis revealed that the cDNAs contained in all of the
positive clones corresponded to the same gene whose deduced
amino acid sequence was 98% identical with that of Ph SBP1 (for
P. hybrida S-RNase Binding Protein1). Ph SBP1 had previously
been identified by Sims and Ordanic (2001) from yeast two-
hybrid screens using as baits truncated P. hybrida S-RNases
(containing the two hypervariable regions, HVa and HVb, and the
conserved region C3 but missing the conserved regions C1, C2,
C4, and C5; defined in loerger et al., 1991). A Ph SBP1 homo-
logue was identified in S. chacoense using the same approach
(O’Brien et al., 2004). Because the amino acid sequence of the
protein found to interact with Pi SLF, is almost completely
identical to that of Ph SBP1, the protein was named Pi SBP1 (for
P. inflata SBP1). An alignment of the amino acid sequences of
Pi SBP1, Ph SBP1, and Sc SBP1 (for S. chacoense SBP1) is
shown in Supplemental Figure 2 online. Amino acid sequence
analysis by SMART showed that all three of these proteins have
two protein—protein interaction domains: a coiled-coil region
between amino acids 183 and 227, and a RING-HC domain be-
tween amino acids 289 and 323.

To determine whether Pi SLF, also interacts with Pi SBP1,
PGAD-C1-Pi SBP1 was separately cotransformed with pGBD-
C1-Pi SLF; and pGBD-C1-Pi SLF; into yeast. The interactions
of Pi SBP1 with Pi SLF4 and Pi SLF, were quantified by an
o-nitrophenyl-B-D-galactoside assay of the B-galactosidase ac-
tivity produced by the colonies (Figure 2A). Comparable activities
were detected for the interactions of Pi SBP1 with Pi SLF; and Pi
SLF,, whereas only background activities were detected in the
negative controls.

The interaction between Pi SBP1 and Pi SLF, was further
confirmed by an in vitro binding assay. The coding sequence of
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Figure 2. Analyses of Interactions of Pi SBP1 with Pi SLF; and Pi SLF,.

(A) Yeast two-hybrid assay. Pi SBP1 (in prey vector pGAD-C1) along with three bait constructs containing Pi SLF;, Pi SLF,, or p53, and with the bait
vector pGBD-C1, were separately cotransformed into the yeast strain SFY526, and the transformants were used for the assay. Pi SBP1 (in pGAD-C1)
alone was also transformed into SFY526 (NONE). The B-galactosidase activities shown are mean values + SD measured from six independent yeast
transformants.

(B) In vitro binding assay. Pi SLF, and Pi FBP2411 (an F-box protein likely encoded by a gene unlinked to the S-locus) were expressed as (His)e: T7:Pi
SLF, and (His)s:T7:Pi FBP2411, respectively, and the purified proteins were incubated separately with GST:Pi SBP1-bound Glutathione Sepharose 4
Fast Flow resin. As negative controls in this figure and in Figures 4B, 6B, and 6C, the same amount of GST:Pi SBP1-bound resin used in each binding
assay was incubated without any (His)e:T7-tagged protein, and GST-bound resin was incubated with the (His)e:T7-tagged protein, as indicated, under
the same conditions used in each binding assay. The bound proteins (arrow) were eluted and analyzed by immunoblotting (IB) using an anti-(His)e
antibody. Input lanes in this figure and in Figures 4B, 5C, 5D, 6B, and 6C contain a fraction of the (His)e:T7-tagged protein, as indicated, used in the
binding assay.



Pi SBP1 was cloned into an expression vector, pGEX-5X-1, to
produce a glutathione S-transferase (GST) fusion protein, GST:Pi
SBP1, and the coding sequence of Pi SLF, was cloned into
another expression vector, pET28, to produce a (His)s- and
T7-tagged protein, (His)s:T7:Pi SLF,. To determine whether Pi
SBP1 interacts with other F-box proteins, we also cloned the
coding sequence of Pi FBP2411 (one of the seven F-box proteins
found to interact with Pi SK1) into pET28 to produce (His)e: T7:Pi
FBP2411. As shown in Figure 2B, (His)e:T7:Pi SLF, was detected
only when both the GST:Pi SBP1-bound resin and this protein
were present in the reaction mixture. Similarly, (His)g:T7:Pi
FBP2411 was detected only when both the GST:Pi SBP1-bound
resin and this protein were present in the reaction mixture. Thus,
the interaction of Pi SBP1 with Pi SLF is not specific to the F-box
protein involved in Sl.

Genomic Complexity and Expression Pattern of Pi SBP1

To determine whether Pi SBP1 exhibits S-specific restriction
fragment length polymorphism, we used the full-length Pi SBP1
cDNA as a probe for genomic gel blot analysis of five different S-
genotypes, S;S7, S1S5, S2S5, S2S3, and S3S3, of P. inflata (Figure
3A). The same hybridizing fragment was detected in Xbal digests
of all of the genotypes (no Xbal recognition sequence is present
in the Pi SBP1 cDNA), and the same two hybridizing fragments
were detected in EcoRl digests of all of the genotypes (one EcoRl
recognition sequence is present in the Pi SBP1 cDNA). Thus, it
is likely that Pi SBP1 is a single-copy gene and unlinked to the
S-locus. RNA gel blot analysis showed that Pi SBP1 was ex-
pressed in all of the tissues examined (Figure 3B). All of these
results are similar to those reported for Ph SBP1 by Sims and
Ordanic (2001). Interestingly, the relative expression level of Pi
SBP1 in anthers of different developmental stages and in pollen/
pollen tubes is very similar to that of Pi SLF (Sijacic et al., 2004).
The expression level peaked in stage 3 and stage 4 anthers, after
the completion of meiosis of pollen mother cells to produce
microspores (Lee et al., 1996), and was reduced significantly in
mature pollen and in vitro—cultured pollen tubes (Figure 3B).

Pi SBP1 Interacts with S-RNases but Not with
an S-Like RNase

Because both Ph SBP1 and Sc SBP1 had been shown by the
yeast two-hybrid assay to interact with truncated S-RNases
containing the two hypervariable regions (HVa and HVb) and the
conserved region C3 (Sims and Ordanic, 2001; O’Brien et al.,
2004), we examined whether Pi SBP1 also interacts with the
corresponding region of S;- and S,-RNases of P. inflata. The
sequences for this region of S;-RNase (amino acid residues 47 to
97) and S,-RNase (amino acid residues 46 to 95) were used to
make two bait constructs, pGBD-C1-S;(HV,,C3) and pGBD-C1-
S(HV 4, C3), both of which were separately cotransformed with
pGAD-C1-Pi SBP1 into yeast. The o-nitrophenyl-B-D-galacto-
side assay showed that Pi SBP1 interacted with the truncated
S;- and S,-RNases (Figure 4A). Similar to what was reported by
Sims and Ordanic (2001) for Ph SBP1 and by O’Brien et al. (2004)
for Sc SBP1, when the mature S;- and S,-RNases were used as
baits, no interaction with Pi SBP1 was detected by the yeast two-
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hybrid assay (data not shown). Hereafter, the terms S;-RNase,
S,-RNase, and S3-RNase refer to the mature forms of these
S-RNases without the leader peptide (i.e., amino acid residues
1 to 200 for S1-RNase, 1 to 199 for S,-RNase, and 1 to 200 for
S3-RNase).

The failure to detect any interaction between Pi SBP1 and
S;- and S,-RNases by the yeast two-hybrid assay could be
because S-RNase did not fold properly in the yeast cell, as it has
eight conserved Cys residues involved in four intramolecular
disulfide bonds (Ishimizu et al., 1996; Oxley and Bacic, 1996).
Therefore, we used the in vitro binding assay, as described for
Figure 2B, to reexamine the interaction. The coding sequences of
S;-and S,-RNases were cloned into pET28 to produce (His)g:T7:
S1-RNase and (His)s: T7:So-RNase, respectively. As a control, the
coding sequence (without the signal peptide; amino acid resi-
dues 1to 193) of RNase X2 of P. inflata (Lee et al., 1992) was also
cloned into pET28 to produce (His)s: T7:RNase X2. RNase X2, an
S-like RNase, is 43% identical to S4- and S,-RNases, and it was
used to ascertain whether any interaction observed with either
S-RNase is specific to S-RNase. The results showed that Pi
SBP1 interacted with both S4- and S,-RNases but not with RNase
X2 (Figure 4B).

S-RNases Interact with Nonself Pi SLFs to a Greater
Extent Than with Self Pi SLFs, and Pi SLFs Show
a Similar Binding Property for S-RNases

The in vitro binding assay described above was used to examine
whether a Pi SLF interacts with its self S-RNase and/or nonself
S-RNases, and if it interacts with both, whether there is any
difference in the extent of the interaction. The coding sequences
of Sq4-, Sp-, and S3-RNases were fused in-frame to the GST
coding sequence in expression vector pGEX-5X-1 to produce
GST:S1-RNase, GST:S,-RNase, and GST:S3;-RNase, respec-
tively. The coding sequence of RNase X2 (without the signal
peptide) was similarly fused to the GST coding sequence to
produce GST:RNase X2. The coding sequence of Pi SLF; was
cloned into pET28 to produce (His)e:T7:Pi SLF. We first showed
that both Pi SLF and Pi SLF, interacted with S4- and S,-RNases
but not with RNase X2 (see Supplemental Figure 3 online),
suggesting that Pi SLFs specifically interact with S-RNases. To
examine whether an S-RNase interacts with its self and nonself
Pi SLFs to different extents, equal amounts of (His)g:T7:Pi SLF
and (His)g:T7:Pi SLF, were separately incubated with the same
amount of resin-bound GST:S,-RNase, and the bound proteins
were detected by an anti-(His)g antibody. As shown in Figure 5A,
the intensity of the (His)e:T7:Pi SLF; band was much stronger
than that of the (His)s:T7:Pi SLF, band. The identity of these two
bands was further confirmed by the anti-T7 antibody (data not
shown). No binding was detected between GST and either
(His)e:T7:Pi SLF or (His)e:T7:Pi SLF, (Figure 5A). These results
suggest that S,-RNase interacts with its nonself Pi SLF to a
greater extent than with its self Pi SLF. To further confirm this
finding, we performed the in vitro binding assay in a single
reaction mixture containing GST:S,-RNase and equal amounts
of (His)e:T7:Pi SLF4 and (His)s:T7:Pi SLF, (Figure 5B). As these
two (His)s: T7-tagged proteins can be clearly separated by SDS-
PAGE (see control lanes), we were able to assess the relative
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Figure 3. Genomic Hybridization and Expression Pattern of Pi SBP1.
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(A) DNA gel blot analysis. Genomic DNA (15 .g) isolated from each S-genotype indicated was digested with EcoRI or Xbal, and the blot was hybridized

with the full-length Pi SBP17 cDNA.

(B) RNA gel blot analysis. Each lane contained 20 pg of total RNA isolated from the tissue indicated, and the blot was hybridized with the full-length Pi
SBP1 cDNA. The anther stages are defined by flower-bud size as described previously (Lee et al., 1996). Ethidium bromide staining of the gel used in

blotting shows equal loading of the RNA samples.

intensity of these two protein bands. Consistent with the results
shown in Figure 5A, the intensity of the (His)e:T7:Pi SLF; band
was much stronger than that of the (His)g:T7:Pi SLF, band.

We next examined whether Pi SLFs have a similar binding
property for S-RNases, using the truncated S;- and S,-RNases
that had been shown to interact with Pi SBP1 (Figure 4A). Purified

GST:S4(HV,,C3) and GST:S,(HV,,C3) fusion proteins were used
along with (His)e:T7:Pi SLF» in the in vitro binding assay. As
shown in Figure 5C, (His)e:T7:Pi SLF, interacted with both
truncated S-RNases, but the intensity of the (His)s:T7:Pi SLF,
band was stronger in the binding reaction containing GST:S;4
(HV4,C3) than in that containing GST:S,(HV,,C3). Moreover,
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Figure 4. Analyses of Interactions of Pi SBP1 with Full-Size and Truncated S;- and S,-RNases.

(A) Yeast two-hybrid assay. The assay was performed as described in the legend to Figure 2A. S4(HV4,C3) and S,(HV,,C3) are truncated S4- and S,-
RNase, respectively, each containing the two hypervariable regions and the conserved C3 region. All of the negative controls are as described in the

legend to Figure 2A.

(B) In vitro binding assay. The interactions between GST:Pi SBP1 and purified (His)e:T7-tagged S;-RNase, S,-RNase, and RNase X2 were analyzed as
described in the legend to Figure 2B. The bound proteins (arrow) were detected by immunoblotting (IB) using an anti-T7 antibody. The band above the
(His)e: T7-tagged protein in each input lane is an E. coli protein that copurified with the tagged protein.

(His)e:T7:Pi SLF, interacted with both truncated S-RNases, but
the intensity of the (His)e:T7:Pi SLF4 band was stronger in the
binding reaction containing GST:S,(HV,4,C3) than in that con-
taining GST:S¢(HV,,C3) (Figure 5D). These results suggest that
both (His)e:T7:Pi SLF; and (His)e:T7:Pi SLF, interact with their
respective truncated nonself S-RNases to a greater extent than
with their respective truncated self S-RNases.

To determine whether the interaction between S-RNase and Pi
SLF is specific to Pi SLF, we examined whether (His)g:T7:Pi
FBP2411 interacts with GST:S;(HV4,C3) and GST:S5(HV,,C3) in
the in vitro binding assay. Pi FBP2411 was chosen because we
had shown that both Pi FBP2411 and Pi SLF, interacted with Pi
SBP1 (Figure 2B). No interactions were observed between (His)e:
T7:Pi FBP2411 and either of these two truncated S-RNases
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Figure 5. In Vitro Binding Assay of Interactions of Pi SLFs with S;-, S,-, and Sz-RNases.

(A) Interactions of Pi SLF; and Pi SLF, with S,-RNase. Equal amounts of purified (His)e:T7:Pi SLF; and (His)s:T7:Pi SLF, were assayed for their
interactions with GST:S,-RNase, as described in the legend to Figure 2B, except that two independent reactions were performed to assess each
interaction. Reaction mixtures containing GST-bound resin and the (His)s:T7-tagged protein, as indicated, were used as negative controls. Each input
lane contains 10% of the amount of the (His)e:T7-tagged protein used in the binding reaction; note that the intensities of the (His)e:T7:Pi SLF4 and
(His)e:T7:Pi SLF, bands are approximately equal. Top panel, immunoblot (IB). The arrow indicates the (His)e: T7:Pi SLF; band and the (His)s:T7:Pi SLF»



(Figure 5D), suggesting that S-RNases most likely interact spe-
cifically with Pi SLFs.

We performed additional in vitro binding assays to further
assess the relative extent of binding between Pi SLF4 and S;-,
S,-, and S3-RNases. In one assay, equal amounts of GST:
S;i-RNase and GST:S,-RNase were separately incubated with
four different amounts of (His)g:T7:Pi SLF4, with each incubation
in duplicate. Increasing binding of (His)e: T7:Pi SLF, to both GST:
S;-RNase and GST:S,-RNase was observed as the amount of
(His)e:T7:Pi SLF; was increased (Figure 5E). For all of the
amounts examined, (His)s:T7:Pi SLF interacted with its nonself
S-RNase, GST:S,-RNase, to a greater extent than with its self
S-RNase, GST:S;-RNase. Most importantly, at the lowest
amount used (2 pl), there was very little binding with GST:
S4-RNase but significant binding with GST:S,-RNase. Another
assay was performed similarly except that a different preparation
of (His)e: T7:Pi SLF4 was used and that GST:S3-RNase, instead of
GST:S,-RNase, was used as the nonself S-RNase. The results
(Figure 5F) were similar to those shown in Figure 5E. For all of the
amounts examined, (His)s:T7:Pi SLF interacted with its nonself
S-RNase, GST:S3-RNase, to a greater extent than with its self
S-RNase, GST:S1-RNase, and again at the lowest amount used
(2 pl), there was very little binding of (His)e:T7:Pi SLF; with
GST:S4-RNase but significant binding with GST:S3;-RNase.

Pi SBP1 Interacts with S-RNase and Pi SLF Differently

Because Pi SBP1 contains a coiled-coil region (amino acid
residues 183 to 227; see Supplemental Figure 2 online) that could
potentially be involved in protein—protein interactions, we exam-
ined whether this region is required for Pi SBP1 to interact with
Pi SLF and S-RNase. The sequence for the coiled-coil region
was deleted from the full-length Pi SBP7 cDNA to produce Pi
SBP1(Acoiled-coil), which was cloned into pGAD-C1. pGAD-C1-

Putative Pi SLF-Containing E3 in Sl 2539

Pi SBP1(Acoiled-coil) was separately cotransformed with pGBD-
C1-S4(HV2pC3), pGBD-C1-S5(HV,,C3), and pGBD-C1-Pi SLF,
into yeast for the two-hybrid assay. The results showed that Pi
SBP1(Acoiled-coil) interacted with S4(HV,,C3) and Sy(HV,,C3)
but not with Pi SLF, (see Supplemental Figure 4 online). Thus, the
coiled-coil region of Pi SBP1 is either directly or indirectly re-
quired for its interaction with Pi SLF» but is not required for its
interaction with S-RNase, suggesting that S-RNase and Pi SLF
interact differently with Pi SBP1.

Pi SBP1 Interacts with a Cullin-1 and an E2
Ubiquitin-Conjugating Enzyme

We isolated cDNAs for Cullin-1 and Rbx1 of P. inflata to examine
whether they are components of the complex containing Pi SLF.
A partial cullin-1 cDNA clone, previously isolated during our
attempts to identify S-linked pollen-expressed genes by RNA
differential display (J.A. Verica and T.-h. Kao, unpublished re-
sults; McCubbin et al., 2000), was used as a probe to screen 3 X
105 pfu of the $;S; pollen cDNA library and 6 X 10° pfu of the
S5S, pollen cDNA library. Full-length cDNA clones for this gene,
named Pi CUL1-C, were isolated from the S,S, library, and full-
length cDNA clones for another cullin-1 gene, named Pi CUL1-G,
were isolated from both cDNA libraries. Pi CUL1-C and Pi CUL1-
G shared 80% amino acid sequence identity, and among the five
Arabidopsis Cullins (Moon et al., 2004), they are most similar to
ATCUL1 (83 and 78% identity, respectively). The deduced amino
acid sequences of Pi CUL7-C, Pi CUL1-G, ATCUL1, and a hu-
man CUL1 are aligned in Supplemental Figure 5 online. Because
Pi CUL1-C and Pi CUL1-G are quite similar in sequence, we
chose Pi CUL1-G for all subsequent studies. Screening of 6 X
105 pfu of the S,S, pollen cDNA library using the full-length cDNA
for an Arabidopsis Rbx1, At RBX1 (Lechner et al., 2002), as a
probe resulted in the isolation of one class of cDNA clones. The

Figure 5. (continued).

band detected by the anti-(His)s tag antibody. Bottom panel, Ponceau S staining of a part of the blot shown in the top panel before immunoblotting to
reveal equal amounts of GST:S,-RNase used in the binding assay. The single asterisk indicates the GST:S,-RNase band, and the double asterisks
indicate the GST band.

(B) Competition between Pi SLF, and Pi SLF; for interactions with S,-RNase. Equal amounts of purified (His)e:T7:Pi SLF; and (His)e:T7:Pi SLF, were
mixed and used with GST:S,-RNase in the binding assay. Purified (His)e:T7:Pi SLF4 and (His)s:T7:Pi SLF, were loaded in the control lanes to mark their
respective positions on the gel. The reaction mixture containing GST-bound resin and both (His)e: T7-tagged proteins served as a negative control. The
input lane contains 10% of the amount of the mixture of the two (His)e:T7-tagged proteins used in the binding reaction; note that the intensities of the
(His)e:T7:Pi SLF4 and (His)e:T7:Pi SLF, bands are approximately equal. (His)e:T7:Pi SLF4 (top band) and (His)e:T7:Pi SLF, (bottom band) were detected
by the anti-(His)s tag antibody.

(C) Interactions of Pi SLF, with truncated S;- and S,-RNases. Purified (His)e:T7:Pi SLF, was tested for its interaction with GST:S;(HV,,C3) and
GST:S,(HV,,C3). The binding assay and negative control assays were performed as described in the legend to Figure 2B, except that GST:S4(HV4,C3)-
bound and GST:S,(HV,,C3)-bound resins were used. The two truncated S-RNases are described in the legend to Figure 4A. Top panel, immunoblot.
The arrow indicates the (His)e: T7:Pi SLF, band detected by the anti-(His)s tag antibody; the other bands with lower molecular masses cross-reacted
with the antibody and were detected only after a long exposure of the blot. Bottom panel, Ponceau S staining of the blot shown in the top panel before
immunoblotting; the single asterisk indicates the GST:S4(HV,,C3) and GST:S,(HV,,C3) bands, and the double asterisks indicate the GST band.

(D) Interactions of Pi SLF4 with truncated S;- and S,-RNases. Except for the use of (His)e:T7-tagged Pi SLF; and Pi FBP2411, the binding assay and
negative control assays were performed as described for (C). The top and bottom panels are as described for (C), except that the arrow indicates the
(His)e:T7:Pi SLF¢ and (His)e:T7:Pi FBP2411 bands.

(E) Binding differences between Pi SLF4 and S,- and S,-RNases. Different amounts of purified (His)s:T7:Pi SLFy were used with equal amounts of
GST:S4-RNase and GST:S,-RNase in separate binding assays, as described in the legend to Figure 2B. The top two panels show immunoblots against
the anti-(His)s tag antibody, and the bottom two panels show Ponceau S staining of the same blots before immunoblotting.

(F) Binding differences between Pi SLF4 and S;- and Sz-RNases. The assays were performed as described for (E) except that a different batch of
purified (His)s:T7:Pi SLF4 and a different GST-tagged nonself S-RNase, GST:S;-RNase, were used.
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Figure 6. Interactions of Pi SBP1 with Pi CUL1-G and Ph UBC1.
(A) Yeast two-hybrid assay showing that Pi SBP1, but not Pi RBX1,

corresponding gene was named Pi RBX7; its deduced amino
acid sequence is 87% identical to that of At RBX7. An alignment
of the amino acid sequences of Pi RBX1, At RBX1, and a human
Rbx1 is shown in Supplemental Figure 6 online.

The yeast two-hybrid assay showed that there were no inter-
actions between Pi CUL1-G and Pi RBX1 (Figure 6A) or between
Pi RBX1 and Pi SLF; (Figure 6A). The findings that Pi RBX1 did
not interact with either Pi CUL1-G or Pi SLF,, and that Pi SBP1
interacted with Pi SLF, (Figures 2 and 6A), raised the possibility
that Pi SBP1, but not Pi RBX1, is the RING protein that brings E2
into the complex containing Pi SLF. To address this possibility,
we examined whether Pi SBP1 interacts with Pi CUL1-G and Ph
UBCH1, an E2 of P. hybrida. The yeast two-hybrid assay showed
that Pi SBP1 interacted with both Pi CUL1-G and Ph UBC1
(Figure 6A). These interactions were further examined by the in
vitro binding assay. The coding sequences of Pi CUL7-G and Ph
UBC1 were cloned into pET28 to produce (His)s:T7:Pi CUL1-G
and (His)s:T7:Ph UBCH1, respectively. The results of the binding
assay showed that GST:Pi SBP1 interacted with both (His)g: T7:Pi
CUL1-G (Figure 6B) and (His)s:T7:Ph UBC1 (Figure 6C). The
interactions of Pi SBP1 with a Cullin-1 and an E2 conjugating
enzyme suggest that in the complex containing Pi SLF, Pi SBP1
plays the role of Rbx1 in the canonical SCF complex.

S-RNases Are Degraded via the 26S Proteasomal Pathway
in a Non-S-Specific Manner in Pollen Tube Extracts

To examine whether pollen tubes contain a ubiquitin-26S pro-
teasome pathway that degrades S-RNases, we developed a cell-
free system using extracts of in vitro-germinated pollen tubes
and purified GST:S-RNases or native S-RNases. First, GST:S4-
RNase and GST:S,-RNase were incubated separately with ex-
tracts of in vitro-germinated S, pollen tubes at 30°C for 1 hiin the
absence or presence of MG132 (40 .M), a specific 26S proteasome
inhibitor (Lee and Goldberg, 1998; Smalle and Vierstra, 2004).
The proteins were then separated by SDS-PAGE, and an

interacts with Pi CUL1-G, Ph UBC1 (an E2 ubiquitin-conjugating enzyme
of P. hybrida), and Pi SLF,. The B-galactosidase activity assay was
performed as described in the legend to Figure 1 except that the filter
paper was incubated for 5 h at 30°C.

(B) In vitro binding assay of the interaction between Pi SBP1 and Pi
CUL1-G. Purified (His)e:T7:Pi CUL1-G was tested for its interaction with
GST:Pi SBP1 in the binding assay as described in the legend to Figure
2B. Top panel, immunoblot (IB). The bound (His)e:T7:Pi CUL1-G was
detected by the anti-T7 tag antibody and is indicated with an arrow. The
other bands with lower molecular masses cross-reacted with the anti-
body and were detected only after a long exposure of the blot. Bottom
panel, Coomassie blue staining of a duplicate gel of that used in
immunoblotting. The asterisk indicates the GST:Pi SBP1 band, and the
double asterisks indicate the GST band.

(C) In vitro binding assay of the interaction between Pi SBP1 and Ph
UBCH. Purified (His)e:T7:Ph UBC1 was used along with GST:Pi SBP1 in
the assay as described in the legend to Figure 2B. The bound
(His)e:T7:Ph UBC1 was detected by an anti-T7 tag antibody. Top panel,
immunoblot. The arrow indicates the (His)s:T7:Ph UBC1 band. Bottom
panel, Coomassie blue staining of a duplicate gel of that used in
immunoblotting. The asterisk indicates the GST:Pi SBP1 band, and the
double asterisks indicate the GST band.
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Figure 7. Degradation Assay of Bacterially Expressed GST, GST:S;-RNase, GST:S,-RNase, GST:S3;-RNase, and GST:RNase X2, as Well as S;-RNase
Purified from Pistils, by Extracts of S;, S,, or S3 Pollen Tubes.

(A) GST:S1-RNase and GST:S,-RNase. Purified GST fusion proteins (0.3 g each) were incubated separately with extracts of in vitro-germinated S,
pollen tubes in either the absence or presence of 40 WM MG132 (a specific inhibitor of the 26S proteasome) for 1 h at 30°C. An anti-GST antibody was
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anti-GST antibody was used to detect GST:S;-RNase and GST:
S,-RNase by protein gel blot analysis (Figure 7A). Neither GST:
S;-RNase nor GST:S,-RNase was detectable after 1 h of incu-
bation in the absence of MG132. However, in the presence of
MG132, the amount of each protein after 1 h of incubation was
approximately the same as that before the incubation.

The disappearance of both GST:S-RNase bands, as assayed
by the anti-GST antibody, could be attributable to the removal of
the GST tag from the fusion proteins by proteolytic cleavage. To
rule out this possibility, we performed an additional degradation
assay using both the anti-GST antibody and an anti-S3;-RNase
antibody to examine the fate of GST:Ss;-RNase in S, pollen tube
extract. As shown in Figure 7B, the GST:S3;-RNase band, de-
tected by both antibodies before incubation, was not detectable
by either antibody after 1 h of incubation in the absence of
MG132, confirming that the S-RNase part of the fusion protein
was degraded. As observed in Figure 7A, the disappearance of
the GST:S;-RNase band was prevented when MG132 was
included in the extract. To further confirm these results, we
also performed degradation assays on GST:S;-RNase and
GST:S,-RNase using Sy pollen tube extract. The same results
were obtained (data not shown).

Because native S-RNases are glycosylated but the bacterially
expressed GST:S-RNases are not, we examined whether S;-
RNase purified from pistils of the S3S3 genotype was also de-
graded in pollen tube extracts. The purified native S3-RNase was
separately incubated with S, S,, and Sz pollen tube extracts, and
the fate of the protein was analyzed by protein gel blotting using
the anti-S3-RNase antibody. The results (Figure 7C, left panel)
showed that the native S3-RNase was not degraded to a signif-
icant extent, if at all, after 90 min of incubation in the absence of
MG132. However, when MG132 was present, a faint band
(closed arrow) was detected in all three pollen tube extracts after
the same length of incubation. Because this protein band was not
detectable before the incubation and had a lower molecular mass
than the native S3;-RNase band, we hypothesized that it might
correspond to the deglycosylated S;-RNase. That is, a small
amount of S3-RNase might have been deglycosylated and then
degraded during the incubation in the pollen tube extracts
without MG132.

To test this hypothesis, S3-RNase purified from the pistils was
treated with Peptide:N-Glycosidase F (PNGase F) to remove the
N-linked glycan chain attached to Asn-29 (Karunanandaa et al.,

1994) and then incubated with S, or S pollen tube extract. The
results of the degradation assay are shown in Figure 7C, right
panel. The native S3-RNase was completely deglycosylated by
PNGase F (0-min lane), and the deglycosylated S;-RNase band
was virtually nondetectable after 90 min of incubation in either S,
or Sz pollen tube extract in the absence of MG132. However, the
intensity of the deglycosylated S3;-RNase band after 90 min of in-
cubation in the presence of MG132 was comparable to that at
0 min.

When a GST fusion protein is produced in Escherichia coli, the
GST moiety of some fusion protein molecules is cleaved off
around the Factor Xa cleavage site. This was also the case for
GST:S1-RNase, GST:S,-RNase, and GST:S3-RNase (Figures 7A
and 7B). Under the assay conditions in which nonglycosylated
S-RNases were completely degraded, GST molecules released
from these recombinant S-RNases were not degraded. To fur-
ther confirm that the degradation of nonglycosylated S-RNases
in our in vitro system was not caused by general proteolytic
cleavage, and to assess whether the degradation was specific to
S-RNases, recombinant GST and GST:RNase X2 were exam-
ined, along with GST:S3-RNase, in S, pollen tube extract. As
shownin Figure 7D, GST was not degraded, whereas GST:RNase
X2 was degraded in a similar 26S proteasome-dependent man-
ner as GST:S3-RNase. The findings that neither GST nor the
native glycosylated S3;-RNase was degraded suggest that the
degradation of nonglycosylated S-RNases was not caused by
general proteases present in the pollen tube extracts. How-
ever, the degradation observed in our in vitro system was not
S-specific, nor was it specific to S-RNases.

S-RNases Are Ubiquitinated by Pollen Tube Extracts in a
Non-S-Specific Manner

Because the bacterially expressed nonglycosylated GST:S-
RNases were degraded to similar extents in pollen tube extracts
as the deglycosylated native Sz;-RNase, we decided to use
GST:S,-RNase and GST:S;-RNase to examine whether the
degradation of S-RNase resulted from ubiquitination. Recombi-
nant GST and GST:RNase X2 were used as controls to assess
whether ubiquitination was restricted to the protein moiety (but
not to the GST tag) and was specific to S-RNases. Using GST-
tagged S-RNases and RNase X2 also allowed us to simplify the
isolation of their ubiquitinated forms, if any, by affinity purification

Figure 7. (continued).

used to detect GST:S;-RNase and GST:S,-RNase (arrow) as well as GST (double asterisks). IB, immunoblot.

(B) GST:S3-RNase. Purified GST:S3-RNase (0.3 ng) was used in the assay as described for (A), except that both anti-GST and anti-S;-RNase antibodies
were used to detect GST:S3-RNase. The arrow indicates GST:Sz-RNase, the single asterisk indicates a cross-reacting protein present in the reaction
mixture, and the double asterisks indicate GST.

(C) Native glycosylated Sz-RNase and its deglycosylated form. S;-RNase (0.1 pg) purified from pistils of the S3S3; genotype (left panel) and an equal
amount of purified deglycosylated Sz-RNase (right panel) were incubated separately with extracts of S;, S,, and Sz pollen tubes in either the absence or
presence of MG132 (40 pM) for 90 min at 30°C. The anti-S;-RNase antibody was used to detect both glycosylated (open-headed arrow) and
deglycosylated (closed arrows) S3-RNase. Single and double asterisks indicate cross-reacting proteins in the reaction mixture. A longer exposure time
was used for the blot shown in the left panel (5 min) than that shown in the right panel (30 s).

(D) GST:S3-RNase, GST:RNase X2, and GST. Each purified protein (0.3 p.g) was used in the assay as described for (A). Left panel, immunoblot. The
arrows indicate GST:S3-RNase or GST:RNase X2, and the double asterisks indicate GST. Right panel, Ponceau S staining of the blot shown in the left
panel before immunoblotting.



from among many other ubiquitinated proteins in pollen tube
extracts (see Supplemental Figure 7 online). The ubiquitination
assay was performed in a similar manner to the degradation
assay except for the following modifications. First, 30 png of
ubiquitin or (His)s:ubiquitin was added to S, pollen tube extract
before incubation. Second, after incubation, GST:S,-RNase,
GST:S3-RNase, GST:RNase X2, GST, and any products derived
from them were isolated by Glutathione Sepharose 4 Fast Flow
resin. The bound proteins were eluted and separated on two
duplicated reducing SDS-polyacrylamide gels, and protein gel
blotting was performed separately using the anti-GST antibody
and an anti-ubiquitin or anti-(His)s antibody.

As shown in Figure 8A, after 5 min of incubation in the S, pollen
tube extract at 30°C, the anti-GST antibody detected three
discrete protein bands with molecular masses greater than that
of GST:S,-RNase, and all of the bands remained clearly visible
after 10 min of incubation. One of these bands (Figures 8A and
8B, asterisks) was also detected by the anti-ubiquitin antibody at
the 5- and 10-min time points (Figure 8B). Based on the esti-
mated molecular masses of the three bands (67, 93, and 110 kD)
detected by the anti-GST antibody, we attributed them to be
GST:S,-RNase (50 kD) conjugated with two, five, and seven
ubiquitins (with total molecular masses of 67, 92.5, and 109.5 kD,
respectively). After 1 h of incubation, the two bands with higher
molecular masses had disappeared, but not the one possibly
corresponding to GST:S,-RNase conjugated to two ubiquitins.
This ubiquitinated GST:S,-RNase might have escaped degra-
dation because the number of conjugated ubiquitin subunits was
fewer than the minimum of four required for recognition by the
26S proteasome (Thrower et al., 2000). Moreover, the intensity of
a protein band (Figure 8A, black dot) with a lower molecular mass
than GST:S,-RNase became more and more visible from the
5-min time point onward. This band could correspond to deg-
radative product(s) of GST:S,-RNase.

(His)g:ubiquitin was used in the ubiquitination assay of GST,
GST:S3-RNase, and GST:RNase X2 in the S, pollen tube extract
(Figures 8C and 8D). Using (His)s:ubiquitin allowed us to detect
the ubiquitinated proteins with the anti-(His)g antibody (Figure 8D)
and to compare the results with those obtained with the use of the
anti-ubiquitin antibody (Figure 8B). The results of GST:S3;-RNase
and GST:RNase X2 were similar to those of GST:S,-RNase: after
10 min of incubation in the pollen tube extract, discrete bands
with molecular masses greater than those of the respective GST
fusion proteins were detected by both the anti-GST antibody
(Figure 8C) and the anti-(His)s antibody (Figure 8D). By contrast,
no ubiquitinated forms of GST were detected, confirming that
ubiquitination of the GST fusion proteins occurred exclusively in
the proteins that were fused to GST. However, similar to the results
of the degradation assay, the ubiquitination observed in our in
vitro system was not S-specific, nor was it specific to S-RNases.

DISCUSSION

The recent identification of the SLF gene as the pollen S-gene has
opened up opportunities to investigate the biochemical mech-
anism of S-RNase-based Sl. As the RNase activity of S-RNases
is required for their function in SI (Huang et al., 1994) and rRNA of
pollen tubes may be degraded after incompatible pollination
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(McClure et al., 1990), S-RNases are thought to act as cytotoxic
molecules to inhibit the growth of self pollen tubes through RNA
degradation. Both Luu et al. (2000) and Goldraij et al. (2006)
have shown that uptake of S-RNases by pollen tubes is not
S-allele-specific. Before the identification of SLF as the pollen
S-gene, one of the models proposed that the pollen S-allele
product encodes a cytosolic RNase inhibitor, which specifically
inhibits the RNase activity of all nonself S-RNases and renders
them nonfunctional inside a pollen tube (Kao and McCubbin,
1996; Golz et al.,, 2001). Because most F-box proteins are
involved in ubiquitin-mediated protein degradation, this model
has now been modified to state that a pollen S-allele product
mediates the degradation of its nonself S-RNases, but not that of
its self S-RNase, inside a pollen tube (Qiao et al., 2004b; Sijacic
et al., 2004; Huang et al., 2006). According to this model, pollen
S-allele products regulate the stability, rather than the RNase
activity, of S-RNases. In this work, we have begun to address the
biochemical role of the SLF of P. inflata.

The Complex That Contains Pi SLF Is Not a Canonical
SCF Complex

If Pi SLF functions as a conventional F-box protein, it would be
expected to be a component of an SCF complex. In this work, we
have obtained several lines of evidence to suggest that the Pi SLF-
containing complex is a not a canonical SCF complex and instead
is a novel E3 ligase complex containing a Cullin-1 protein (Pi
CUL1-G), a RING-HC protein (Pi SBP1), and Pi SLF but not
containing Skp1 or Rbx1. First, we isolated cDNAs for three Skp1s
of P. inflata and showed that none of them interact with Pi SLF, in
the yeast two-hybrid assay (Figure 1) or the in vitro binding assay
(data not shown). When Pi SK1, one of these Skp1s, was used as
bait in yeast two-hybrid library screening, all seven classes of prey
proteins identified were F-box proteins, suggesting that Pi SK1,
and most likely its homologues, Pi SK2 and Pi SK3, are bona fide
Skp1s. Second, the Arabidopsis genome is predicted to encode
19 Skp1s, but none of the 7 Skp1s representing all seven sub-
groups interact with Pi SLF; in the yeast two-hybrid assay. Third,
Pi CUL1-G interacts with Pi SBP1 but not with PiRBX1 (Figures 6A
and 6B). Fourth, Pi SLF, and Pi SLF, interact with Pi SBP1 (Figure
2) but not with PiRBX1 (Figure 6A). Fifth, Pi SBP1 interacts with an
E2 conjugating enzyme (Figure 6C). Interestingly, the expression
of both Pi SLF and Pi SBP1 peaks during pollen development and
declines significantly in mature pollen and in vitro-germinated
pollen tubes (Figure 3B) (Sijacic et al., 2004). It is possible that the
protein produced in developing microspores is retained in mature
pollen and pollen tubes.

We have concluded that, in the Pi SLF-containing complex, Pi
SBP1 likely plays the roles of Skp1 and Rbx1 of a canonical SCF
complex. This is because Pi SBP1, like Skp1, bridges the Cullin-1
component (Pi CUL1-G) and an F-box protein (Pi SLF) and, like
Rbx1, interacts with the Cullin-1 component and E2. Pi SBP1 (335
amino acids) is approximately three times the size of PiRBX1 (116
amino acids), so it could potentially interact with more proteins
than does Pi RBX1. Variants of the SCF complex have been
reported that contain some but not all of the typical components
(Willems et al., 2004). For example, an SCF-like complex in hu-
mans consists of Skp1, an F-box protein (Ebi), a RING-HC protein
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Figure 8. Ubiquitination Assay of GST, GST:S,-RNase, GST:S3-RNase, and GST:RNase X2 by Extracts of S, Pollen Tubes.

(A) and (B) Time course of ubiquitination and degradation of GST:S,-RNase. GST:S,-RNase (0.5 ng) was used in each reaction containing ubiquitin, and
the reaction was stopped at different time points as indicated. The anti-GST antibody was used in the protein gel blot shown in (A), and an anti-ubiquitin
antibody was used in the blot shown in (B). The open triangles indicate GST:S,-RNase, and the closed triangle indicates GST. The black dot indicates
the degradative products of GST:S,-RNase. The closed arrows indicate three ubiquitinated forms of GST:S,-RNase with two, five, and seven ubiquitin
subunits, and the asterisks indicate GST:S,-RNase conjugated with five ubiquitin subunits that was detected by both anti-GST and anti-ubiquitin

antibodies. IB, immunoblot.



(Siah-1), and an adaptor protein (SIP) that bridges Siah-1 and
Skp1 (Matsuzawa and Reed, 2001). In this complex, Siah-1 plays
the roles of Cullin-1 and Rbx1, and interestingly, Siah-1 (298
amino acids) is also larger than Rbx1. Another example is the
E2F1 transcription factor, which can be ubiquitinated by multiple
ROC-Cullin ligases that do not contain Skp1 (Ohta and Xiong,
2001).

Moreover, in Drosophila melanogaster, Sina, a RING-HC pro-
tein, forms an E3 ligase complex with Phyllopod (Phyl) and Ebi to
regulate the degradation of a transcription repressor protein,
Tramtrack (Ttk) (Li et al., 2002). In this complex, Ebi interacts with
Sina and the substrate, Ttk. Sina and Phyl can mediate the deg-
radation of Ttk, but Ebi promotes a more efficient degradation of
Ttk, perhaps by stabilizing the Sina-Phyl-Ttk complex (Boulton
et al., 2000; Li et al., 2002). Because SBP1 could potentially
function as a single-subunit E3, the finding by Sims and Ordanic
(2001) that Ph SBP1 interacted with S-RNases posed a conun-
drum concerning why two E3s (Ph SBP1 and the then predicted
SLF-containing SCF complex) would be involved in the ubiquiti-
nation of S-RNases (McClure, 2004). Our finding that Pi SBP1 is a
component of a novel E3 ligase complex containing Pi SLF and
that Pi SBP1 likely assumes the roles of Skp1 and Rbx1 of a canon-
ical SCF complex would provide a solution to this conundrum.
Moreover, because Pi SBP1 alone interacts with S-RNases, the
Pi CUL1-G-Pi SBP1-Pi SLF complex may function in a similar
manner as the Sina-Phyl-Ebi complex in that Pi CUL1-G-Pi SBP1
could mediate the basal degradation of all S-RNases and Pi SLF
could promote the efficient degradation of specific S-RNases
(see below).

Our finding that Skp1 is not a component of the Pi SLF-
containing complex contradicts the results for Ah SLF of
A. hispanicum. Qiao et al. (2004b) used an anti-Ah SLF, antibody
to pull down protein complexes that contained Ah SLF, from
mixtures of pollen and stylar proteins under both compatible and
incompatible conditions. They found proteins that cross-reacted
with an anti-ASK1 antibody or with an anti-ATCUL1 antibody.
Huang et al. (2006) subsequently used yeast two-hybrid screens
to identify a Skp1-like protein, named Ah SSK1, that interacted
with the F-box domain of Ah SLF,. Thus, the Ah SLF-containing
complex of A. hispanicum may have a different subunit compo-
sition from that of the Pi SLF-containing complex of P. inflata. In
this context, it is interesting that the SLF of the Solanaceae
functions differently at the mechanistic level from the SLF/SFB of
the Rosaceae, as all of the pollen-part self-compatible mutants
characterized to date in the Solanaceae resulted from duplica-
tion, not deletion, of the pollen S-allele (SLF) (Golz et al., 1999,
2001), whereas those in the Rosaceae resulted from defects
(deletion or frame-shift mutations) in SLF/SFB (Ushijima et al.,
2004; Sonneveld et al., 2005). Moreover, in the Solanaceae,
pollen carrying two different functional S-alleles (i.e., SLF alleles)
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fails to function in Sl as a result of competitive interaction (Golz
et al., 2001; Sijacic et al., 2004), whereas in sour cherry (Prunus
cerasus) of the Rosaceae, such heteroallelic pollen has been
shown to function normally in SI (Hauck et al., 2006). Thus, it
appears that even though all three of these families use F-box
proteins and S-RNases as the male and female determinants,
respectively, the biochemical mechanisms of Sl are likely to have
diverged.

S-RNases Are Degraded via a Ubiquitin-26S
Proteasomal Pathway

If the Pi SLF—containing E3 ligase complex is involved in the
degradation of S-RNases in pollen tubes, one would expect the
degradation to be via the ubiquitin-mediated 26S proteasomal
pathway. Previously, Qiao et al. (2004b) addressed the role of this
protein degradation pathway in Sl of Antirrhinum by examining
the effect of 26S proteasome inhibitors on the in vitro growth of
pollen tubes in the presence of either compatible or incompatible
stylar extracts. They found that the inhibitors had no effect on the
growth inhibition of pollen tubes by incompatible stylar extracts
but inhibited the growth of pollen tubes in compatible stylar ex-
tracts by ~50%. Qiao et al. (2004b) further showed that protease
inhibitors had no significant effect on the growth of compatible
pollen tubes; thus, they concluded that protein degradation by
the 26S proteasome is required for the growth of compatible
pollen tubes. The ubiquitin-mediated 26S proteasomal pathway
is thought to be involved in many developmental processes. For
example, >5% of the Arabidopsis proteome is related to this path-
way (Smalle and Vierstra, 2004). Thus, inhibitors of the 26S pro-
teasome will likely affect a plethora of biochemical events during
pollen tube growth, complicating the interpretation of results.
Another approach to address the role of the 26S proteasome in
Sl is to compare the amounts of S-RNase in pistils after com-
patible pollination with those after incompatible pollination at
various times after pollination, up to the time when the growth of
incompatible pollen tubes is inhibited in the style. For example,
Qiao et al. (2004b) pollinated S,Ss pistils of Antirrhirum with
compatible or incompatible pollen, isolated total proteins from
pistils collected at eight different time points (up to 60 h) after
compatible or incompatible pollination, and determined the
amounts of S,-RNase. They detected a lower amount of S,-
RNase in compatibly pollinated pistils than in incompatibly
pollinated pistils at 36 h after pollination, and they interpreted
the results to mean that S,-RNase was degraded in compatible
pollen tubes. Goldraij et al. (2006) used a similar approach to
measure the amounts of Sgio-RNase of N. alata in S¢10Sc10
pistils that had been pollinated with Sg10 or S5 pollen, but they
did not detect any significant difference in the amounts of Sg1o-
RNase between compatibly and incompatibly pollinated pistils

Figure 8. (continued).

(C) and (D) Ubiquitination assay of GST, GST:S3-RNase, and GST:RNase X2. Purified GST, GST:S3-RNase, and GST:RNase X2 (0.5 pg each) were used
in the assay as described for (A) and (B), except that the reaction contained (His)s:ubiquitin and was analyzed only at the 10-min time point. Each
reaction mixture was then divided equally and electrophoresed on two duplicate gels. The transferred membranes were immunoblotted with the anti-
GST antibody (C) and the anti-(His)s antibody (D). Top panels, immunoblot. Bottom panels, Ponceau S staining of the blots shown in the top panels

before immunoblotting.
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up to 48 h after pollination. Because S-RNase is abundant in the
style and it is very likely that not all of the S-RNase molecules are
taken up by pollen tubes, it is difficult, if not impossible, to know
precisely how much of the total amount determined from polli-
nated pistils is contributed by the S-RNase inside pollen tubes.
This may be the reason why Qiao et al. (2004b) and Goldraij et al.
(2006) reached opposite conclusions about whether S-RNase is
degraded in compatible pollen tubes.

Goldraij et al. (2006) also dissected pollen tubes from Ss2Sa2
pistils pollinated with compatible or incompatible pollen and
determined the amounts of Syo-RNase in soluble and membrane
fractions of both compatible and incompatible pollen tubes. They
concluded that there was no significant difference in the amounts
of Sas-RNase between the soluble or membrane fractions of com-
patible and incompatible pollen tubes. Accurate determination of
the amount of S-RNase inside pollen tubes by this approach
requires the isolation of intact pollen tubes completely free of
contaminating style tissue, which is abundant in S-RNase. This
may be technically difficult, as the pollen tube preparations of
Goldraij et al. (2006) also contained transmitting tract cells and
extracellular matrix material of the style tissue. Another potential
problem of using pollinated pistils or dissected pollen tubes to
examine the fate of S-RNase is that if the great majority of
S-RNase taken up by a pollen tube is indeed sequestered in a
vacuolar compartment and not subject to degradation, as sug-
gested by Goldraij et al. (2006), it would be difficult to accurately
assess the degradation of a small amount of S-RNase among a
large amount of sequestered S-RNase.

Here, we have developed a cell-free system to examine
whether S-RNases are degraded in compatible pollen tubes,
and if so, whether this is mediated by the ubiquitin/26S protea-
somal pathway. The system involves the use of extracts of in vitro—
germinated pollen tubes and exogenously added GST:S-RNases
or native S-RNases purified from pistils. As the ubiquitin-
mediated 26S proteasome degradation machinery is active in
pollen tube extracts, we were able to use this cell-free system to
show that the bacterially expressed GST:S;-RNase, GST:
S,-RNase, GST:S3-RNase, and GST-RNase X2, but not GST
alone, were degraded by S; pollen tube extracts (Figures 7A, 7B,
and 7D). Moreover, we found that the degradation was depen-
dent of the activity of the 26S proteasome, as MG132, a specific
inhibitor of the 26S proteasome, completely inhibited the deg-
radation (Figures 7A, 7B, and 7D). We also showed that GST:
S,-RNase, GST:S3-RNase, and GST-RNase X2, but not GST
alone, were rapidly ubiquitinated in this cell-free system [with the
addition of ubiquitin or (His)es:ubiquitin] (Figure 8). The time course
of ubiquitination of GST:S,-RNase suggested that the molecules
conjugated with four or more ubiquitins were subsequently
degraded (Figure 8A and 8B). The use of the native glycosylated
Ss-RNase in the degradation assay led us to the discovery that
deglycosylation was required for the degradation of the native
S3-RNase (Figure 7C). It will be interesting to determine why this
is the case in our in vitro system and whether this is also true in
vivo. One possible explanation is that the N-linked glycan chain
of the native S3-RNase might mask the Lys residue(s) essential
for ubiquitination.

All of the results from the degradation and ubiquitination
assays together suggest that S-RNases are degraded via the

ubiquitin-mediated 26S proteasomal pathway. However, for the
S1,S2, and Sz pollen tubes tested, no S-specific degradation was
observed because both self and nonself S-RNases were de-
graded in their extracts. It is possible that our in vitro system
cannot duplicate the S-specific degradation that exists in vivo.
For example, as stated above, Pi CUL1-G-Pi SBP1 might act as
an E3 ligase complex to mediate the nonspecific degradation of
all S-RNases, and an allelic variant of Pi SLF might promote the
degradation of its nonself S-RNases to confer allelic specificity to
the E3 ligase complex containing Pi CUL1-G, Pi SBP1, and Pi
SLF. If this scenario is true and if the Pi CUL1-G-Pi SBP1 com-
plex predominates over the Pi CUL1-G-Pi SBP1-Pi SLF complex
in the pollen tube extracts (e.g., because of the dissociation of Pi
SLF from the complex during extraction), we would expect to see
the degradation of both self and nonself S-RNases. In vivo, the Pi
CUL1-G-Pi SBP1-Pi SLF complex would predominate, resulting
in specific degradation of nonself S-RNases. That is, two differ-
ent E3 ligase complexes may operate in the ubiquitin-26S
proteasome pathway to regulate the amount of S-RNases in
the cytoplasm of the pollen tube: one for specific degradation of
nonself S-RNases, and the other for nonspecific degradation of
all S-RNases.

RNase X2 was also ubiquitinated and degraded in our in vitro
system (Figures 7D and 8C). This is not unexpected given that
ubiquitin-mediated protein degradation is involved in regulating
the stability of many proteins. Also, many different E3 ligases are
used in this process; for example, ~1300 genes of the Arabi-
dopsis genome are annotated as encoding components of E3
ligases (Smalle and Vierstra, 2004). Moreover, our results
showed that many proteins were ubiquitinated in pollen tube
extracts (see Supplemental Figure 7 online). Because RNase X2
did not interact with Pi SLFs (see Supplemental Figure 3 online) or
Pi SBP1 (Figure 4B), it would seem likely that an E3 ligase
different from the Pi SLF-containing complex mediated the
ubiquitination and degradation of RNase X2 in the pollen tube
extract. However, we cannot rule out the possibility that the
ubiquitination and degradation of S-RNases in our in vitro system
also were not mediated by the Pi SLF-containing complex.

Biochemical Model for SI

Two different versions of the inhibitor model had been put forward
to explain the S-specific inhibition of pollen tube growth before
the identification of the pollen determinant (Golz et al., 2001; Luu
etal., 2001). Both models predict that the pollen S-allele products
contain an allele-specific domain, but they differ in how the
RNase activity of nonself S-RNases is inhibited in the pollen tube.
One version proposes that the pollen S-allele products also
contain an RNase inhibition domain, whereas the other invokes a
general RNase inhibitor as being responsible for the inhibition of
RNase activity. Both models predict that the interaction between
the matching S-allele-specificity domains of a pollen S-allele
product and its cognate S-RNase is thermodynamically more
favorable than the nonspecific interaction between the RNase
catalytic domain of S-RNases and either the RNase inhibition
domain of the pollen S-allele products or the general RNase
inhibitor (Kao and Tsukamoto, 2004). As a result, in the case of
self interaction, the RNase activity of self S-RNase would not be



inhibited either by its cognate pollen S-allele product or by the
general RNase inhibitor. On the contrary, in the case of nonself
interaction, the RNase activity of any nonself S-RNase would be
inhibited through the binding of the RNase catalytic domain with
either the RNase inhibition domain of its noncognate pollen
S-allele product or the general RNase inhibitor.

Although the prediction of preferential binding between a
pollen S-allele product and its cognate S-RNase would seem
logical, it is at odds with the competitive interaction phenomenon
observed in the Solanaceae (Luu et al., 2001; Takayama and
Isogai, 2005). For example, according to this prediction, if a
heteroallelic pollen grain carrying S;- and So-alleles is used to
pollinate an S;S. pistil, the pollen S;-allele product would pref-
erentially interact with S;-RNase and the pollen S-allele product
would preferentially interact with S,-RNase inside the pollen
tube. Consequently, neither S-RNase would be inhibited and
both would exert their cytotoxic effects on the pollen tube to
inhibit its growth. This outcome is precisely the opposite of the SI
behavior of heteroallelic S;S, pollen, which fails to function in Sl
and is rejected by pistils of any S-genotype. To explain compet-
itive interaction, Luu et al. (2001) proposed that the active form of
the pollen S-allele product is a homotetramer. When two differ-
ent S-alleles are carried by a pollen grain, the products mainly
form heterotetramers, which do not efficiently interact with any
S-RNase. The general inhibitor would then bind any S-RNase to
inhibit its RNase activity, and as a result, heteroallelic pollen
would be compatible with pistils of any S-genotype. To date, no
biochemical evidence supporting this model has been reported.

Goldraij et al. (2006) recently proposed an alternative model
based on their findings of subcellular localizations of S-RNases in
compatible and incompatible pollen tubes and of the requirement
of several non-S-specific proteins for SI. The model predicts that
both self and nonself S-RNases are sequestered in a vacuolar
compartment in compatible pollen tubes throughout pollen tube
growth in the style, whereas in incompatible pollen tubes this
compartment is disrupted at later stages of pollen tube growth,
releasing both self and nonself S-RNases into the cytoplasm.
Because a non-S-specific protein, named HT-B, is required for SI
(McClure et al., 1999) and because it appears to be preferentially
degraded in compatible pollen tubes (Goldraij et al., 2006), this
model also predicts that HT-B is responsible for the disruption of
the compartment in the incompatible pollen tube. According to
this model, the interactions between an SLF and its self and
nonself S-RNases do not result in specific degradation of nonself
S-RNases; rather, they indirectly regulate the stability of HT-B. In
compatible pollen tubes, the interaction between an SLF and its
nonself S-RNase would lead to the degradation of HT-B by a
hypothetical protease, whereas in incompatible pollen tubes, the
interaction between an SLF and its self S-RNase would result in
the stabilization of HT-B and thus disruption of the compartment.
The proposed role of HT-B and the proposed regulation of its
stability have yet to be demonstrated experimentally. Moreover,
this model predicts that heteroallelic pollen will be incompatible
with pistils of any S-genotype. For example, when heteroallelic
pollen containing both SLF; and SLF; is used to pollinate an S;S;
pistil, based on this model, the interaction between SLF; and
S;-RNase would result in the stabilization of HT-B and the
subsequent breakdown of the compartment to release S;-RNase

Putative Pi SLF-Containing E3 in Sl 2547

into the cytoplasm. However, as stated above, in the Solanaceae,
heteroallelic pollen is compatible with pistils of any S-genotype
as a result of the phenomenon of competitive interaction.
Although Goldraij et al. (2006) did not detect S-RNase in
the cytoplasm of compatible pollen tubes or degradation of
S-RNase, they could not rule out the possibility of the existence
of some S-RNase in the cytoplasm and of the degradation of
small amounts of S-RNase. Also, SLF appears to be localized in
the cytoplasm of pollen tubes, as revealed by immunolocaliza-
tion of Ah SLF (Wang and Xue, 2005) and by green fluorescent
protein (GFP) fluorescence of Pi SLF,:GFP in transgenic pollen
tubes germinated in vitro (unpublished data). Therefore, if the
stability of HT-B is indeed controlled by the interactions of SLF
with its self and nonself S-RNase, as proposed by Goldraij et al.
(2006), it would seem that some S-RNase should be present in
the cytoplasm for their interactions with SLF to take place.
Here, we propose a new model (Figure 9) to explain the
biochemical basis of S-specific inhibition of pollen tubes based
on our findings that Pi SLF; and Pi SLF, interact with their
respective nonself S-RNases (S,- and Sz-RNase for PiSLF; and
S4-RNase for PiSLF,) to a greater extent than with their respec-
tive self S-RNases (S;-RNase for Pi SLF; and S,-RNase for Pi
SLF,). This model also takes into account the possible exis-
tence of an S-specific and a general degradation mechanism for
S-RNases in the pollen tube. As the significance of the deglyco-
sylation of S-RNase for its degradation in vivo is not known, this
model does not address this aspect. Although the physiological
concentration of Pi SLF in the cytoplasm of the pollen tube is
unknown, the level is likely to be quite low. This is based on RNA
gel blot analysis of the Pi SLF transcript (Sijacic et al., 2004) and
protein blot analysis of the levels of Pi SLF,:FLAG and Pi
SLF,:GFP proteins expressed by the Pi SLF, promoter in trans-
genic plants (unpublished data). Our model thus makes an
assumption that the physiological concentration of Pi SLF in
the cytoplasm of the pollen tube is in the range in which Pi SLF
was found to show significant binding differences between self
and nonself S-RNases in our binding assays (Figures 5E and 5F).
The model also predicts that the outcomes of the interactions
of a Pi SLF with its self and nonself S-RNases are different. This
could be accomplished if a Pi SLF interacts with its self and
nonself S-RNases through different domains on both Pi SLF and
S-RNase. The interaction with the self S-RNase might mask the
ubiquitination site or might result in ubiquitination sites different
from those on nonself S-RNases. The positions of the Lys res-
idues to which polyubiquitin chains are attached play an impor-
tant role in the degradation of protein substrates by the 26S
proteasome. For example, the 6 N-terminal Lys residues of Sic1,
the S-phase CDK inhibitor of yeast, contribute to the major deg-
radation signal, whereas the other 14 Lys residues, when changed
to other amino acids, do not affect the degradation of Sic1
(Petroski and Deshaies, 2003). For solanaceous S-RNases, there
is only one Lys residue (in the C4 region) that is absolutely
conserved. Qin et al. (2005) showed that replacing this Lys of
S11-RNase of S. chacoense with Arg did not affect the function of
S11-RNase in Sl, suggesting that this Lys alone is not the target
for ubiquitination. S4-, S,-, and S3-RNases of P. inflata contain
17,18, and 19 additional Lys residues, respectively; thus, a more
comprehensive and systematic approach would be required to
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Figure 9. Model for the Biochemical Mechanism of S-Specific Inhibition of Pollen Tube Growth.

Fy and F; indicate Pi SLF; and Pi SLF,, respectively; S; and S, indicate S;-RNase and S,-RNase, respectively; S;-(Ub)n and S,-(Ub)n indicate Si-
RNase and S,-RNase conjugated with ubiquitins, respectively. The interactions between a Pi SLF and its self and nonself S-RNases are depicted
differently (e.g., F1S4 for self interaction and S,F for nonself interaction) to emphasize that self and nonself interactions likely involve different domains
of both Pi SLF and S-RNase. Thick lines denote the predominant reactions.

(A) Incompatible pollination. Pi SLF4 produced in the S; pollen tube interacts weakly with its self S-RNase, S;-RNase, and thus most of the S;-RNase
molecules taken up by the pollen tube and located in the cytoplasm are free to degrade RNA. The small amount of S;-RNase molecules that interact
with Pi SLF; are not degraded via the S-specific degradation mechanism. Some degradation of S;-RNase occurs via the non-S-specific degradation
machinery mediated by Pi CUL-G-Pi SBP1; this could account for the basal degradation of S;-RNase observed in our in vitro system.

(B) Compatible pollination. Pi SLF; interacts strongly with its nonself S-RNase, S,-RNase, and the interaction results in the degradation of S,-RNase via
the S-specific degradation mechanism mediated by the E3 ligase complex containing Pi SBP1, Pi CUL1-G, and Pi SLF;. Thus, most of the S,-RNase
molecules taken up by the pollen tube and located in the cytoplasm are ubiquitinated and degraded. A small number of S,-RNase molecules that do not
interact with Pi SLF, are degraded by the non-S-specific mechanism, as in incompatible pollination (A).

(C) Competitive interaction. When Pi SLF; and Pi SLF, are produced in the same pollen tube, Pi SLF, preferentially interacts with So-RNase and Pi SLF,
preferentially interacts with S;-RNase. Thus, other than having two Pi SLFs and two S-RNases in the same pollen tube, the scenarios described for (B)
apply here. For simplicity, the basal degradation pathways, as shown in (A) and (B), are not depicted.

determine which Lys residues are involved in ubiquitination.
Therefore, we speculate that even when a Pi SLF binds its self
S-RNase (in the context of the Pi CUL1-G-Pi SBP1-Pi SLF
complex), this interaction would not result in degradation of the
self S-RNase.

Our model addresses three different scenarios: incompatible
pollination, compatible pollination, and competitive interaction,
and all of the interactions depicted occur in the cytoplasm of the
pollen tube. Figure 9A shows incompatible pollination, repre-
sented by selfing of an S;S; plant. Because Pi SLF; interacts



weakly with S;-RNase, most of the S;-RNase molecules would
be free to degrade RNA, resulting in growth inhibition of the S;
pollen tube. The small amount of S;-RNase molecules that do
interact with Pi SLF; in the context of the Pi CUL1-G-Pi SBP1-Pi
SLF4 complex would not result in its degradation, as discussed
above. However, the Pi CUL1-G-Pi SBP1 complex would medi-
ate basal-level degradation of S{-RNase; this could account for
the observed degradation of self S-RNase in our in vitro system.

In the case of compatible pollination, represented by pollination
of an S,S, plant by pollen from an S;S; plant (Figure 9B), because
Pi SLF, interacts strongly with S,-RNase, most of the S,-RNase
molecules in the cytoplasm would interact with Pi SLF; and be
assembled into an E3 ligase complex with PiSBP1 and Pi CUL1-G.
As aresult, these S,-RNase molecules would be ubiquitinated and
degraded. The small amount of free S,-RNase molecules that do
not interact with Pi SLF; would also be degraded via the basal
degradation machinery mediated by Pi CUL1-G-Pi SBP1.

Competitive interaction is represented by pollination of an S;S»
plant with pollen from a transgenic S;S; plant that carries a single
copy of a Pi SLF; transgene (Figure 9C). The diagram shown is
also applicable to the case of self-pollination of a tetraploid plant
with the S;S;S,S, genotype. S; pollen that carries the transgene
(or S4S, pollen of the tetraploid plant) produces both Pi SLF; and
Pi SLF, and is compatible with the S;S pistil (or the S;S;S5S>
pistil of the tetraploid plant). According to our model, Pi SLF;
would interact to a greater extent with S,-RNase and Pi SLF,
would interact to a greater extent with S;-RNase, and as
explained in Figure 9B, both S-RNases would be degraded and
would be unable to exert their cytotoxic effects. Again, Pi CUL1-
G-Pi SBP1 would mediate the basal-level degradation of any free
S;- and S,-RNase molecules (data not shown).

It would be interesting to reconstitute the Pi CUL1-G-Pi SBP1
complex and the Pi CUL1-G-Pi SBP1-Pi SLF, (or Pi SLF,) complex
in vitro and then compare their interactions with self and nonself
S-RNases. The reconstituted complexes could also be used in
conjunction with purified E1, E2, ubiquitin, and self or nonself
S-RNases to determine whether self and/or nonself S-RNases is
(are) ubiquitinated. Ultimately, all of the results obtained in vitro
will have to be confirmed by in vivo approaches. If, in vivo, the Pi
CUL1-G-Pi SBP1-Pi SLF complex indeed mediates the specific
degradation of nonself S-RNases via the preferential binding of a
Pi SLF with its nonself S-RNases, it will be interesting to inves-
tigate the biochemical basis for the binding difference between a
Pi SLF and its self and nonself S-RNases. For example, is the
binding difference attributable to a difference in the binding af-
finity, a difference in the binding stoichiometry, or other reasons?

METHODS

Plant Material

The five S-genotypes of Petunia inflata used in this study, S;S;, S;1S»,
S5S,, S5S3, and S3S3, have been described by Ai et al. (1990).

cDNA Library Screening

The S; and S; pollen cDNA libraries of P. inflata, constructed in AZAPII
vector (Stratagene), were described by Skirpan et al. (2001). The ASK1
and ASK2 cDNA clones of Arabidopsis thaliana were radiolabeled with
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32p ysing the Ready-To-Go DNA Labeling kit (GE Healthcare) and used as
probes for screening the S; pollen cDNA library as described by Mu et al.
(1994), except for the following modifications. The nitrocellulose mem-
branes (Millipore) were prehybridized in 10% (w/v) dextran sulfate, 1 M
NaCl, 1% (w/v) SDS, and sonicated salmon sperm DNA (200 pg/mL) for
2 h, hybridized in the same buffer plus the 32P-labeled ASK7 and ASK2
cDNA probes overnight, and washed in 2X SSC (1X SSCis 0.15 M NaCl
and 0.015 M sodium citrate) and 0.1% SDS twice for 20 min each and
then in 1X SSC and 0.1% SDS for 30 min. All of the manipulations were
performed at 52°C, allowing ASK7 and ASK2 cDNA probes to cross-
hybridize with the homologous cDNAs of P. inflata. cDNAs of the positive
clones were excised from the NZAPII vector and recirculated to form
pBluescript SK— phagemid DNA according to the manufacturer’s proto-
col (Stratagene). Plasmid DNA was purified with the NucleoSpin Plasmid
kit (Clontech) using the procedure recommended by the manufacturer.
The cDNA library screenings using Pi SK7, cullin-1, and At RBX1 cDNA
probes were performed similarly.

Yeast Two-Hybrid Protein—-Protein Interaction Assay

The coding sequences for Pi SK1, Pi SK2, Pi SK3, Pi SLF, Pi SLF,, Pi
SLF,(FB), Pi SLF,(CTD), Pi CUL1-G, and Ph UBC1 were cloned in-frame
to the coding sequence of the GAL4 binding domain (BD) in pGBD-C1.
The coding sequences for seven Arabidopsis ASKs (ASK1, ASK4, ASK5,
ASK9, ASK11, ASK13 and ASK16), Pi SK1, Pi SK2, Pi SLF4, Pi SLF,, Pi
RBX1, Pi SBP1, and Pi SBP1(Acoiled-coil) were fused in-frame to the
GAL4 activation domain (AD) in pGAD-C1. To test the interaction between
a pair of proteins, the corresponding pGAD-C1 and pGBD-C1 constructs
were cotransformed into Saccharomyces cerevisiae SFY526 (Clontech),
and the transformants were plated out on synthetic dropout (SD) medium
without Trp and Leu to select cells in which both BD and AD fusion
proteins coexpressed. Six independent transformants were streaked
together as a dot on the filter paper and then assayed using the X-Gal
filter-lift method (Breeden and Nasmyth, 1985). For the B-galactosidase
activity quantitative assay, six independent colonies were inoculated
separately in 5 mL of SD medium lacking Leu and Trp. The cultures
growing at the mid-log phase were used for B-galactosidase activity
assay according to Miller (1972). Relative B-galactosidase activities were
calculated using the methods described by Skirpan et al. (2001).

Yeast Two-Hybrid Library Screening

Pi SK1, Pi SLF,, Pi SLF,(FB), and Pi SLF,(CTD) were used as baits in the
library screening. Yeast HF7C (Clontech) cells were transformed with 0.1
rg of each bait construct in pGBD-C1, and the transformants were
subsequently transformed with 500 g of DNA isolated from the S, pollen
yeast two-hybrid library (in pGAD424) constructed previously by Skirpan
etal. (2001). Colonies that produced interacting proteins were selected on
sD medium without Leu, Trp, and His but with 3-aminotriazole (10 mM)
when Pi SK1 was used as bait. The positive colonies were further con-
firmed by X-Gal filter-lift assay as described above. To recover the prey
plasmid from each positive colony, plasmid DNA was isolated and
transformed into Escherichia coli HB101, and the transformants were
plated out on Leu-Amp* M9 agar medium. Plasmid DNA was purified
from the E. coli cultures by the NucleoSpin Plasmid kit and sequenced
using GAL4 AD forward primer (5'-TACCACTACAATGGATG-3') and
reverse primer (5'-TGAGATGGTGCACGATG-3’). Yeast colonies (6 X
108, 3 X 108, 1.4 X 108, and 1.7 X 108) were screened using Pi SK1, Pi
SLF,, Pi SLF,(FB), and Pi SLF,(CTD) as baits, respectively.

DNA Sequence Analysis

All DNA sequencing was performed at the Nucleic Acid Facility of
Pennsylvania State University. Nucleotide sequences were assembled
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and analyzed using DNA Strider 1.2.1. Database searches were run on the
BLASTx program at the National Center for Biotechnology Information
website (http://www.ncbi.nim.nih.gov/BLAST/). Alignments of amino acid
sequences were performed using ClustalW (http://www.ebi.ac.uk/clustalw/);
gonnet250 protein weight matrix was selected, and the gap opening and
extension parameters were 10 and 0.05, respectively. Alignments were
shaded using Boxshade version 3.21 (http://www.ch.embnet.org/software/
BOX_form.html). The protein interaction motifs were detected by SMART
(http://smart.embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1).

DNA and RNA Gel Blot Analyses

Genomic DNA was purified from young leaves of S;S;, S1S», S2S», S2S3,
and S3S3 P. inflata plants using Plant DNAzol reagent (Invitrogen)
according to the manufacturer’s procedure. Genomic DNA (15 pg) from
each tissue was digested overnight by EcoRI or Xbal; the digests were
separated on a 0.7% (w/v) agarose gel and transferred to a charged nylon
membrane, Biodyne B (Pall). Total RNA was purified from different tissues
of S,S, plants using Trizol reagent (Invitrogen), and 20 g from each
tissue was electrophoresed on a 1% (w/v) agarose/formaldehyde gel and
blotted onto a Biodyne B membrane as described previously (Sijacic etal.,
2004). The probe was 32P-labeled Pi SBP1 cDNA, which was obtained by
PCR amplification of the yeast two-hybrid clone of Pi SBP1 using the
GAL4 AD forward and reverse primers as described above and by
radiolabeling with 32P using the Ready-To-Go DNA Labeling kit. Prehy-
bridization, hybridization, and washing of the membranes were per-
formed as described by Skirpan et al. (2001).

In Vitro Binding Assays

The coding sequences of Pi SLF4, Pi SLF,, Pi FBP2411, S;-RNase,
S,-RNase, RNase X2, Pi CUL1-G, Ph UBC1, and Pi SLF,(CTD) were
cloned separately in-frame behind the sequence for the (His)s:T7 tag in
vector pET28 (Novagen). The coding sequences of Pi SBP1, S;-RNase,
S,-RNase, S3-RNase, RNase X2, S1(HV,C3), Sa(HV45C3), and Sz(HV,,C3)
were cloned separately as in-frame fusions to the GST coding sequence
in vector pGEX-5X-1 (GE Healthcare). The recombinant proteins were
expressed in BL21 Codon Plus E. coli (Stratagene) and purified as
described by Skirpan et al. (2001). To examine the binding betweena GST
fusion protein and a (His)e: T7 fusion protein, the GST fusion protein (0.5 to
1.0 pg) bound to 30 pL of Glutathione Sepharose 4 Fast Flow resin (GE
Healthcare) was incubated with the (His)e:T7 fusion protein (0.5to 1 png) in
500 pL of the binding buffer (50 mM Tris-Cl, pH 7.4, 100 mM NaCl, 5 mM
MgCl,, 1 mM DTT, and 0.01% Nonidet P-40) for 1 h at 25°C. After binding,
the resin was washed three times with binding buffer, and the bound
proteins were eluted by boiling in 30 pL of 2 X SDS reducing sample buffer
for 5 min and separated by SDS-PAGE. The presence of bound proteins
was analyzed by protein gel blotting as described below. For the assays
that used different amounts of (His)s: T7:Pi SLF; to bind its self and nonself
S-RNases, equal amounts of GST:S;-RNase and GST:S,-RNase (or
GST:S3-RNase) were bound separately to 250 pL of Glutathione Sephar-
ose 4 Fast Flow resin, and the resin with either bound GST:S;-RNase or
bound GST:S,-RNase (or GST:S3-RNase) was divided equally into eight
aliquots. Each aliquot was equilibrated with 500 p.L of the binding buffer,
and to each two aliquots were added 2, 4, 6, or 8 pL of a stock of purified
(His)e:T7:Pi SLF;. The binding reaction was performed at 25°C for 90 min,
and analysis of the bound proteins was performed as described above.

Purification of S3-RNase from Pistils

S3-RNase was purified from pistils of a P. inflata plant of S3S3 genotype as
described previously (Lee et al., 1994). Briefly, 30 pistils were collected
and ground with 1 mL of extraction buffer (50 mM Tris-HCI, pH 8.5, 10 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM CaCl,, and
1 mM DTT). After centrifugation at 12,000g for 10 min to remove tissue

debris, the supernatant was filtered through a 0.45-um MILLEX-GV filter
(Millipore) and the filtrate was chromatographed on a Mono-S column (HR
5/5) equilibrated with 50 mM sodium phosphate, pH 6.0, using a fast
protein liquid chromatograph (GE Healthcare). The bound proteins were
eluted with a linear gradient of 0 to 500 mM NaCl in the same buffer at a
flow rate of 0.5 mL/min. The eluted proteins were monitored at A,go With
the sensitivity of the detector set to 0.1 absorbance unit full scale. The
fractions containing S;-RNase were determined by SDS-PAGE and
confirmed by immunoblotting using an anti-S;-RNase antibody. Protein
concentrations were determined using a Bio-Rad protein assay kit with
BSA as the standard.

Protein Gel Blot Analysis

Proteins were resolved on 10% polyacrylamide gels and blotted onto
polyvinylidene difluoride (PVDF) membranes (Millipore). To visualize the
amount of proteins loaded in each lane, a duplicate gel was stained with
Coomassie Brilliant Blue R 250 or the membrane was stained with Ponceau
S before immunoblotting. The primary antibodies used were an anti-T7 tag
monoclonal antibody (1:10,000; Novagen), an anti-(His)s tag antibody
(1:2000; Novagen), an anti-GST antibody (1:200; Oncogene Research
Products), and an affinity-purified anti-Sz-RNase antibody (1:1000). The
antiserum for Sz-RNase had been raised previously in rabbits against a
synthetic peptide, DGDKFVSFSLKDRIV (corresponding to amino acids 48
to 62 of S3-RNase in the hypervariable region HVa). The monospecific
antibody against Sz;-RNase was purified using GST:S3(HV,,C3), which
encodes amino acids 47 to 97 of S3-RNase, according to the procedure of
Bar-Peled and Raikhel (1996). After the blots had been incubated with the
secondary antibody of peroxidase-linked sheep anti-mouse IgG (1:10,000;
GE Healthcare), the immunoreactive proteins were visualized with the
Supersignal West Pico Chemiluminescent Substrate kit (Pierce). Alterna-
tively, the immunoreactive proteins were detected with a Bio-Rad AP-
Conjugate Substrate kit after the blots had been incubated with alkaline
phosphatase—conjugated goat anti-mouse IgG (1:5000; Calbiochem).

Preparation of Pollen Tube Extracts

Fresh pollen was collected from S;S;, S2S», and S3S3 plants and germi-
nated separately in vitro for 3 h in the pollen germination medium
described by Lee et al. (1996). Pollen tubes were harvested by centrifu-
gation at 16,000g for 1 min and quickly frozen in liquid nitrogen before
storage at —80°C. The pellets were homogenized in a 1.5-mL microfuge
tube with a pestle and extracted with 500 pL of pollen tube extraction
buffer (50 mM Tris-HCI, pH 7.4,5 mM MgCl,, 2 mM DTT, and 1 mM PMSF).
After centrifugation at 20,000g at 4°C for 30 min, the supernatants were
divided into aliquots and stored at —80°C. The total protein concentration
of each extract was determined by the Bio-Rad protein assay kit.

In Vitro Degradation and Ubiquitination Assays

For the degradation assay of bacterially expressed proteins, 0.3 pg of
GST, GST:S4-RNase, GST:S,-RNase, GST:S3;-RNase, or GST:RNase X2
was incubated with 10 pg of total pollen tube extracts (quantified based
on the protein concentration) in a final volume of 30 pL of ubiquitin
reaction buffer (50 mM Tris-HCI, pH 7.4, 2 mM ATP, 2 mM DTT, 5 mM
MgCl,, ~4 ng of creatine phosphokinase [Calbiochem], 10 mM creatine
phosphate [Calbiochem], and 1 mM PMSF) for 1 h at 30°C. The reaction
was stopped by the addition of 7 uL of 5X SDS reducing sample buffer,
and the mixture was heated at 95°C for 5 min. The proteins were resolved
on two duplicate 10% reducing SDS-polyacrylamide gels and then
transferred to PVDF membranes. S3-RNase (0.1 n.g), purified from pistils,
and its deglycosylated form (0.1 pg) were similarly analyzed for degra-
dation except that the incubation time was 1.5 h. The deglycosylation
reaction was performed at 37°C using PNGase-F (New England Biolabs)
according to the manufacturer’s protocol.



For the ubiquitination assay, 0.5 png of GST:S,-RNase, GST:S3-RNase,
GST:RNase X2, or GST was incubated with 5 png of total S, pollen tube
extracts and 1 pg/pL ubiquitin (Boston Biochem) or (His)g:ubiquitin in
a final reaction volume of 30 wL of ubiquitin reaction buffer at 30°C.
A (His)g:ubiquitin construct was made by digesting pET26Ub (Gohara
et al., 1999) with Ndel and BamHI to release the DNA fragment encoding
S. cerevisiae ubiquitin and cloning the fragment at the Ndel and BamHI
sites in pET28. The recombinant ubiquitin protein was expressed and
purified as described above. At various times during the assay, the
reaction was stopped, and GST, GST-fused proteins, and their respective
ubiquitinated forms were purified by binding to the Glutathione Sephar-
ose 4 Fast Flow resin in GST binding buffer (50 mM Tris-HCI, pH 7.4, 150
mM NaCl, 10 mM EDTA, 1 mM DTT, 0.4% [w/v] Triton X-100, and 1 mM
PMSF) for 30 min at room temperature. The resin was washed three times
in GST washing buffer (50 mM Tris-HCI, pH 7.4, 500 mM NaCl, 10 mM
EDTA, 1 mM DTT, and 0.4% [w/v] Triton X-100), and the bound proteins
were eluted by heating at 95°C for 5 min in 30 pL of 2.5X SDS reducing
sample buffer. The eluted proteins were separated on 10% reducing
SDS-polyacrylamide gels and transferred to a PVDF membrane for
immunoblotting.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: Pi SBP1 (DQ250022), Pi
SK1 (DQ250014), Pi SK2 (DQ250015), Pi SK3 (DQ250013), Pi CUL1-C
(DQ250016), Pi CUL7-G (DQ250017), Pi RBX1 (DQ250021), Pi FBP23
(DQ250018), Pi FBP2011 (DQ250019), and Pi FBP2411 (DQ250020). The
accession numbers for the sequence data used in this article are as
follows: ASK1 (AAM45019), ASK2 (AAC14445), ATCUL1 (CAC85264) and
At RBX1 (Q940X7) from Arabidopsis thaliana; Ph SBP1 (AAF28357) from
Petunia hybrida; Sc SBP1 (AAS76633) from Solanum chacoense; Skp1
(AAH09839), CUL1 (NP_003583), and Rbx1 (NP_055063) from Homo
sapiens; and Pi SLF; (AAS79484), Pi SLF, (AAS79485), S;-RNase
(AAA33726), S,-RNase (AAG21384), S3-RNase (AAA33727), and RNase
X2 (S28611) from Petunia inflata.
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