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Guang Wu,! Ying Gu,' Shundai Li, and Zhenbiao Yang?

Department of Botany and Plant Sciences, University of California, Riverside, California 92521

The plant-specific Rop family GTPases are versatile molecular switches in many processes during plant growth, devel-
opment, and responses to the environment. To understand how Rop achieves its functional versatility in signaling, we
performed a genome-wide identification of putative Rop targets using a combination of the yeast two-hybrid method,
bioinformatic tools, and a robust functional assay in pollen. In this study, we have identified 11 Arabidopsis genes en-
coding novel proteins, termed RICs (for Rop-interactive CRIB motif-containing proteins), that contain a CRIB (for
Cdc42/Rac-interactive binding) motif required for their specific interaction with GTP-bound Rop1. RICs are divergent
and classified into five groups that share little sequence homology outside of the conserved Rop-interactive domain.
Overexpression in tobacco pollen tubes of the nine Ric genes that are expressed in Arabidopsis pollen causes distinct
phenotypes, implying distinct functions for various RICs. RIC3 (group Ill) and RIC4 (group V) both cause depolarized
growth like Rop1 and display Rop1-enhanced localization to the tip of pollen tubes, suggesting that these RICs may be
two distinct targets of Rop1. In contrast, RIC10 (group I) promotes pollen tube elongation but does not affect pollen tube
growth polarity and shows Rop1-independent localization to the cytoplasm, suggesting that RIC10 may participate in a
Rop1-independent pathway probably controlled by a different Rop. Expression of all other RICs causes various degrees
of growth inhibition in pollen tubes. Furthermore, these inhibitory RICs also exhibit distinct patterns of localization in
pollen tubes. Our results suggest that various RICs have evolved to interact with Rops differentially and to perform dis-
tinct functions in pollen tubes. Reverse transcriptase-mediated polymerase chain reaction analysis showed that six of
the nine RICs are expressed in various parts of Arabidopsis plants. On the basis of these observations, we propose that
RICs function as Rop GTPase targets that control various Rop-dependent signaling pathways in plants.

INTRODUCTION

The plant-specific family of Rho GTPases, termed Rop, has tube). These results suggest that Rop also controls the

emerged as a pivotal molecular switch in plant signal trans-
duction (Arabidopsis Genome Initiative, 2000; Zheng and
Yang, 2000b). Rop is essential for pollen tube elongation, as
indicated by the inhibition of pollen tube elongation by the
injection of anti-Rop1 antibodies and the expression of the
dominant negative (DN) mutants of Arabidopsis Rop7 and
At-Rac2/Rop5 (Lin and Yang, 1997; Kost et al., 1999; Li et
al.,, 1999). Overexpression of wild-type Rop1 or At-Rac2/
Rop5 caused depolarized growth in pollen tubes (Kost et al.,
1999; Li et al., 1999), as suggested by swelling of pollen
tube tips or an increase in the radial expansion of pollen
tubes (referred to as pollen tube expansion in this article).
Expression of constitutively active (CA) mutants for these
Rops induced isotropic growth (i.e., formation of a bulbous
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specification of a cortical site for tip growth in pollen tubes
(Li et al., 1999). Evidence indicates that both polar localiza-
tion of Rop and the regulation of its activity at the tip region
of the plasma membrane (PM) are critical for defining the
site of growth in pollen tubes (Lin et al., 1996; Kost et al.,
1999; Li et al., 1999; Zheng and Yang, 2000a; G. Wu, Y. Fu,
V. Vernoud, and Z. Yang, unpublished data). Thus, Rop con-
trols polar growth in pollen tubes probably by integrating
signals for growth with polarity signals (Li et al., 1999; Zheng
and Yang, 2000a). Our studies also suggest that Rop con-
trols polar growth by regulating the dynamics of tip F-actin
and the formation of tip-focused cytosolic calcium gradients
(Li et al., 1999; Fu et al., 2001).

Transgenic expression of CA-rop2 and DN-rop2 mutant
genes in Arabidopsis suggests that Rop signaling may con-
trol a wide range of growth and developmental processes,
including embryo development, seed dormancy, seedling
development, leaf morphogenesis, shoot apical dominance,
lateral root initiation, and phyllotaxis (Li et al., 2001). The ex-
pression of these mutants also alters abscisic acid stimula-
tion of seed dormancy, auxin stimulation of lateral root
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initiation, and brassinolide promotion of hypocotyl elonga-
tion, suggesting a role for Rop in the regulation of hormone
accumulation or responses (Li et al., 2001). Several studies
indicate that Rop activates H,O, production and plant de-
fense responses (Kawasaki et al., 1999; Potikha et al., 1999;
Park et al., 2000; Ono et al., 2001). Furthermore, a Rop-like
protein is localized to the tonoplast of developing vacuoles,
implying a role for this Rop in vacuole development or func-
tion (Lin et al., 2001). Finally, a Rop-like protein also is asso-
ciated with the active complex of the CLV1 receptor-like
kinase, supporting a role for Rop in relaying receptor-like ki-
nase signals (Trotochaud et al., 1999). The Arabidopsis ge-
nome contains 11 Rop genes, and the Rop proteins are
distributed ubiquitously in various organ, tissue, and cell
types in Arabidopsis (Winge et al., 2000; Zheng and Yang,
2000b; Li et al., 2001). Hence, the Rop GTPase appears to
act as a universal switch in plant signal transduction. It re-
mains a mystery how this switch regulates these diverse
cellular and physiological processes.

In animals and yeast, the three major families of RHO GTP-
ases, Cdc42, Rac, and Rho, also modulate a wide variety of
cellular processes, such as actin organization, cell polarity
establishment, axon guidance, gene transcription, cell cycle
progression, cell-to-cell adhesion, NAPH oxidase activation,
and glucan synthase activation (Mackay and Hall, 1998;
Ridley, 2000). To achieve various cellular functions, GTP-
bound active RHO GTPases interact with a plethora of func-
tionally distinct target proteins or effectors (Mackay and
Hall, 1998; Aspenstrom, 1999). Rho, Cdc42, and Rac each
interact with a set of >10 distinct effectors in animals
(Mackay and Hall, 1998; Aspenstrom, 1999). Most of the
Cdc42/Rac effectors contain the conserved Cdc42/Rac-inter-
active binding (CRIB) motif that binds the effector domain of
Cdc42/Rac GTPases in a GTP-dependent manner (Burbelo
et al., 1995; Aspenstrom, 1999). The best studied examples
of these types of Cdc42/Rac effectors include the P21-acti-
vated protein kinase and Wiskott-Aldrich syndrome pro-
teins, the tyrosine kinases ACK-1 and ACK-2, and novel
proteins termed Cdc42 effector proteins (CEPSs) (Aspenstrom,
1999; Burbelo et al., 1999; Hirsch et al., 2001). Phylogenetic
analysis suggests that Rop may have evolved from the same
ancestor as Cdc42/Rac (Li et al.,, 1998; Zheng and Yang,
2000b). However, our preliminary search of databases, includ-
ing the completed Arabidopsis genome sequence, has failed
to identify any plant homologs of these animal Cdc42/Rac ef-
fectors. This suggests that the plant-specific Rop GTPase
may use novel target proteins as effectors.

In this article, we report the genome-wide identification
and functional characterization of a novel group of CRIB-
containing proteins that interact with GTP-bound Rop GTPases
from Arabidopsis. These proteins, termed RICs (for Rop-
interactive CRIB-containing proteins), have been identified
using database mining combined with the two-hybrid and
other protein—protein interaction assays. Using overexpres-
sion and green fluorescent protein (GFP)-based protein lo-
calization in pollen tubes, we provide convincing evidence

that RICs act as Rop targets that function in distinct Rop
signaling pathways.

RESULTS

Identification of Active Rop-Interacting Proteins Using
the Yeast Two-Hybrid Method

Because GTPase effectors typically interact with the GTP-
bound active form of GTPases, we used a constitutively ac-
tive Rop1 mutant (G15V/C188S) (Li et al., 1999; Wu et al.,
2000) as a bait to screen an Arabidopsis seedling cDNA li-
brary. We identified 46 positive clones from ~6 million yeast
transformants. Among 20 clones sequenced, several clones
encode RopGAPs (Wu et al., 2000) and one clone encodes
a predicted novel polypeptide containing a CRIB motif.
CRIB motifs are found in Cdc42/Rac effectors and confer
their specific interaction with the active form of Cdc42/Rac
GTPases in yeast and animals. Because this clone was not
a full-length cDNA, we conducted a BLAST search against
the Arabidopsis expressed sequence tag database and
identified a second clone (RZ03e09F) encoding the full-
length predicted polypeptide containing a CRIB motif. This
protein was termed Rop-interactive CRIB-containing protein1
(RICY).

To determine whether RIC1 interacts specifically with the
GTP-bound Rop1, we examined the interaction of RIC1 with
the mutant proteins CA-rop1 and DN-rop1 using an in vitro
pulldown assay. The predicted coding sequence of RIC1

+ RIC1 + CA-rop1

Figure 1. CRIB Motif-Dependent Specific Interaction of RIC1 with
the GTP-Bound Active Rop.

In vitro pulldown assays were performed using MBP-RIC1 and GST-
CA-rop1 or GST-DN-rop1, and MBP-RICs pulled down by GST-
rop1 were detected by anti-MBP antibody as described in the text.
(A) In vitro interaction of RIC1 with GTP-bound CA-rop1 and GDP-
bound DN-rop1 mutant proteins.

(B) In vitro interaction of the GTP-bound CA-rop1 mutant with RIC1
and RIC mutant proteins. H37D and H37D/H40D mutations are
within the CRIB motif.



was fused to maltose binding proteins (MBP), whereas CA-
rop1 and DN-rop1 were fused to glutathione S-transferase
(GST). The MBP fusion protein was “pulled down” with GST—
CA-rop1 or GST-DN-rop1 and was detected using an anti-
MBP antibody (Wu et al., 2000). As shown in Figure 1A, the
RIC1-MBP fusion protein interacted specifically with GTP-
bound GST-CA-rop1 but not with GDP-bound GST-DN-rop1.

To determine whether the CRIB maotif is critical for the in-
teraction, we generated several mutations (H37D, H37D/
H40D) in the conserved residues within the CRIB motif that
are known to be important for interactions between Cdc42/
Rac and their effectors. As shown in Figure 1B, these mu-
tants had dramatically reduced interaction with GTP-bound
CA-rop1, confirming a critical role for the CRIB motif in the
interaction of RICs with Rops.

Annotation and Confirmation of the Ric Genes Encoding
CRIB-Containing Proteins

The CRIB-dependent specific interaction of RIC1 with CA-
rop1 is similar to the Cdc42/Rac interaction with effectors in
animals. However, sequence comparison and BLAST
searches reveal that RIC1 is a novel protein that shares no
similarity with known Cdc42/Rac or Rho effectors or any
proteins available in the animal and yeast genome data-
bases. Thus, RIC1 may be a unique Rho target to transmit
Rop signals to downstream events. Because the Arabidop-
sis genome contains 11 Rop genes that appear to partici-
pate in many distinct signaling pathways (Kost et al., 1999;
Li et al., 1999, 2001; Zheng and Yang, 2000b), we sought to
determine whether Arabidopsis contains multiple RICs that
might be responsible for the versatile functions of the Rop
family. To identify all Arabidopsis genes encoding CRIB mo-
tif-containing proteins, we performed a BLAST search using
the RIC1 CRIB motif (Figure 2B) or nucleotide sequences
encoding this CRIB motif. We identified 11 individual ge-
nomic bacterial artificial chromosome clones. Because most
of these bacterial artificial chromosome clones were not an-
notated to contain the CRIB motif, we decided to annotate
them using GeneScan software (see Methods). On the basis
of the conservation of intron splicing and exon numbers
combined with results from the GeneScan analysis, we pre-
dicted that all of these CRIB-related genomic sequences
encode RIC proteins (Figure 2A).

To confirm that the predicted RICs are in fact functional
genes, we used polymerase chain reaction (PCR) to amplify
Ric cDNAs from a flower cDNA library. We identified nine
different Ric cDNAs. Sequencing of these cDNAs confirmed
that they encode the RIC amino acid sequences predicted
from the annotation. We were unable to amplify Ric8 and
Ric11 from the flower cDNA library or cDNAs derived from
Arabidopsis seedlings and leaves, suggesting either that
they are expressed in specific stages or cell types of the
plant or that they are pseudogenes.

One striking feature about RICs is their low molecular
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weight. As shown in Figure 2A, different RICs range from
116 to 224 amino acid residues in length. Outside of the
CRIB motif, RICs share no sequence similarity with any
other proteins in the database. However, different RICs
share several consensus amino acid residues upstream of
the CRIB motif and a consensus PSWMXDFK block down-
stream of the CRIB motif. RIC2 and RIC4 have distinct over-
all structures. They contain the CRIB motif at the C terminus
and lack the PSWMXDFK block, whereas all other RICs
contain the CRIB motif near the N-terminal end.

Another striking feature about RICs is the high variabil-
ity in their primary structures. RICs are divided into five
groups according to amino acid sequence similarities
and phylogenetic analysis (Figure 3). Except for the CRIB
motif (Figure 2B), the PSWMXDFK block, and several
conserved residues upstream of the CRIB motif, no or lit-
tle amino acid sequence similarity is found among these
five groups. Members of group |, consisting of RIC9,
RIC10, and RIC11, have the lowest molecular weights
(116 to 156 amino acid residues in length) and are char-
acterized by the presence of a conserved block of amino
acids at the N terminus (MKMKGI/LYKG/SFK), but they are
highly variable near the C-terminal regions. Group Il consists
of three members (RIC6, RIC7, and RIC8) and is most con-
served, sharing several conserved amino acid stretches
throughout the C terminus. RIC6 and RIC7 share the highest
identity (66%) among all RIC pairs. Two members of group
Ill, RIC1 and RIC3, are very similar in length and are con-
served at the C terminus. In Arabidopsis, RIC5 is the lone
member of group IV, sharing <20% identity with all other mem-
bers outside of the CRIB motif. Unlike other group members,
members of group V, consisting of RIC4 and RIC2, lack the
PSWMXDFK block and contain a relatively long N terminus
in front of the CRIB motif and a short C terminus. RIC4 and
RIC2 share only 33% amino acid identity.

Overexpression of RICs in Tobacco Pollen Tubes
Causes Distinct Tip Growth Phenotypes

Because the function of Rops currently is best characterized
in pollen tubes, we characterized the potential functions of
RICs by overexpressing Ric genes in pollen tubes. Further-
more, particle bombardment-mediated transient expression
has proven to be a robust method for a high-throughput
characterization of gene functions in pollen (Fu et al., 2001).
To facilitate monitoring of Ric expression and RIC subcellu-
lar localization, we tagged RICs with GFP. As shown in Ta-
ble 1 for RIC3, for every other RIC examined, the GFP-Ric
fusion gene and the Ric gene alone produced identical or
nearly identical phenotypes when overexpressed under the
pollen-specific LAT52 promoter, suggesting that GFP-Ric
fusion genes are fully functional (data not shown).

As shown in Figure 4A and Table 1, Ric overexpression
phenotypes in tobacco pollen tubes can be classified into
several interesting categories according to their phylogenetic
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groups. These results also are summarized in Table 2. First,
overexpression for group Il and group V induced parallel
changes in pollen tube tip growth: two members within each
group caused distinct phenotypes resembling the effects of
Rop1 overexpression and suppression, respectively. RIC3
(group Ill) promoted depolarized growth, leading to the for-
mation of a bulb at the tip of pollen tubes, similar to a moder-
ate phenotype caused by Rop7 overexpression (Li et al.,
1999). As shown in Figure 4C, time-course analysis showed
that GFP-RIC3 tubes initially elongated as polarized tip
growth, which was followed by tip swelling that began as
soon as a detectable amount of GFP-RIC3 accumulated (3 hr
after bombardment). Swelling continued for the remainder of
the time series (6.5 hr after bombardment). In contrast, tubes
transformed with GFP alone never produced swelling tips,
even after overnight incubation (data not shown). This result
also demonstrated that GFP-RIC3 tubes remained viable
throughout the course of examination and that the depolar-
ized growth was the specific effect of GFP-RIC3. In contrast
to Ric3, overexpression of Ric1, the other group Ill member,
induced a phenotype analogous to that caused by the ex-
pression of DN-rop1 and Rop1 antisense RNA. Ric1 overex-
pression strongly inhibited pollen tube elongation (with a 65%
reduction in length) but had no effects on pollen tube expan-
sion. In group V, Ric4 overexpression caused a slightly more
severe depolarized growth than Ric3, whereas Ric2 induced
an inhibition of pollen tube elongation (with a 44% reduction
in length) weaker than Ric1 overexpression.

Second, two members of group I, RIC9 and RIC10, af-
fected pollen tube elongation in a completely opposite man-
ner. Overexpression of Ric9 inhibited tube elongation by
40%. In contrast, Ric10 overexpression greatly promoted
pollen tube elongation, causing an increase in pollen tube
length by nearly 50%. This phenotype is similar to but distinct
from that caused by weak overexpression of Rop1, which not
only stimulates pollen tube elongation but also causes slight
tube expansion (V. Vernoud, H. Li, and Z. Yang, unpublished
data). However, Ric10 overexpression had no effects on
growth polarity (i.e., pollen tube width remained unchanged).

Third, overexpression of Ric6 and Ric7 of group Il in-
duced a similar phenotype (i.e., strong inhibition of pollen
tube elongation [>80% reduction in pollen tube length]).
This inhibition was stronger than that caused by Ric1 over-
expression. Finally, Ric5 overexpression inhibited both elon-
gation and expansion of pollen tubes (causing a reduction in
width and length by 25 and 60%, respectively). This pheno-
type is distinct from that caused by Ric1, Ric2, Ric6, Ric7,
or Ric9, which only inhibited tube elongation and did not af-
fect tube expansion.

Subcellular Localization of RICs in Tobacco
Pollen Tubes

The resemblance of overexpression phenotypes for some
RICs to those caused by either Rop? overexpression or

Rop1 inhibition indicates that these RICs may act either as a
Rop1 target or its inhibitor in the Rop1 signaling pathway.
To further understand the role of RICs in Rop1 signaling, we
investigated the localization of RICs in pollen tubes, be-
cause Rop1 has been shown to localize to the apical region
of the tube PM. To investigate the intracellular localization of
RICs, tobacco pollen tubes expressing GFP-Ric fusions
were examined using confocal microscopy. As shown in
Figure 5A, GFP alone was distributed evenly in the pollen
tube cytoplasm. GFP-RIC1 was localized to the apical re-
gion of the tube PM, a pattern similar to the localization of
Rop1 (Lin et al., 1996; Kost et al., 1999; Li et al., 1999).
However, GFP-RIC3 was barely detected in the tube PM but
was concentrated in the cytoplasm at the tip of the pollen
tube. This cytoplasmic localization was different from that of
GFP alone, which was distributed uniformly throughout the
cytoplasm and the nucleus. Interestingly, GFP-RIC4 was
highly restricted to the apical PM region, like GFP-RIC1, al-
though they caused essentially opposite phenotypes. GFP-
RIC9 and GFP-RIC10, which induced opposite overexpres-
sion phenotypes, once again displayed distinct localization
patterns; GFP-RIC10 was detected only in the cytoplasm,
whereas GFP-RIC9 was localized to the whole PM of the
pollen tubes, a pattern quite different from that of GFP-
Rop1. RIC5, RIC6, and RIC7, which strongly inhibited tube
elongation when overexpressed, were localized to the apical
region of the tube PM. However, the PM localization for
RIC6 was much weaker than that for RIC5 and RIC7. In con-
trast, GFP-RIC2, whose overexpression caused a weaker
inhibition of tube elongation than RIC5, RIC6, or RIC7, was
localized to both apical and subapical regions of the tube
PM, a pattern distinct from Rop1 localization. These results
indicate that different RICs are localized differentially in pol-
len tubes and that there is a correlation between localization
patterns and overexpression phenotypes in tobacco pollen
tubes.

Rop1 Expression Alters the Subcellular Localization of
RICs and Ric Overexpression Phenotypes

The localization patterns and overexpression phenotypes
suggest that several RICs may be involved in Rop1 signaling
but others are not. To test this hypothesis further, we deter-
mined which RICs are localized to the PM in a Rop1-depen-
dent manner by coexpressing Rop1 with GFP-Ric in
tobacco pollen. Results showing the effects of Rop1 co-
expression on GFP-RIC localization and phenotypes are
summarized in Table 2. We have shown that Rop7 overex-
pression induces enhanced and depolarized localization of
Rop proteins to the apical region of pollen tubes, which in
turn causes depolarized growth (Li et al., 1999; G. Wu, Y.
Fu, V. Vernoud, and Z. Yang, unpublished data). As shown
in Figure 5A, Rop1 overexpression also caused enhanced
and depolarized localization of GFP-RIC1 to the apical re-
gion of the pollen tube PM, suggesting that RIC1 localiza-
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Figure 2. Comparison of Predicted Amino Acid Sequences between 11 RICs and CRIB Motifs.

(A) Comparison between 11 RICs. The predicted RIC polypeptides were identified by BLAST search using the CRIB motif from RIC1, and all ex-
cept for Ric8 and Ric11 were confirmed by sequencing of cDNAs amplified by PCR as described in the text. Sequences that are identical among
11 RICs are highlighted in black (!), and conserved consensus sequences are highlighted in gray (*). Sequence alignment was performed using
the GCG program (Genetics Computer Group, Madison, WI). Stretches of conserved sequences within the same group are boxed.

(B) Comparison of the CRIB motif from RICs with those from RopGAPs (Wu et al., 2000) and Cdc42/Rac effectors (Burbelo et al., 1995). The as-
terisk indicates the residues that distinguish between RopGAP CRIB (threonine) and RIC CRIB (glycine). A.t., Arabidopsis thaliana; D.d., Dictyo—
stelium discoideum; H.s., Homo sapiens; C.e., Caenorhabditis elegans.
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tion to the PM is dependent on its association with Rop1.
This was confirmed further by the observation that all muta-
tions in RIC1 (H37D, H37D/H40D) that abolished RIC1 inter-
action with Rop1 (Figure 1B) also eliminated its localization
to the PM (Figure 5B). Although Rop1 overexpression did
not enhance the localization of RIC3 to the PM, it did
change the pattern of RIC3 localization at the tip. GFP-RIC3
became concentrated in the cortex of the swelling tip or un-
derneath the expanding PM, analogous to the localization of
AtGDI1, which has been shown to interact with Rop and to
dissociate Rop from the PM (Bischoff et al., 2000; G. Wu
and Z. Yang, unpublished results). Thus, RIC3 appears to in-
teract with PM-localized Rop1 in a transient and dynamic
manner, as does AtGDI1.

Rop1 overexpression dramatically enhanced the PM lo-
calization of GFP-RIC4 and caused depolarized GFP-RIC4
localization extending behind the swelling tip (Figure 5A). In
tubes co-overexpressing Rop1 and GFP-Ric4, no fluores-
cence was detected in the cytoplasm, whereas significant
fluorescence was found in the cytoplasm of tubes express-
ing GFP-Ric4 alone. Like GFP-Rop1 localization (Li et al.,
1999), however, GFP-RIC4 remained in the apical and sub-
apical PM regions of tubes co-overexpressing Rop7 and
GFP-Ric4, forming a tip-high gradient. No fluorescence was
detected in the base of the tube.

Rop1 overexpression also enhanced GFP-RIC5 localiza-
tion to the apical PM region, but it did not cause depolarized
localization. On the contrary, Rop1 overexpression did not
enhance the localization of GFP-RIC6 and GFP-RIC?7 to the
apical PM region, but it altered their PM localization pattern
completely, causing them to be distributed evenly to the PM
throughout the whole tube. This pattern is distinct from the
GFP-RIC4 localization in tubes co-overexpressing Rop1 and
GFP-Ric4, which does not extend beyond the subapical re-
gion. Finally, Rop1 overexpression had no effects on the lo-
calization of RIC2, RIC9, and RIC10. The Rop1-independent
cytoplasmic localization of RIC10 is consistent with a role
for RIC10 in a Rop1-independent pathway that promotes
pollen tube elongation.

To gain further insights into the functional interaction be-
tween Rop1 and RICs, we next analyzed the phenotypes of
pollen tubes co-overexpressing Ric and Rop1. We previ-
ously showed that the level of Rop7 overexpression is cor-
related with the severity of depolarized growth (Li et al.,
1999). In the current experiments, we used a moderate level
of Rop1 overexpression, which causes tubes to expand (Li
et al., 1999) (Figures 4B and 5A, Table 3). The level of Rop1
overexpression was manipulated in the transient expression
system using different amounts of plasmid DNA for particle
bombardment (Fu et al., 2001; G. Wu, Y. Fu, V. Vernoud,
and Z. Yang, unpublished data). A moderate level of Rop1
overexpression was achieved using 0.4 to 0.5 pg of plasmid
DNA in a typical bombardment experiment (G. Wu, Y. Fu, V.
Vernoud, and Z. Yang, unpublished data).

To determine the severity of depolarized growth, we mea-
sured the tube diameter (width) at the most dilated region of

the tube and the tube width/length ratios. As shown in Table
3 and Figures 4B and 5A, Rop1/GFP-Ric co-overexpression
phenotypes generally were consistent with the localization
patterns of GFP-RICs and the effect of Rop1 on their local-
ization. First, Rop1 expression enhanced the phenotype of
Ric3 and Ric4 overexpression (i.e., co-overexpression re-
sulted in more severe depolarized growth [26.8 or 27.9 um
in tube width] than overexpression of Rop7 [18.6 wm in tube
width] or individual Ric3 and Ric4 alone [14.7 or 18.4 pm in
tube width]) (Table 1). However, co-overexpression appar-
ently did not produce an additive effect. These results are
consistent with roles for RIC3 and RIC4 acting as Rop1 tar-
gets. Second, Rop1 and Ric10 co-overexpression produced
a tube that was dramatically longer (356 pwm in length) than
control tubes (297 wm in length; Table 1) and Rop1-overex-
pressing tubes (172 um in length; Table 3). Tubes co-over-
expressing Rop1 and Ric10 were much wider than the wild-
type control tubes and only slightly narrower than Rop1-
overexpressing tubes. In accord with the GFP-RIC10 local-
ization and overexpression phenotype, these results suggest
that Rop1 and RIC10 are additive and act independently. Fi-
nally, the phenotypes induced by the co-overexpression of
Rop1 with other RICs appeared to be complex. RIC1, RIC5,
and RIC7, which were colocalized with Rop1 to the apical
PM region, all partially suppressed tube expansion induced
by Rop1 overexpression (Table 3). However, these RICs
only slightly rescued tube elongation (RIC5 and RIC7) or did
not rescue tube elongation (RIC1). Interestingly, RIC2, RICS,
or RIC9 did not affect tube expansion induced by Rop7 ex-
pression but slightly recovered tube elongation, although
these three RICs all displayed distinct localization patterns.

Differential in Vitro Interaction between RICs and Rop1

The differential subcellular localization of RICs and the dif-
ferential effect of Rop1 on their localization suggest that
Rop1 interacts differentially with different RICs in pollen
tubes. To assess whether such differential in vivo interac-
tions are attributable to different capacities of RICs to bind
GTP-bound active Rop1, we examined in vitro interactions
between GTP-bound CA-rop1 and RICs. The GST-CA-rop1
fusion and the MBP-RIC fusion were used for pulldown as-
says as described in Figure 1. GST alone did not interact
with any of the MBP-RICs (data not shown). As shown in
Figure 6, different RICs bind GTP-bound CA-rop1 with dif-
ferent capacities that are largely consistent with the in vivo
Rop1-RIC interactions. First, RIC6 interacted weakly with
CA-rop1, in agreement with a weak localization of RIC6 to
the apical PM domain that could not be enhanced by Rop1
overexpression (Figure 5A). Second, those RICs (RIC1,
RIC4, and RIC5) that showed Rop1-enhanced localization to
the apical PM domain interacted strongly with GTP-bound
CA-rop1. Furthermore, RIC7, which was colocalized with
Rop1 to the apical PM domain and was able to partially sup-
press the Rop1 overexpression phenotype, also bound CA-
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Figure 3. Phylogenetic Analysis and Classification of Arabidopsis RICs.

Predicted amino acid sequences of RICs were aligned using the GCG
PileUp program and used for the construction of an unrooted tree
also using the PileUp program. On the basis of this analysis and se-
quence comparison, Arabidopsis RICs are divided into five groups as
indicated. As shown in Figure 2, no sequence similarities are found
between groups except for the conserved CRIB motif, the
PSWMXDFK block, and several residues upstream of the CRIB motif.

rop1 strongly. RIC2 and RIC9, which were localized to both
apical and subapical PM regions, also interacted well with
CA-rop1. However, the localization of RIC2, RIC7, and RIC9
to the apical PM domain was not enhanced by Rop1 over-
expression (Figure 5A). These results suggest that direct
binding is involved in the differential in vivo interaction be-
tween Rop1 and RICs, but other factors such as the kinetics
of binding and additional proteins also may play a role in
modulating the in vivo interaction between Rops and RICs.

Accumulation of Ric Transcripts in Pollen and
Vegetative Tissues

To determine whether the Ric overexpression phenotypes
and RIC localization in pollen tubes reflected their function
in pollen tubes or were caused by ectopic expression of Ric
genes, we examined the expression of Ric genes in mature
pollen. To our surprise, our reverse transcriptase-mediated
(RT)-PCR results showed that all nine Ric genes tested were
expressed in pollen, as shown in Figure 7A. Ric1, Ric3, Ric5,
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and Ric7 transcripts appeared to be more abundant that
those for Ric2, Ric4, Ric9, and Ric10.

An important question is whether different RICs also par-
ticipate in other Rop-dependent signaling pathways during
plant growth, development, and responses to the environ-
ment. If so, we would expect Ric genes to be expressed
ubiquitously throughout Arabidopsis plants, as are Rop pro-
teins (Li et al., 2001). As shown in Figure 7B, the majority of
Ric genes (Ric1, Ric2, Ric4, Ric7, and Ric9) were expressed
constitutively in various parts of Arabidopsis plants; only
Ric3, Ric5, and Ric6 were flower specific. Interestingly,
group Il and group Il had similar differential expression pat-
terns between members of the same group. Ric1 and Ric7
transcripts were found in both reproductive and vegetative
organs (including leaves, roots, and stems), whereas Ric3
and Ricé6 transcripts were found only in flowers and inflores-
cences. Ric2 and Ric4 of group IV showed similar organ dis-
tribution. Ric5 showed preferential expression in flowers
and inflorescences, but the overall level of Ric5 transcripts
was much lower than that of Ric3 and Ric6. Ric10 transcript
appeared to be more abundant in leaves and roots but was
expressed weakly in flowers, inflorescences, stems, and si-
liques.

DISCUSSION

In this study, we have provided evidence that RICs act as
direct targets of the versatile Rop GTPase switch. We be-
lieve that the genome-wide identification and characteriza-
tion of Rop targets are significant for several reasons. First,
RICs are the first direct G-protein targets known in plants.
Second, the 11 structurally divergent RICs identified in this
study may provide an important mechanism linking Rop GTP-
ases to various distinct signaling pathways in plants, gener-
ating functional diversity for this universal switch. Third,

Table 1. Effects of RIC Expression on Pollen Tube Growth?

Width Length Width/
GFP-RIC (Mean =sb, pm) (Mean =sD, pm) Length
GFP 8.8 = 0.24 297 = 26 0.03 = 0.00
GFP-RICA 8.5 = 0.08 103 £ 2.0 0.08 = 0.00
GFP-RIC3 14.7 £ 1.26 107 £ 2.0 0.14 = 0.01
GFP-RIC2 9.4 = 0.19 165 £1.9 0.06 = 0.00
GFP-RIC4 18.4 = 0.16 84.8 £ 5.6 0.22 = 0.01
GFP-RIC9 8.9 = 0.07 180 + 31 0.05 = 0.01
GFP-RIC10 8.8 = 0.07 440 = 20 0.02 = 0.00
GFP-RIC6 9.6 = 0.16 58.5 + 4.2 0.16 = 0.01
GFP-RIC7 9.8 = 0.18 545+ 5.4 0.18 = 0.01
GFP-RIC5 6.4 = 0.06 119 £ 6.5 0.05 = 0.00

RIC3 + GFP  13.9 = 1.35 102 £ 4.0 0.14 = 0.01

aPollen tube length and maximum width of pollen tube tips were
measured 5 hr after bombardment.
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Figure 4. Analysis of Phenotypes in Tobacco Pollen Tubes Overexpressing Ric Genes and Co-Overexpressing Ric Genes and Rop1.

Tobacco pollen grains were bombarded with different GFP-tagged constructs and germinated. The transformed tubes indicated by GFP expres-
sion were visualized using epifluorescence microscopy 5 hr after bombardment. Images were captured using a charge-coupled device camera
and analyzed using MetaMorph software as described in the text. Bars = 30 um.

(A) Pollen tubes expressing different LAT52::GFP-RICs. LAT52::GFP was used as a control (CK).

(B) Tubes coexpressing LAT52::GFP-RICs and LAT52::Rop1. The control (CK) was LAT52::Rop1 coexpressed with LAT52::GFP.

(C) Time-course series of a pollen tube expressing GFP-Ric3 showing the swelling of pollen tube tips. Time 0 indicates the beginning of imaging,
which was conducted 3 hr after bombardment.



RICs, being novel small proteins distinct from conventional
Rho GTPase effectors from animals and fungi, may present
a novel mechanism for Rho GTPases to regulate down-
stream events in plants.

RICs Act as Direct Rop Targets

Emerging evidence has implicated the Rop GTPase as a
common signaling switch in many signaling pathways in
plants (Lin and Yang, 1997; Kawasaki et al., 1999; Kost et
al., 1999; Li et al., 1999, 2001; Potikha et al., 1999; Li and
Yang, 2000; Zheng and Yang, 2000b; Lin et al., 2001; Ono
et al., 2001). Like Ras and Rho GTPases in animals, the abil-
ity of Rop GTPases to control a plethora of processes may
depend largely on distinct families of their target proteins. A
recent study suggests that a phosphatidylinositol mono-
phosphate kinase (PIPK) might act downstream of Rop in
the control of pollen tube polar growth (Kost et al., 1999).
However, no direct Rop targets had been identified unam-
biguously until this study.

Our conclusion that at least some RICs are direct targets
of the Rop GTPase in Arabidopsis is based on several ob-
servations. First, all 11 RICs contain a conserved CRIB mo-
tif, which was discovered originally in Cdc42/Rac effectors
and allows these effectors to bind to the effector domain of
the Rop-related Cdc42/Rac GTPases in animals (Burbelo et
al., 1995). The CRIB moatif in RICs may be functionally equiv-
alent to the animal CRIB motif in binding to the Rop effector
domain. Indeed, we have shown that RIC1 exhibits CRIB-
dependent specific interaction with the GTP-bound active
form of Rop1 but not with GDP-bound Rop1. It is likely that
the other 10 RICs also specifically bind active Rop, because
of the high conservation of the CRIB motif among the 11 RICs
(Figure 2B). A variant of the CRIB maotif (Figure 2B) located in
the N terminus of the Rop-specific Rho GTPase-activating
proteins (RopGAPSs) interacts with both GDP-Rop1 and
GTP-Rop1 (Wu et al., 2000). An invariable glycine residue in
the CRIB motif of RICs is replaced with threonine in the
CRIB variant (Figure 2B). In agreement with its interaction
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with GDP-Rop, the N-terminal domain of RopGAPs acts as
a regulator of RopGAP but not as a Rop target and does not
compete with RICs in binding to Rop (Wu et al., 2000; G. Wu
and Z. Yang, unpublished data).

More importantly, we have shown that overexpression of
some Ric genes, including Ric3 and Ric4, induces depolar-
ized growth, as does Rop1 overexpression, and enhances
the Rop7-induced depolarized growth phenotype. Further-
more, both GFP-tagged RIC3 and RIC4 are localized to the
tip of pollen tubes, and their subcellular localization can be
influenced by Rop1 overexpression. Together, these in vitro
and in vivo experiments provide evidence that RIC3 and
RIC4 directly transmit signals from Rop1 in the control of
polar growth in pollen tubes. Nonetheless, further studies
should demonstrate more conclusively that RIC3 and RIC4
act as Rop1 targets. As discussed below, the existence of
11 divergent Ric genes and their expression in various parts
of Arabidopsis plants support the notion that different RICs
are Rop targets in distinct Rop signaling pathways.

RICs May Have Evolved to Control Various
Rop-Dependent Signaling Pathways

We propose that RICs may have diverged or evolved rapidly
to perform distinct functions. This hypothesis was sug-
gested initially by the analysis of predicted RIC polypeptide
sequences. On the basis of phylogenetic analysis and com-
parison of their predicted amino acid sequences, the 11 Ric
genes are divided into four groups and an orphan member
(Figures 2 and 3). Apart from the CRIB motif (Figure 2B),
most RICs share a PSWMXDFK domain immediately down-
stream of the CRIB motif and several conserved residues
immediately upstream of the CRIB motif. However, outside
of this conserved region, different RIC groups have no se-
quence similarity, and homology is low even within mem-
bers of the same group.

The potential functional diversity for variable RICs has
been tested by our functional analysis of RICs using overex-
pression in tobacco pollen tubes. We were able to detect

Table 2. Summary of GFP-RIC Localization, Overexpression Phenotypes, and Functional Interaction with Rop1

Effects of RICs on Rop1

Effects of Rop1

GFP-RIC Phenotype Localization ~ Overexpression Phenotype on the Localization of GFP-RICs
RICA1 Reduced elongation Apical PM Inhibits Rop1 overexpression Enhances apical PM

RIC3 Depolarized growth Cytoplasm Enhances Rop1 overexpression  Enhances subcortical region

RIC6 Reduced elongation Apical PM No effect Shift to whole PM

RIC7 Reduced elongation Apical PM No effect Shift to whole PM

RIC4 Depolarized growth Apical PM Enhances Rop1 overexpression  Enhances apical and subapical PM
RIC2 Reduced elongation Apical PM No effect No effect

RIC5 Reduced elongation and expansion Apical PM Inhibits Rop1 overexpression Slightly enhances apical PM
RIC10 Increased elongation Cytoplasm Inhibits Rop1 overexpression No effect

RIC9 Reduced elongation Whole PM No effect No effect
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Figure 5. Subcellular Localization of GFP-RICs with and the Effect of Rop7 Expression on Their Localization in Tobacco Pollen Tubes.

Tobacco pollen grains were bombarded with various constructs and germinated as described in Figure 4. Approximately 5 hr after bombard-
ment, GFP localization in transformed pollen tubes was analyzed using confocal microscopy.

(A) GFP-RIC localization was analyzed either in tubes expressing GFP-RIC alone (top) or coexpressing Rop1 (bottom). All images shown are
2-pm median sections. The strong fluorescence near the tips of tubes expressing GFP-RIC3 plus Rop1 most likely represents GFP-RIC3 local-
ization to the vegetative nucleus. Bar = 20 pm.

(B) Mutations in the CRIB maotif (see Figure 1B) eliminate the localization of GFP-RIC1 to the apical PM domain.



RNA transcripts for nine of the 11 Ric genes, and all of the
nine genes are expressed in Arabidopsis pollen. Overex-
pression of GFP-tagged RICs in tobacco pollen tubes re-
vealed that RICs of different groups and different RICs of
the same group induce distinct phenotypes and display dis-
tinct subcellular localization patterns. As discussed above,
RIC3 and RIC4, belonging to group Il and group V, respec-
tively, both cause depolarized growth and evidently are tar-
gets of Rop1. However, RIC4 is tightly associated with the
apical PM domain, whereas RIC3 is primarily cytoplasmic
but appears to be associated transiently with the apical PM
domain, as does AtGDI1, which dissociates Rop from PM
(G. Wu, Y. Fu, V. Vernoud, and Z. Yang, unpublished data).
Furthermore, RIC3 and RIC4 are very distinct structurally.
Notably, RIC4 (and RIC2) contain the CRIB motif at the C
terminus and lack the PSWMXDFK domain, unlike all other
RICs. These observations suggest that RIC3 and RIC4 may
be two distinct Rop1 targets that regulate different path-
ways downstream of Rop1. Circumstantial evidence sup-
ports the existence of two distinct Rop1 downstream
pathways that regulate actin assembly and calcium accu-
mulation at the tip, both of which appear to be essential for
pollen tube tip growth (Li et al., 1999; Fu et al., 2001). It will
be interesting to determine if RIC3 and RIC4 in fact control
these two different pathways.

Our results suggest that RIC10 may participate in a path-
way independent of Rop1. Overexpression of Ric10 only
stimulates pollen tube elongation, and Ric10/Rop1 coex-
pression produces an additive effect. Furthermore, RIC10 is
localized in the cytosol throughout the whole pollen tube,
and this localization pattern is completely independent of
Rop1. Therefore, RIC10 controls pollen tube elongation ap-
parently independent of cell polarity development, a role
distinct from that of the tip-localized Rop1 that couples
growth control with polarity development (Li et al., 1999).
Nonetheless, it cannot be excluded that RIC10 is a Rop1
target that is involved specifically in the regulation of pollen
tube elongation. But if RIC10 acts in a Rop1-independent
pathway, which Rop targets RIC10? Our previous RT-PCR
analysis showed that three of six Rop genes examined are
expressed in pollen (Li et al., 1998). However, these three
Rops (Rop1, Rop3, and Rop5/AtRac?2) are essentially identi-
cal in amino acid sequences, and Rop5/AtRac2 has been
shown to play a role identical to that of Rop1 (Li et al., 1998;
Kost et al., 1999; Li et al., 1999). Thus, these three Rops are
expected to be functionally redundant in pollen (Zheng and
Yang, 2000a). In contrast, our recent RT-PCR analysis
showed that three other Rops (Rop8, Arac8, and Arac10)
also are expressed in Arabidopsis pollen (Y. Gu and Z.
Yang, unpublished results). Thus, it is likely that one or more
of these Rops act upstream of RIC10 to specifically control
pollen tube elongation. Further studies using knockouts for
relevant genes are necessary to test this hypothesis.

All of the other six Ric genes expressed in pollen inhibit
pollen tube growth to various degrees when overexpressed
in tobacco pollen tubes. RIC1, RIC2, and RIC9 are particu-
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Table 3. Effects of RICs on Rop1 Overexpression Phenotype?

Width Length Width/
GFP-RIC (Mean =sD, um) (Mean *sD, um) Length
GFP + R1A 18.6 + 0.56 172 = 6.8 0.11 = 0.00
GFP-RIC1 + R1A  15.7 £ 0.76 158 = 0.3 0.10 = 0.00
GFP-RIC3 + R1A 27.9 + 2.58 147 + 5.3 0.19 = 0.01
GFP-RIC2 + R1A  18.8 = 1.09 221 £ 0.6 0.09 =+ 0.01
GFP-RIC4 + R1A  26.8 = 0.98 107 = 4.9 0.25 = 0.02
GFP-RIC9 + R1A  19.7 + 0.51 216 £ 6.5 0.08 = 0.00
GFP-RIC10 + R1A 15.9 + 1.11 356 + 17 0.04 = 0.01
GFP-RIC6 + R1A  17.6 = 0.53 212 + 14 0.08 = 0.00
GFP-RIC7 + R1A 154 + 0.11 184 + 1.1 0.08 = 0.00
GFP-RIC5 + R1A  15.8 + 0.56 195 + 8.3 0.08 = 0.01

a2Pollen tube length and maximum width of pollen tube tips were
measured 5 hr after bombardment.

larly interesting, because their sister members (RIC3, RIC4,
and RIC10, respectively) positively control either polar
growth or tube elongation and thus show overexpression
phenotypes opposite of those discussed above. Whether
these six RICs play an inhibitory role in RIC3-, RIC4-, and
RIC10-dependent pathways in pollen tubes requires further
functional analysis using knockout mutants. Nonetheless,
these observations suggest that each RIC has evolved or di-
verged to perform distinct functions by interacting with dis-
tinct partners. Thus, the growth inhibition phenotypes
induced by the overexpression of those six Ric genes can
be explained by their DN effects on RIC3, RIC4, and/or
RIC10. The six inhibitory RICs likely competitively bind ac-
tive Rop1 and/or other Rops expressed in pollen tubes via
the CRIB motif, but they failed to properly activate specific
RIC3, RIC4, and/or RIC9 downstream targets. However,
other explanations remain possible. For example, these
RICs might act as the targets of a Rop that might function to
inhibit pollen tube growth. Alternatively, the inhibitory effect
of Ric overexpression could be caused by the sequestering
of a rate-limiting RIC-interactive partner, although the en-
dogenous RIC may act as a target of Rop1 or another Rop
in wild-type tubes.

Given the evidence that RIC3, RIC4, and RIC10 act as
Rop targets in several distinct Rop-dependent pathways in
pollen tubes, it is tempting to speculate that various RICs
may function as Rop targets to control different Rop-depen-
dent pathways during other parts of the plant life cycle. This
notion is supported by the observation that Ric genes are
expressed in various vegetative and reproductive parts of
the Arabidopsis plant. In this regard, RICs would be analo-
gous to the plethora of functionally distinct effectors for
Cdc42, Rac, and Rho in animals and yeast (Aspenstrom,
1999). As discussed below, the functional specificity of RICs
may involve both their specific interactions with distinct
downstream effectors via the variable C or N termini of RICs
and their differential interactions with different Rops.
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Figure 6. Differential in Vitro Interaction of Rop1 with Different RICs.

GTP-bound GST-CA-rop1 fusion and indicated MBP-RIC fusion
proteins were expressed in E. coli, purified by affinity chromatogra-
phy, and used for pulldown assays as described in Figure 1. Only
seven of the nine RICs were used for this assay because we were
unable to express the other two RICs (RIC3 and RIC10) as MBP fu-
sion proteins in E. coli. At top is shown MBP-RIC fusion proteins
that bind to GST-CA-rop1; at bottom is shown the loading control
for MBP-RIC fusion proteins used for the pulldown assay. Numbers
between the rows indicate relative signal intensities for CA-rop1-
bound MBP-RICs standardized with the loading control (see text).

Functional Specificity of RICs May Involve Differential in
Vivo Interactions between Rops and RICs

Our results strongly support the notion that different RICs
interact differentially with Rops in pollen tubes. Several lines
of evidence suggest that RIC1, RIC4, and RIC5 interact
strongly with Rop1. First, GFP-tagged RIC1, RIC4, and RIC5
are colocalized with Rop1 to the apical PM region. Second,
Rop1 overexpression enhances their localization to the api-
cal PM region. Third, RIC4 enhances the Rop1 overexpres-
sion phenotype, implying its role as a direct Rop1 target. In
contrast, RIC1 and RIC5 both partially suppress Rop1 over-
expression phenotypes, suggesting that they may compete
with Rop1 targets in binding to active Rop1. Overexpression
phenotype analysis suggests that RIC3 also is a Rop1 tar-
get. However, its distinct subcellular localization at the tip
suggests that the interaction between RIC3 and Rop1 is
very transient and dynamic. The distinct kinetics of Rop1 in-
teraction with RIC3 and RIC4 may allow Rop1 to activate
two distinct targets and two different downstream pathways
simultaneously, as discussed above.

RIC2 is localized to both the apical and subapical regions
of the tube PM, a localization pattern quite distinct from that
of Rop1 and RIC4. Furthermore, RIC2 localization to the PM
is not affected by Rop1 overexpression, suggesting that it
may not interact well with Rop1 in pollen tubes. RIC10 is lo-
calized uniformly in the cytoplasm, suggesting that it may
not interact with Rop1 in pollen tubes either. The apparent
lack of interaction between the cytoplasmic RIC10 and the

tip-localized Rop1 is indicated further by the inability of
Rop1 overexpression to alter the subcellular distribution of
RIC10 (see above). RICY is localized to the PM throughout
the whole tube, and its localization also is unaffected by
Rop1 overexpression, suggesting that it interacts with a dif-
ferent Rop (e.g., Arac8, Arac10, or Rop8) that is distributed
in the same manner as RIC9. Arac8 and Arac10 are related
most closely to maize ROP6, which is localized constitu-
tively to the PM in maize leaf epidermal cells (lvanchenko et
al., 2000). RIC9 may interact with such a PM-localized Rop
(likely Arac8 or Arac10).

Interestingly, both RIC6 and RIC7 are localized to the api-
cal PM region and the cytoplasm, like Rop1, but Rop1 over-
expression causes them to shift from the apical PM domain
and the cytosol to the whole PM. In particular, RIC6 be-
comes localized strictly to the PM. A simple explanation for
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Figure 7. RT-PCR Analysis of RIC Gene Expression in Arabidopsis
Pollen and Various Tissues.

Total RNA was isolated from pollen or different parts of Arabidopsis
plants and used for RT-PCR analysis as described in the text.

(A) Accumulation of various RIC transcripts in mature pollen.

(B) Organ distribution of various RIC transcripts.



this complex localization pattern is that although RIC6 and
RIC7 are able to interact with Rop1, they interact preferen-
tially with a different Rop (e.g., Rop8, Arac8, or Arac10) that
may work in a pathway independent of Rop1. Rop1 overex-
pression may release the cytosolic sequestration of this
Rop, presumably by a GDI (which may sequester multiple
distinct Rops), allowing RIC6 and RIC7 to localize to the PM
of the whole tube along with this Rop. This explanation also
is consistent with the fact that RIC6 and RIC7 overproduc-
tion causes much more severe inhibition of pollen tube elon-
gation than the overproduction of RIC1 and RIC5, which
show Rop1-enhanced localization to the apical PM region.

Together, these localization and co-overexpression phe-
notype analyses strongly imply that RICs can regulate dis-
tinct Rop-dependent pathways through their differential
interactions with Rops in pollen tubes. With different Rops
and RICs expressed in various parts of the plant, differential
interactions between Rops and RICs most likely play a key
role in determining the functional specificity of Rops and RICs
in various Rop-dependent signaling pathways in plants.

Our in vitro pulldown assays suggest that differential
binding between Rop1 and different RICs contributes partly
to the differential interactions between RICs and Rops.
Rop1-RIC binding capacity is correlated largely with the in
vivo Rop1 interaction with different RICs that was assessed
based on their colocalization with Rop1, the dependence of
their localization on Rop1, and their ability to affect Rop7
overexpression phenotypes, as discussed above. It has
been shown that the CRIB motif is required and sufficient for
Cdc42/Rac effectors to interact with Cdc42/Rac; however,
amino acid sequences immediately adjacent to this motif
also are involved in the interaction (Thompson et al., 1998).
Thus, the CRIB motif and its flanking sequences of RICs
likely play a major role in determining their interaction speci-
ficity with Rops. However, RIC-Rop1 in vitro binding capaci-
ties are not correlated strictly with their in vivo interaction.
For example, RIC2 and RIC9 bind Rop1 well, although their
localization in pollen tubes is not affected by Rop1 overex-
pression. These results indicate that in vivo interactions be-
tween Rops and RICs are more complicated and may
involve binding kinetics between these two types of proteins
and other interactive partners.

RICs May Act as Adaptors to Link Rops to Specific
Effector Proteins

Apart from the conserved CRIB motif, the RIC family of pro-
teins is characterized by its high sequence variability, se-
quence novelty, and low molecular weights. For example,
predicted polypeptides for groups | and V are only 116 to
167 amino acid residues in length. It seems unlikely that the
variable regions of RICs can function as enzymes to regulate
downstream events. Nonetheless, our results suggest that at
least some RICs, if not all of them, function as Rop target
proteins. Thus, it is reasonable to speculate that RICs act as
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adaptor proteins linking Rops to effector proteins that in turn
activate specific downstream events. Such a linker function
would allow the generation of a greater functional diversity for
the Rop GTPase switch and would present a novel mecha-
nism for the activation of G protein effectors. Typically, G
proteins directly activate an effector that is an enzyme pro-
ducing second messengers, a protein kinase, an ion chan-
nel, or a regulator of actin binding proteins. This potential
unconventional mechanism of Rop GTPase signaling is con-
sistent with the fact that Arabidopsis apparently lacks homo-
logs of animal and yeast RHO effectors (see Introduction).

All three types of Cdc42/Rac effectors (kinases [P21-acti-
vated protein kinase or activated Cdc42 kinase (ACK))], Wiskott-
Aldrich syndrome proteins, and Cdc42 effector proteins [CEPS])
have been shown to regulate Cdc42-dependent actin assembly
(Aspenstrom, 1999; Burbelo et al., 1999; Hirsch et al., 2001),
whereas no homologs for these Cdc42 effectors have been
identified in plants. Our recent studies suggest that Rop1 also
promotes actin assembly in the control of polar growth in pollen
tubes (Fu et al., 2001). Because of our evidence that RIC3 and
RIC4 are Rop1 targets, it is likely that either or both them are in-
volved in the regulation of actin assembly in pollen tubes. Thus,
the Rop1 regulation of actin organization appears to be depen-
dent on a novel mechanism distinct from the Cdc42/Rac regu-
lation of actin organization in animals and yeast. Identification of
RIC functional partners should provide insights into the mecha-
nism by which Rop regulates actin organization and other cellu-
lar processes in plants.

METHODS

Yeast Two-Hybrid Method

The constitutively active Rop1At mutant (G15V/C188S; pDP1S) was
used as bait to screen an Arabidopsis thaliana seedling cDNA library,
as described previously (Wu et al., 2000). The plasmids from putative
positive clones were rescued in Escherichia coli and reintroduced
into the yeast strain containing pDP1S to confirm the interaction. The
confirmed clones then were sequenced, and the sequences were
used for the BLAST search of the GenBank and Arabidopsis data-
bases. One clone encoding a novel polypeptide containing a CRIB
motif was identified. The polypeptide was designated RIC1 (for
Rop-interactive CRIB-containing protein).

Database Search and Bioinformatics

To identify additional genes encoding CRIB-containing proteins, the
CRIB motif or the RIC1 cDNA sequence was used as a query for a
BLAST search of the National Center for Biotechnology Information
database and The Arabidopsis Information Resource (TAIR) data-
base. From this search, we identified one expressed sequence tag
(EST) clone and many bacterial artificial chromosome clones from
Arabidopsis and several EST sequences from other plant species.
Because most of the RIC1-related genomic sequences were not



2854 The Plant Cell

annotated, we used a combination of several World Wide Web-
based programs and visual examination to predict CRIB-containing
proteins. Genomic sequences were extracted and analyzed using
DNAStrider1.2 (http://www.mbshortcuts.com/software/) to predict
the frame encoding the CRIB. We then predicted the full-length
open reading frames encoding CRIB motif-containing polypeptides
from genomic sequences using GeneScan (http://genes.mit.edu/
GENSCAN.html). The motif search was performed using scan pro-
site tools (http://www.isrec.isb-sib.ch/software/PFSCAN_form.html).
Sequence alignment and phylogenetic analysis were performed us-
ing the GCG PileUp programs (Genetics Computer Group, Madi-
son, WI).

DNA Manipulation and Plasmid Construction

To confirm that the annotated RIC sequences are in fact expressed,
we amplified RIC cDNA from a flower cDNA library (a gift from Hong
Ma, Pennsylvania State University, University Park) using polymer-
ase chain reaction (PCR) primers covering the predicted RIC coding
sequences (Table 4). A BamHI site was created at the predicted
translation initiation codon of RIC coding sequences for all anno-
tated RICs, except that a Bglll site was introduced into RIC3. Am-
plified RIC3 cDNA was then cut with Bglll, and the eight other RIC
PCR fragments were cut with BamHI and ligated into a pBluescript
SK+ BamHI-Smal site. The nine resulting RIC clones then were se-
quenced. All plasmids used for transient expression in pollen were
constructed in a derivative of the pBI221 vector (Clontech, Palo
Alto, CA), termed pLAT52, in which 35S::B-glucuronidase from
Cauliflower mosaic virus was replaced with the LAT52 promoter
(Twell et al., 1991). The enhanced green fluorescent protein (GFP)
mutant (S65C) gene was cloned downstream of the LAT52 promoter in
pLAT52 to create pLAT52::GFP, as described previously (Li et al.,
1999). To generate various pLAT52::GFP-RIC constructs, RIC DNA
fragments were cut using BamHI-Kpnl from the corresponding pBlue-
script SK+ constructs and cloned as a translational fusion to the C ter-
minus of GFP in pLAT52::GFP. To generate pLAT52::RIC constructs,
the GFP cDNA sequence was removed from pLAT52::GFP-RICs by
BamH1 digestion followed by self-ligation.

Site-Directed Mutagenesis of RIC1

To create point mutations for RIC1, we used PCR-based site-
directed mutagenesis. The primer RIC1F (5'-AAGATCTATGGCGAC-

GACAATGAAGGGTCTTCTTAAGGGCCTT-3') and a mutant primer
containing the H37D mutation (5'-CGGATCCAATGTCGGCAACAT-
GCTTTACATCGG-3') were used to amplify mutant RIC1 fragment A
from pBS-RIC1. RIC1 fragment A was ligated into pZErO-1.1 (Invitro-
gen, Carlsbad, CA) EcoRV sites and was sequenced to confirm the
proper mutation. RIC1 fragment B was amplified using primers 42GF
(5'-TGGATCCGACGGTCCAACCAA-3’) and RIC1R (5’-GTTTCTCAG-
ATAATATCGTTACAGG-3’) and then ligated into pZErO-1.1 EcoRV
sites (p42GF). RIC fragment B was cut with BamHI-Kpnl and then li-
gated with individual RIC1 fragment A BamHI-Kpnl fragments. H37D/
H40D was generated similarly.

In Vitro Protein-Protein Interaction Assays

To demonstrate direct interaction between RICs and Rops, we used
RICs fused with maltose binding protein (MBP) and Rops fused with
glutathione S-transferase (GST) for pulldown assays, as described
previously (Wu et al., 2000). Approximately 10 g of GST-CA-rop1 or
GST-DN-rop1 fusion proteins were bound to glutathione-conjugated
agarose beads, and similar amounts of MBP-RIC fusion proteins
were used in each assay. The MBP fusion proteins were detected us-
ing a polyclonal antibody against MBP (New England Biolabs, Bev-
erly, MA) and the BM chemiluminescence protein gel blot kit
(Boehringer Mannheim, Basel, Switzerland). Loading controls were
examined by protein gel blot analysis of 2 pL of a total of 500 wL of
reaction mixtures from each interaction assay using the anti-MBP
antibody. To compare the relative ability of different MBP-RICs to in-
teract with GST-CA-Rop1, interaction signals were standardized
with the loading control. Films were scanned, and the total intensity
of signals from each band was measured using MetaMorph soft-
ware, version 4.5 (Universal Imaging, West Chester, PA). The ratio of
the intensity from the pulldown assay to the intensity from the corre-
sponding loading control was calculated. The lowest ratio was des-
ignated arbitrarily as 1, and all other values shown in Figure 6 are
relative to this value.

Reverse Transcription and PCR Analysis of RIC Transcripts

Total RNA was isolated from different Arabidopsis tissues using the
Trizol reagent (Gibco BRL). For silique and stem RNAs, two addi-
tional chloroform extractions were performed. Reverse transcription
and PCR amplification were performed as described previously (Li et
al.,, 1998). For all nine RIC genes, 30 cycles of PCR amplification
(94°C for 30 sec, 54°C for 30 sec, and 72°C for 1 min) were performed

Table 4. Primers for RIC cDNA Amplification and RT-PCR

Genes Sense Primers Antisense Primers

RICA1 5'-GGGGGATCCATGGCGACGACAATGAAGG 5'-GTTTCTCAGATAATATCGTTACAGG

RIC6 5'-GGGATCCATGTCAAGCTCCAAGATG 5'-GTCGTCTCTCGAGTCAAAAATCATCTC
RIC2 5'-AAGATCCATGAAAGATCGGATGGAGCG 5'-AATCAGACGACGGTGCCGGTGAGATGG
RIC3 5'-AAGATCTATGGCGACCGTGAAAGGCCTTC 5'-CCATGATGTGTTTTACTCTTTGTCACTG
RIC7 5'-GGGATCCGGAATGTCAAGTACCAAGATG 5'-AATCAAAACCCATTTCTGTCGTC

RIC5 5'-AGGATCCATGACCTCACCTATGAAGGG 5'-CTTTCATCTTCCTGTAGAACTTCC

RIC4 5'-GGGATCCATGAGAGATAGAATGGAG 5'-GAGGGAGTGGATTATAAAGTTGG

RIC10 5'-GGGATCCATGTCAATGAAAATGAAGGGC 5'-GGTCGACTAGATTAATCGTGATACAG
RIC9 5'-AGGATCCATGGCTACAAGATTCAAGGGG 5'-CCTAGTAAAACCATCCCAATATCATTGCG




using the primers shown in Table 4. As PCR amplification and load-
ing controls, the same template cDNA was amplified using primers
for the constitutive Act2 gene (An et al., 1996). Five microliters of
each PCR product was loaded onto a 0.8% agarose gel to visualize
the amplified cDNAs.

Particle Bombardment-Mediated Transient Expression in
Tobacco Pollen

Tobacco (Nicotiana tabacum) plants were grown in growth chambers at
22°C under a light regimen of 12 hr of darkness and 12 hr of light. Pollen
grains collected from these plants were used for transient expression
using a particle bombardment procedure described previously (Fu et
al., 2001). All plasmid DNAs were amplified in the E. coli strain Top 10
and purified using Plasmid Midi or Mini Kits according to the manufac-
turer’s instructions (Qiagen, Valencia, CA). Routinely, 0.5-mg gold parti-
cles were coated with 0.5 ng of pLAT52::GFP-RIC DNA or a mixture of
0.5 pg of pLAT52::GFP-RIC DNA with 0.5 pg of pLAT52::Rop1. As a
control, the pLAT52::GFP vector DNA was bombarded into tobacco
pollen. Bombarded pollen grains were washed into Petri dishes with 0.5
mL of germination medium right after the bombardment (Fu et al.,
2001). For expression of RICs, pLAT52:GFP was cobombarded with
pLAT52::RIC to facilitate the identification of transformed tubes. The
pollen grains then were incubated for 4 to 6 hr before observation under
a Nikon (Tokyo, Japan) TE300 inverted microscope equipped with a
Hamamatsu (Shizuoka, Japan) cooled charge-coupled device camera
(model C4742-95) or confocal microscope as described below.

Analyses of RIC Localization and Morphology

Tubes expressing pLAT52::GFP-RIC were identified using epifluores-
cence microscopy and observed as described previously (Fu et al.,
2001). We measured the width and length of pollen tubes exactly 5 hr
after pollen grains were bombarded. Images of fluorescent tubes were
recorded rapidly through a cooled charge-coupled device camera
(model C4742-95; Hamamatsu) attached to an Eclipse inverted micro-
scope (model TE300; Nikon). The images were analyzed using the
MetaMorph version 4.5 measurement function. The degree of depolar-
ized growth was determined by measuring the diameter of the widest
region of the tube, and the degree of polar growth was determined by
measuring the length of pollen tubes. For each treatment, data were
collected from three independent experiments (40 to 80 tubes).

To determine subcellular localization, tubes expressing GFP fusion
proteins were analyzed using laser scanning confocal microscopy
with a Nikon Optiphot upright microscope equipped with a MRC 600
confocal laser scanning device (Bio-Rad, Hercules, CA). One-
micrometer optical sections were scanned and captured using Co-
mos software (Bio-Rad). Confocal images were analyzed using
MetaMorph version 4.5 and processed using Photoshop version 5.5
(Adobe Systems, Mountain View, CA).

Accession Numbers

GenBank accession numbers for various annotated RICs are as fol-
lows: RIC1, AC002332; RIC2, AC004557; RIC3, AC000104; RIC4,
AB005242; RIC5, AB015474; RIC6, AC007109; RIC7, AL021749;
RIC8, AC003027; RIC9, AC005882; RIC10, AF128393; RIC11,
AL035527.
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