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ABSTRACT Rho family small GTPases are universal signaling switches in the control of cell polarity in eukaryotic cells.

Their polar distribution to the cell cortex is critical for the execution of their functions, yet the mechanism for this dis-

tribution is poorly understood. Using a yeast two-hybrid method, we identified RIP1 (ROP interactive partner 1), which

belongs to a family of five members of novel proteins that share a C-terminal region that interacts with ROP. When

expressed in Arabidopsis pollen, green fluorescence protein GFP-tagged RIP1 was localized to the nucleus of mature pol-

len. When pollen grains were hydrated in germination medium, GFP-RIP1 switched from the nucleus to the cell cortex at

the future pollen germination site and was maintained in the apical cortex of germinating pollen and growing pollen

tubes. RIP1was found to interactwith ROP1 in pollen tubes, and the cortical RIP1 localizationwas influenced by the activity

of ROP1. Overexpression of RIP1 induced growth depolarization in pollen tubes, a phenotype similar to that induced by

ROP1 overexpression. Interestingly, RIP1 overexpression enhanced GFP-ROP1 recruitment to the plasmamembrane (PM) of

pollen tubes. Based on these observations, we hypothesize that RIP1 is involved in the positive feedback regulation of

ROP1 localization to the PM, leading to the establishment of a polar site for pollen germination and pollen tube growth.

INTRODUCTION

Tip growth is a form of polar growth by which cell expansion is

strictly restricted to the apex of the cell (Feijo et al., 2004;

Hepler et al., 2001; Yang, 1998, 2008). It is proposed that tip

growth is controlled by a self-organizing system, termed LENS

(for localization enhancing network, self-sustaining) (Cole and

Fowler, 2006). Components of LENS are often localized to the

apex of tip-growing cells, such as the actin cytoskeleton, cal-

cium gradients, various signaling molecules, and vesicle traf-

ficking machineries (Cole and Fowler, 2006; Gu et al., 2004;

Hepler et al., 2001; Kost, 2008; Robinson and Messerli, 2002;

Samaj et al., 2006; Staiger, 2000; Yang, 1998; Yang and Fu,

2007). Many signaling molecules that are important for the

function of LENS have been identified as residents of these

tip-localized signaling proteins include ROP GTPase and its

associated proteins (Cheung et al., 2003; Fu et al., 2001; Gu

et al., 2003, 2005, 2006; Jones et al., 2002; Klahre and Kost,

2006; Kost et al., 1999; Molendijk et al., 2001; Wu et al.,

2001; Zhang and McCormick, 2007), protein kinases, such as

calmodulin-domain like protein kinases (Yoon et al., 2006),

phospholipase (Dowd et al., 2006; Helling et al., 2006),

and phosphoinositide kinases (Kusano et al., 2008;

Stenzel et al., 2008). How the polar localization of these

signaling components is initiated and maintained remains

mysterious.

The Rho family of small GTPases plays an important role in

polarity establishment and polar cell growth/movement in var-

ious eukaryotic cells (Etienne-Manneville and Hall, 2002; Hall,

1998; Schmitz et al., 2000). In plants, ROP (Rho-related

GTPases), a unique subfamily of Rho small GTPases, is a central

player controlling tip establishment and tip growth both in

root hairs and pollen tubes (Gu et al., 2004; Molendijk

et al., 2004; Yang, 1998, 2002, 2008).Arabidopsis ROP1 controls
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the dynamics of the apical actin cytoskeleton and the forma-

tion of the tip-focused calcium gradient (Chen et al., 2003; Fu

et al., 2001; Gu et al., 2005; Kost et al., 1999; Li et al., 1999; Lin

and Yang, 1997). During pollen tube growth, ROP is preferen-

tially localized to the apical PM of pollen tubes (Kost et al.,

1999; Li et al., 1999; Lin and Yang, 1997). This polar distribution

of ROPs is thought to be important for the maintenance of po-

larity and rapid growth of pollen tubes. Delocalization of

ROP1 induced by overexpression of ROP1, a pollen-specific

ROP or CA-ROP1 (constitutive active ROP1) in Arabidopsis pol-

len tubes caused depolarization of pollen tube growth

(Cheung et al., 2003; Gu et al., 2003; Kost et al., 1999; Li

et al., 1999). The regulation of the apical PM localization, ac-

tivation, and inactivation of ROP is an essential step for the

execution of ROP functions.

In Arabidopsis, ROP regulators have been identified and

studied to elucidate the complexities of ROP regulation.

RopGAPs (ROP GTPase activating proteins) are presumed to in-

activate ROP at the PM by promoting GTPase activity (Baxter-

Burrell et al., 2002; Klahre and Kost, 2006; Wu et al., 2000).

RopGAP1 overexpression suppressed growth depolarization

induced by ROP1 overexpression (Fu et al., 2001; Hwang

et al., 2005). RopGDIs (ROP guanine nucleotide disassociation

inhibitors) are also important for maintaining growth

polarity presumably by sequestering ROPs in the cytosol

(Bischoff et al., 2000; Carol et al., 2005; Fu et al., 2001; Hwang

et al., 2005; Klahre and Kost, 2006). A family of novel plant-

specific RopGEFs (guanine nucleotide exchange factor) for

ROP has been identified in Arabidopsis and has also been

shown to be localized to the apical PM for the regulation of

polar growth of pollen tubes (Berken et al., 2005; Gu et al.,

2006). RopGEF12 has been shown to physically and function-

ally interact with AtPRK2a and this interaction seems to affect

RopGEF12 localization to the apical PM (Zhang and McCor-

mick, 2007). In spite of these important advances in our under-

standing of ROP1 activity regulation at the tip of pollen tubes,

how ROP1 is localized to the apical PM is unknown. Activated

RopGEFs could recruit ROP1 to the apical PM. Alternatively,

ROP1 could be recruited to the apical PM in a manner indepen-

dent of RopGEFs.

In this study, we have identified a class of novel ROP-binding

proteins, termed RIPs (ROP interactive partners), which are lo-

calized to the apical region of the pollen tube cortex. Here, we

used RIP1 as a representative of pollen-expressed RIPs to study

the function of RIPs in pollen tube tip growth. RIP1 was also

recently identified as ICR1 (interactor of constitutive active

ROPs 1), which is implicated in polarized cell growth in pave-

ment cells and root apical meristem maintenance (Lavy et al.,

2007). RIP1/ICR1 was found to accumulate in a limited region

of the pollen cell cortex prior to pollen germination, which

marked the future site of pollen germination. RIP1/ICR1

appeared to promote ROP1 localization to the PM, while

ROP1 activity was required for RIP1/ICR1 localization to the cell

apex. We propose that RIP1/ICR1 may act as a key component

in a positive feedback loop of ROP activation and ROP locali-

zation to the PM, which leads to the establishment of a polar

site for pollen germination and tip growth.

RESULTS

Identification of RIPs Using Yeast Two-Hybrid

We used a yeast two-hybrid screen to identify proteins inter-

acting with GDP-bound dominant or negative ROP1 mutant

(DN-ROP1). In this screen, we recovered nine partial cDNAs

encoding five proteins corresponding to genes At1g17140,

At1g78430, At2g37080, At3g53350, and At5g60210. These five

proteins belong to a protein family of unknown function. We

named these five proteins RIP1 to 5 (ROP interactive partner)

(Figure 1A). The RIPs share a relatively high identity and

similarity in amino acid sequence at their N and C-termini. A

Blast search using N or C-termini identified homologs of Ara-

bidopsis RIPs in different plant species, including tobacco, po-

tato, and rice (Figure 1B), but not in yeast and animals.

Alignment of the predicted amino acids of RIPs from Arabi-

dopsis and other plant species shows that the C-termini of RIPs

are relatively conserved through evolution (Figure 1C). RIP1

was also recently identified in a two-hybrid screen for

proteins interacting with the activated form of ROP10 and

was named ICR1 (interactor of constitutively active ROP 1)

(Lavy et al., 2007).

GFP-RIP1/ICR1 Developmentally Controlled Polar

Localization during Arabidopsis Pollen Germination and

Pollen Tube Growth

Since ROP1 was preferentially expressed in pollen and con-

trols pollen tip growth (Li et al., 1998, 1999), we were inter-

ested in investigating the function of RIPs in Arabidopsis

pollen tip growth. RIP1/ICR1, which represented the highest

number of clones recovered in the yeast two-hybrid screen,

was chosen for further studies. A LAT52::GFP-RIP1/ICR1 con-

struct was stably transformed into Arabidopsis (Col-0) and

GFP-RIP1/ICR1 localization was examined in mature, acti-

vated, and germinating pollen. In mature pollen prior to ac-

tivation, GFP-RIP1/ICR1 was localized in the nuclei (Figure 2A

and 2F–2H). About 30 min after mature pollen was incu-

bated in germination medium, GFP-RIP1/ICR1 was shifted

to a cortical region, which predicted the germination pore

(Figure 2B–2D). At this time, there was no visible sign of

germination. Therefore, GFP-RIC1/ICR1 clearly marks the site

of germination. Time lapse imaging revealed that GFP-RIP1/

ICR1 was initially accumulated to a very restricted site of

the cortex and was rapidly amplified so that the GFP intensity

was very intense and spread to a broader region of the cor-

tex, which presumably determined the width of emerging

tubes (Supplemental Video). GFP-RIP1/ICR1 was maintained

at the germination site and then at the apical cortex of grow-

ing pollen tubes (Figure 2E). This apical localization is similar

to the localization of ROP1 and RopGEFs (Lin et al., 1996;

Gu et al., 2005).
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RIP1/ICR1 Interacts with ROP In Vivo

To confirm the interaction between RIP1/ICR1 and ROP1

in vivo, FRET analysis was conducted in tobacco pollen tubes

(Figure 3). We co-expressed LAT52::YFP-RIP1/ICR1 with differ-

ent forms of ROP1 tagged with CFP. YFP-RIP1/ICR1 was local-

ized to the apical PM of the tube similar to GFP-RIP1 in

Arabidopsis pollen tubes. However, CFP-ROP1 had a weak api-

cal PM localization. A strong FRET signal was detected in a re-

gion of the cortical region close to the apical PM and a weak

FRET signal was detected on the PM. A weak FRET signal was

detected between YFP-RIP1/ICR1 and CFP-DN-ROP1 in the to-

bacco pollen tube cytoplasm, even though the localization of

both YFP-RIP1/ICR1 and CFP-DN-ROP1 was primarily in the PM.

CFP-CA-ROP1 interaction with YFP-RIP1/ICR1 was stronger

than with CFP-DN-ROP1.

We developed a RIP1/ICR1-specific polyclonal antibody us-

ing His-tagged recombinant RIP1/ICR1 (full-length). Purified

RIP1/ICR1 antibodies did not react with RIP2 and RIP3 recombi-

nant proteins, confirming that these antibodies were RIP1-

specific (data not shown). Purified RIP1/ICR1 antibodies

recognized a protein (42-kD) of the expected molecular weight

of unmodified RIP1/ICR1 from 10-day-old wild-type seedlings in

Figure 1. RIPs Are Novel Plant-Specific Proteins.

(A) Alignment of the predicted amino acid sequences of Arabidopsis RIP family proteins. Black boxes represent identical residues, and gray
boxes represent conserved residues.
(B) phylogentic tree of RIPs from different species.
(C) Alignment of the C-terminus of RIPs from different plant species. Black boxes represent identical residues, and gray boxes represent
conserved residues. The conserved QWRKAA motif and the lysine-rich region are indicated by unfilled boxes with solid and dashed lines,
respectively.
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Arabidopsis (Figure 4A). In addition, RIP1/ICR1 antibodies rec-

ognized several proteins larger than predicted RIP1/ICR1 (50,

55, 65, 70, and 90 kD). To assess whether these larger proteins

were non-specific or represented modified forms of RIP1, RIP1/

ICR1 antibodies were also used to analyze GFP-RIP1/ICR1 from

35S::GFP-RIP1/ICR1 transgenic plants. A major band about

70 kD corresponding to GFP-RIP1/ICR1 was detected as well

as some bands larger than GFP-RIP1/ICR1 (75, 90, and

100 kD). Furthermore, RIP1 antibodies did not detect these

larger proteins from total proteins isolated from GFP-RIP2

and GFP-RIP3 overexpressing plants (data not shown). We con-

clude that the anti-RIP1 reactive proteins that were larger than

RIP1/ICR1 most likely represent modified RIP1/ICR1 proteins.

To confirm the in-vivo interaction between RIP1/ICR1 and

ROP1, we performed a co-immunoprecipitation assay. We used

MBP-RIC1 (a ROP effector that specifically interacts with GTP-

bound active ROP) to pull down a protein complex containing

GTP-bound active ROP from 10-day-old seedlings of wild-type

and 35S::GFP-RIP1/ICR1 Arabidopsis (Figure 4B). Using RIP1/

ICR1 antibodies, we detected two species of proteins (50

and 55 kD) that were co-purified with GTP-bound active

ROP from wild-type seedlings and an extra band (about

75 kD) from 35S::GFP-RIP1/ICR1 seedlings. These proteins were

larger than expected unmodified forms of RIP1/RIC1 and GFP-

RIP1/ICR, respectively, suggesting that they could be modified

forms of the corresponding proteins. To confirm that the 50

and 55-kD bands that co-purified with GTP-bound ROP were

indeed RIP1/ICR1 proteins, the 55-kD band was isolated for

nano-liquid chromatography/tandem mass spectrometry anal-

ysis (nano-LC MS/MS). RIP1/ICR1 was found to be a major

Figure 2. GFP-RIP1/ICR1 Localization in Arabidopsis Pollen and Pollen Tubes.

LAT52::GFP-RIP1/ICR1was transformed intoArabidopsis (Col-0) and pollen grains were collected and germinated on semi-solid medium (1%
agar).
(A) GFP-RIP1/ICR1 localization in a pollen grain before germination.
(B–D) GFP-RIP1/ICR1 localization during pollen germination.
(E) GFP-RIP1/ICR1 localization in a growing pollen tube.
(F) GFP-RIP1/ICR1 localization in a pollen grain before germination.
(G) DAPI staining of the pollen grain in (F).
(H) Overlay of (F) and (G). Bar (5 lm) in (A) is for (A–E). Bar (5 lm) in (F) is for (F–H).
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protein in this band (data not shown). These results suggest

that the active form of ROPs specifically interacts with the

modified 50 and 55-kD RIP1/ICR1 proteins, whereas the total

ROPs may interact with the unmodified 42-kD RIP1/ICR1 and

several other modified RIP1/ICR1 proteins.

To test whether GFP-RIP1/ICR1 can interact with ROP in Ara-

bidopsis pollen or pollen tubes, we used MBP-RIC1 to pull

down GTP-bound ROP extracted from open flowers of wild-

type and LAT52::GFP-RIP1/ICR1 plants (Figure 4C). Unlike the

result obtained from the seedlings, only one band (55-kD)

of RIP1/ICR1 co-purified with active ROP from wild-type flow-

ers. The 75-kD band, which corresponds to the presumably

modified GFP-RIP1/ICR1, was co-purified with active ROP from

transgenic LAT52::GFP-RIP1/ICR1 flowers. Since the LAT52 pro-

moter is preferentially expressed in mature pollen grains and

pollen tubes, this result suggests that active ROP1 indeed inter-

acts with the modified 55-kD RIP1/ICR1. These results also sug-

gest that pollen RIP1/ICR1 exhibits different modification

patterns from the vegetative tissues. Taken together, our

results show that RIP1/ICR1 interaction with ROP1 is complex

and does not follow the typical interaction between an active

Rho GTPase and its effector, which raises the possibility that

RIP1/ICR1 may not just simply be a ROP effector.

RIP1/ICR1 Promotes GFP-ROP1 Association with the Cell

Cortex of the Tobacco Pollen Tube

Overexpression of GFP-RIP1/ICR1 or YFP-RIP1/ICR1 caused se-

vere growth depolarization in tobacco pollen tubes (i.e. a bal-

looned tip). Similar phenotype was also induced by transient

expression of LAT52::RIP1/ICR1 (data not shown). This result

implies a positive effect of RIP1/ICR1 on ROP signaling. How-

ever, we could not detect any guanine nucleotide exchange

activity on recombinant RIP1/ICR1 proteins using a fluores-

cent-based GEF assay towards ROP1 (data not shown) (Gu

et al., 2005). We next tested whether RIP1/ICR1 induced

growth depolarization by altering the PM localization of

ROP1. Transient overexpression of GFP-ROP1 in tobacco pollen

tubes produces depolarization of pollen tube growth (Fu et al.,

2001; Gu et al., 2003). GFP-ROP1 was primarily distributed in

the cytosol, while its PM localization was quite weak (Figure

5A). Co-overexpression of GFP-ROP1 and RIP1/ICR1 in tobacco

pollen tubes induced a dramatic shift of GFP-ROP1 to the PM.

PM-associated GFP-ROP1 was greatly increased in intensity and

was extended to the flank of the tube. We compared the av-

erage GFP-ROP1 intensity at the apical PM to the GFP-ROP1 in-

tensity in the cytosol close to the apical PM (Figure 5C–5E). RIP1/

ICR1 greatly increased the GFP-ROP1 intensity on the apical PM.

Interestingly, half of the pollen grains overexpressing GFP-ROP1

and RIP1/ICR1 did not have substantial pollen tube growth,

even though they germinated (Figure 5A). GFP-ROP1 localiza-

tion in these pollen grains was either randomly localized to the

PM or localized to a broad region on the PM at the germina-

tion site. By the measurement of the width of the tobacco pol-

len tube tip (excluding those that do not have substantial tube

growth), we found that co-overexpression of GFP-ROP1 and

RIP1/ICR1 in the pollen tube resulted in a similar degree of

growth depolarization, as seen in transient expression of

GFP-ROP1 alone (Figure 5E). However, the length of the pollen

tube was dramatically decreased in tubes co-expressing GFP-

ROP1 and RIP1/ICR1 compared to those overexpressing GFP-

ROP1 alone. Based on these results, we propose that RIP1/

ICR1 promotes the stabilization of ROP1 on the PM but not

the activation of ROP1.

To test whether RIP1/ICR1 overexpression increases ROP1

activity, we transiently co-overexpressed RIP1/ICR1 with GFP-

RIC4, a marker for active ROP1 (Hwang et al., 2005). ROP1

activation is indicated by RIC4 localization to the apical PM

(Figure 5B). By comparing the average GFP-RIC4 intensity at

the apical PM to the average GFP-RIC4 intensity in the cytosol

near the apical PM, we found that RIP1/ICR1 overexpression

Figure 3. FRET Analysis of RIP1/ICR1 Interaction with ROP1 in To-
bacco Pollen Tubes.

Equal amounts (1 lg) of LAT52::YFP-RIP1/ICR1 and LAT52::CFP-
ROP1 or LAT52::CFP-DNROP1 or LAT52::CFP-CAROP1 were mixed
and used in each transformation. Tobacco pollen germinated
and grew in liquid medium for 5 h before observation. All images
are single sections through the middle plane of the pollen tube. Bar
indicates the intensity of the FRET signal: red represents a strong
signal and blue a weak signal. Bar is 15 lm.
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did not promote the association of GFP-RIC4 to the PM (Figure

5D and 5E). Measurements of the pollen tube tip width also

indicated that RIP1/ICR1 only slightly enhanced depolarization

of tobacco pollen tubes induced by GFP-RIC4 overexpression,

consistent with its limited effect of RIC4 localization to the

apex PM. Increased ROP1 localization to the PM did not result

in an increase in ROP1 activation, suggesting that the ROP1

activator was rate-limiting in these tubes. RIP1/ICR1 overex-

pression also reduced the length of tobacco pollen tubes

expressing GFP-RIC4 but the degree of this reduction was

not as dramatic as that induced by co-expression of RIP1/

ICR1 and GFP-ROP1. The reduction in pollen tube length could

be explained by RIP1/ICR1 sequestering ROP1 to the flank of

pollen tubes, reducing the amount of ROP1 that could be tar-

geted to the tip to promote tip growth. Alternatively, cycling

between the PM and the cytosol may be critical for the func-

tion of ROP1 in promoting tip growth (Klahre et al., 2006).

The Apical PM Localization of GFP-RIP1/ICR1 Is Dependent

on ROP Activity

We next tested whether the RIP1/ICR1 localization to the apical

PM is dependent on ROP activity. GFP-RIP1/ICR1 was co-

transientlyoverexpressedwithdifferentcomponents inROPsig-

naling (Figure 6A). ROP1 overexpression caused GFP-RIP1/ICR1

to localize to a broader region of the apical PM compared to

tubes expressing GFP-RIP1/ICR1 alone. This might be due to

a strong physical interaction between ROP1 and GFP-RIP1/

ICR1 on the PM. However, this was unlikely, because the FRET

signal between YFP-RIP1/ICR1 and CFP-ROP1 was more re-

stricted to the tip (Figure 3). Alternatively, ROP1 overexpression

maychangethepropertiesof theapicalPM,whichmaypromote

a strong association of GFP-RIP1/ICR1 to PM. To test this possibil-

ity, GFP-RIP1/ICR1 was co-expressed with CA-ROP1. CA-ROP1

was mainly localized to the cytosol as indicated by CFP-ROP1

(Figure 3). However, the association of GFP-RIP1/ICR1 with the

whole PM was promoted of the tobacco pollen tube when

CA-ROP1 was co-expressed, suggesting that the strong associa-

tion of GFP-RIP1/ICR1 to the PM was not due to its direct inter-

action with CA-ROP1. We then determined whether ROP1

activation was necessary for GFP-RIP1/ICR1 association with

the PM. GFP-RIP1/ICR1 was co-overexpressed with RopGAP1,

which inactivated ROP1 by promoting its GTP hydrolysis. GFP-

RIP1/ICR1 localization to the PM was diminished in most of

the tobacco pollen tubes. In addition, GFP-RIP1/ICR1-induced

pollen tube depolarization was abolished by RopGAP1 (Figure

6A and 6B).

The C-Terminal Region of RIP1/ICR1 Is Necessary and

Sufficient for the RIP1/ICR1 Localization to the Apical PM

To better understand the mechanisms for RIP1/ICR1 promotion

of ROP1 association with the PM and for ROP1 regulation of

RIP1/ICR1 localization to the PM, we dissected domains of

RIP1/ICR1 required for ROP1 binding and PM localization. From

the yeast two-hybrid results, all of the recovered partial cDNA

clones of RIPs encoded their C-terminal region. We speculated

that a ROP binding domain(s) may be located in this region. As

shown in Figure 7A, two N-terminal deletion mutants, RIP1/

ICR1DE2 and RIP1/ICR1DE3, were made and tagged with GFP

at their N-termini (Figure 7A). GFP-tagged deletion mutants

were transiently expressed in tobacco pollen tubes and the

Figure 4. RIP1/ICR1 and GFP-RIP1/ICR1 Interact with GTP-Bound ROP in Arabidopsis.

(A) A Western-blotting analysis with RIP1/ICR1 polyclonal antibodies shows the expression of GFP-RIP1/ICR1 in the 35S::GFP-RIP1/ICR1trans-
genic plants. About 10 lg of total proteins extracted from 10-day-old seedlings were loaded in each lane.
(B) A Western-blotting analysis using RIP1/ICR1 polyclonal antibodies shows that RIP1/ICR1 and GFP-RIP1/ICR1 interact with GTP-bound ROP
pulled down by MBP-RIC1, a ROP effector that specifically interacts with GTP-bound ROP.
(C) A Western-blotting analysis shows that GFP-RIP1/ICR1 interacts with ROPs in Arabidopsis pollen grain or pollen tubes. To purify active
ROP complex from Arabidopsis, 7- day-old seedlings or open flowers (1 g) were ground in liquid nitrogen hydrated extraction buffer. The
supernatant was mixed with MBP-RIC1 containing beads (about 5 lg MBP-RIC1). The pellet was washed three times and the liquid fraction
was completely removed by a syringe and then the MBP-RIC1-bound active ROP complex was eluted by maltose. Proteins were fractionated
by 12% SDS–PAGE and transferred to nitrocellulose membrane.
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localization patterns and pollen tube phenotypes were exam-

ined (Figure 7B and 7C). We found that both N-terminal dele-

tions have little impact on the PM localization of RIP1/ICR1 and

the depolarized pollen tube growth phenotype. Therefore, the

C-terminal part of RIP1/ICR1 was sufficient for PM localization

and the induction of pollen tube growth depolarization.

An alignment of the predicted amino acids of RIPs from

Arabidopsis and other plant species showed that the C-termini

Figure 5. Overexpression of RIP1/ICR1 Alters the Localization of GFP-ROP1 but not GFP-RIC4.

(A) GFP-ROP1 localization in tobacco pollen tubes with and without co-expressed RIP1/ICR1.
(B) GFP-RIC4 localization in tobacco pollen tubes with and without co-expressed RIP1/ICR1.
(C) Schematic view of the measurements of the average GFP-ROP1 or GFP-RIC4 intensity on the PM and in the cytosol.
(D) The change in GFP-ROP1 and GFP-RIC4 localization caused by RIP1/ICR1 overexpression indicated by the ratio of the average GFP in-
tensity at the PM and in the cytosol. For each measurement, 40 tubes were used. GFP-ROP1 or GFP-RIC4 was used as control. Error bars
indicate S.D.
(E) Measurements of tobacco pollen tube lengths and widths 6 h after transient expression. The pollen tube length and width measure-
ments were from 40 pollen tubes for each sample. GFP-ROP1 or GFP-RIC4 was used as control. Error bars indicated S.D. LAT52::GFP-ROP1 or
LAT52::GFP-RIC4 plasmid DNA (1 lg) was used in each transient experiment. For co-transient expression, equal amounts (1 lg) of
LAT52::GFP-ROP1 or LAT52::GFP-RIC4 and LAT52::RIP1/ICR1 were mixed and transformed into tobacco pollen grains. Pollen grains germi-
nated and grew in liquid medium and images of GFP-ROP1 localization were recorded 6 h after transient expression. All images were single
sections through the middle plane of the pollen tube. Bar = 15 lm.
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of RIPs are relatively conserved. The conserved regions include

a conserved box (QWRKAA) located near the C-terminus

and a lysine-rich region at the very C-terminus (Figure 1C).

To test the importance of those two motifs, two C-terminal

deletion mutants (RIP1/ICR1DE1 and RIP1/ICR1DE4) were made

and fused with GFP at their N-terminus (Figure 7A). GFP-

tagged C-terminal deletion mutants were transiently overex-

pressed in tobacco pollen tubes (Figure 7B and 7C). When

the lysine-rich region was deleted, the localization of RIP1/

ICR1 was shifted to the cytosol in the majority of pollen tubes

observed, with only a few showing weak localization to the

apical PM. The growth depolarization phenotype was also re-

duced dramatically. When both the lysine-rich region and the

QWRKAA motif were deleted, both PM localization and

growth depolarization were completely eliminated (Figure

7A–7C).

Since the QWRKAA motif was highly conserved, we specu-

lated that this motif might be involved in ROP binding or PM

targeting. To test this hypothesis, we made a rip1/icr1 mutant

(RIP1/ICR1M) with two amino acids QW in this motif replaced

with RG (Figure 7A). YFP-RIP1/ICR1M was not localized to the

PM, but instead was found in the nucleus (Figure 7C). Overex-

pression of YFP-RIP1/ICR1M did not induce pollen tube depo-

larization. A RIP1/ICR1 mutant (RIP1/ICR1DE) with deletion of

the QWRKAADAAA also lost PM localization and effects on

pollen tube polarity (data not shown). We concluded that

at least the QWKRAA is critical for PM targeting.

Deletion of the lysine-rich region of the C-terminus of RIP1/

ICR1 also dramatically decreased the PM localization. All the

RIPs except the rice RIP4 had the KKXXK at their C-termini.

In order to test whether these lysine residues were important

for the PM localization of RIP1/ICR1, we generated two point

mutations, RIP1/ICR1KE1 and RIP1/ICR1KE2, in which the last K

and the last two Ks were mutated to Es, respectively (Figure

7A). GFP-RIP1/ICR1KE1 was still localized to the apical PM

and induced depolarization of tobacco pollen tube growth

(Figure 7C). However, the degree of depolarization induced

by GFP-RIP1/ICR1KE1 was reduced compared to by GFP-RIP1/

ICR1 (Figure 7B). GFP-RIP1/ICR1KE2 localization was greatly

shifted from the PM to the cytosol, and its effect on growth

depolarization was also dramatically reduced similar to the

effect of deleting the whole lysine-rich domain (Figure 7B

and 7C). We conclude that both the QWRKAA motif and

the lysine-rich region are required for PM targeting.

We next tested whether the QWRKAA motif and the lysine-

rich region were required for ROP1 binding. His-tagged RIP1/

ICR1 mutant proteins were purified from E. coli (Supplemental

Figure 1A) and an in-vitro ROP1 binding assay was conducted

(Supplemental Figure 1B). RIP1/ICR1 interacted with all forms

of ROP1. RIP1/ICR1M lost its ROP1 binding ability. Surprisingly,

Figure 6. GFP-RIP1/ICR1 Localization at the
Apex of the Tobacco Pollen Tube Is ROP Ac-
tivity-Dependent.

(A) Localization of GFP-RIP1/ICR1 in to-
bacco pollen tubes and the effects of the
ROP signaling components on GFP-RIP1/
ICR1 localization. LAT52::GFP-RIP1/ICR1
plasmid DNA (1 lg) was introduced into
tobacco pollen grains via microprojectile
bombardment. For co-expression, equal
amounts (1 lg) of LAT52::GFP-RIP1/ICR1
and LAT52::CA-ROP1 or LAT52::ROP1 or
LAT52::RopGAP1 was used in each trans-
formation. Pollen was germinated and cul-
tured in liquid germination medium for
6 h before observation under a confocal
microscope. All images are single sections
through the middle plane of the pollen
tube. Bar = 20 lm.
(B) Phenotypic analysis of the effects of
ROP signaling components on GFP-RIP1/
ICR1 by measurement of pollen tube
length and width. The measurements were
from 60 pollen tubes after 6 h germina-
tion. Asterisks indicate a significant differ-
ence from control at the same data point
(P , 0.01; t-test). Error bars indicate S.D.
GFP-RIP1 was used as control.
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RIP1/ICR1DE1 interacted strongly with all forms of ROP1. We

conclude that the QWRKAA motif, but not the lysine-rich re-

gion, is required for ROP binding. Similarly, this motif was also

found to be critical for the interaction of ICR1 with other ROPs

and for the function of ICR1 inArabidopsispavement cells (Lavy

et al., 2007). All together, our results suggest that ROP binding

and PM targeting are two separable functions of RIP1/ICR1.

DISCUSSION

A central question in cell polarity is how a polarizing cue ini-

tiates localized signaling and how localized signaling is main-

tained to develop cell polarity. In plants, ROP GTPases play

a critical role in the regulation of cell polarity and polarized

cell growth (Gu et al., 2004; Krichevsky et al., 2007; Yang,

2002, 2008; Yang and Fu, 2007). In pollen tubes, ROP is local-

ized to or ROP signaling is detected at the tip of pollen tubes to

promote tip growth and to maintain growth polarity (Cheung

et al., 2003; Fu et al., 2001; Hwang et al., 2005; Kost et al., 1999;

Li et al., 1999). In the current study, we have identified a ROP-

interacting protein, RIP1/ICR1, which marks the site of pollen

germination and regulates polarized pollen tube growth. We

show that RIP1/ICR1 promotes or stabilizes ROP1 on the PM,

but RIP1/ICR1 localization to the tip requires ROP1 activation.

We hypothesize that a circuitry involving RIP1/ICR1-ROP1 in-

teraction participates in the establishment of cell polarity dur-

ing pollen germination and pollen tube tip growth.

RIP1/ICR1 Marks Pollen Germination Sites

In Arabidopsis, the constitutive active (CA) form of ROP1 pro-

motes in-vitro pollen germination (Li et al., 1999). However,

how is the germination site selected and initiated is still a mys-

tery. RIP1/ICR1 is the first identified protein that predicts future

germination sites in pollen grains. During pollen tube tip ini-

tiation, ROP needs to be targeted to the pollen tube initiation

site. Interestingly, RIP1/ICR1 are localized to the nucleus of ma-

ture pollen grain before germination and this localization

shifts to the cytosol and the PM at the pollen tube initiation

site. The localization of RIP1/ICR1 in the nucleus may prevent

it from targeting ROP to the PM of the tube initiation site.

When RIP1/ICR1 moves out of the nucleus, it can interact with

ROP in the cytosol and then target ROP to the PM of the ger-

mination sites. This nucleus-to-PM pattern of RIP1/ICR1 is sim-

ilar to that of Cdc24p (Cdc42p guanine-nucleotide-exchange

factor). Cdc24p shuttles from the nucleus to the cytosol/bud-

ding site to initiate budding or mating tube formation in bud-

ding yeast (Nern and Arkowitz, 2000; Toenjes et al., 1999).

This nucleus to cytosol targeting is critical for the establish-

ment of localized Cdc42p activity at site of cell polarization.

It is possible that pollen germination also adopts a similar

Figure 7. Analysis of RIP1/ICR1 Mutations in Tobacco Pollen Tubes.

(A) Schematics of GFP or YFP-tagged RIP mutants.
(B) Tobacco pollen tube phenotypes caused by transient overexpression of GFP- or YFP-tagged RIP1/ICR1 mutants. Measurements of pollen
tube length and width were performed 6 h after pollen transformation with the GFP-tagged mutants. Asterisks indicate a significant dif-
ference from control at the same data point (P , 0.01; t-test). GFP was used as control. Error bars indicate S.D. For each transient expression,
1 lg of plasmid DNA was used.
(C) Localization of GFP or YFP-tagged RIP1/ICR1 mutants in tobacco pollen tubes. All images are single sections through the middle plane of
a tobacco pollen tube. Bar = 20 lm.
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nucleo-cytoplasmic shuttling mechanism for components that

are required for the initial establishment of polar germination

sites. In the budding yeast, a stable polarity axis can be spon-

taneously established without any extracellular cue. This cell

polarization is dependent on the activity of Cdc42p (the coun-

terpart of ROP1 in budding yeast) and actin polymerization

(Wedlich-Soldner et al., 2003). Detailed study revealed that this

polarity initiation required a rapid exchage of Cdc42p be-

tween polar caps and the cytosol (Wedlich-Soldner et al.,

2004). A similar rapid exchange of ROP between the initiation

site and the cytosol may also be required for a successful pollen

tube initiation. Interestingly, GFP-RIP1/ICR1 is not just ampli-

fied on the germinating sites, but also in oscillates (Supple-

mental Movie 1). This GFP-RIP1/ICR1 dynamic pattern may

reflect a rapid exchange of ROP activity/localization at the pu-

tative germination sites. RIP1/ICR1 was also found to interact

with Arabidopsis SEC3A, a subunit of the exocyst complex

(Lavy et al., 2007). Interestingly, Arabidopsis SEC8, a putative

exocyst 70 subunit, is required for pollen germination and pol-

len tube growth (Cole et al., 2005). It would be interesting to

determine whether RIP1/ICR1 is involved in the recruitment of

exocyst to the site of pollen germination.

RIP1/ICR1 Is a Component Involved in Polar

ROP PM Localization

Our results show that overexpression of a functional fusion

protein of GFP-RIP1/ICR1 in the tobacco pollen tube leads to

depolarization of tube growth similar to the effect of ROP1

overexpression or overactivation. This implies that RIP1/ICR1

is a component of ROP-mediated signaling. Our observation

that RIP1/ICR1 dramatically increased the GFP-ROP1 PM target-

ing in the tobacco pollen tube suggests that RIP1/ICR1 was in-

volved in the polar ROP PM localization. This efficient ROP PM

targeting could be a result of either RIP1/ICR1 facilitation of

the GFP-ROP1 transport to the PM or RIP1/ICR1 stabilization

of the PM association of GFP-ROP1. Our FRETanalysis indicated

that YFP-RIP1/ICR1 selectively interacted with CFP-ROP1 in the

cytosol. This implies that RIP1/ICR1 forms a complex with ROP1

in the cytosol and the complex somehow allows ROP1 to be

stabilized or recruited to the PM. It is known that ROP1 is pre-

nylated and that the prenylation is important for ROP1 asso-

ciation with the PM (Li et al., 1999; Lin et al., 1996). However,

the prenylation alone is probably not sufficient for the stable

association of ROP1 with a specific domain of the PM. Evidence

suggested that acylation of the active form of ROP6 stabilized

its PM association, which could be a mechanism for localiza-

tion of ROPs to a specific PM domain when ROPs were locally

activated (Sorek et al., 2007). We propose that ROP association

with RIP1/ICR1 provides another mechanism for localized dis-

tribution of ROPs to the PM. We have shown that the C-termi-

nal poly-lysine motif of RIP1/ICR1 is required for its PM

association but not for its binding to ROP1. RIP1/ICR1 associa-

tion with the PM requires ROP activation, suggesting that lo-

calized ROP signaling may generate a specialized PM domain

(by altering either the PM lipid composition or the PM-associ-

ated protein) (see below), which can recruit RIP1/ICR1-ROP

complex, allowing ROP1 to be recruited or stabilized to this

specific PM domain.

The Regulation of RIP1/ICR1 in Pollen Tube Tip Growth

In the budding yeast, Cdc42p, a distant homologue of ROP, is

subjected to a positive feedback mechanism regulating its ac-

tivity during bud initiation and budding (Butty et al., 2002;

Wedlich-Soldner et al., 2003, 2004). This positive feedback

mechanism requires the actin cytoskeleton and secretion. In

plants, a positive feedback mechanism involving calcium sig-

naling and ROS is required for the establishment of polar root

hairs in Arabidopsis (Takeda et al., 2008). A positive feedback

mechanism also exists to regulate ROP activity in tip growth of

the pollen tube (Hwang et al., 2005). The targeting of ROP to

the PM could be a critical step in this mechanism. Our obser-

vation indicates that at least a positive feedback mechanism

exists at the level of ROP PM localization. First, RIP1/ICR1 dra-

matically increases the PM localization of GFP-ROP1 in the to-

bacco pollen tube tip. The increased PM localization of GFP-

ROP1 does not induce additional pollen tube depolarization

compared to GFP-ROP1 alone. This indicates that RIP1/ICR1

only promotes the PM localization of GFP-ROP1 but not the

activation event. Second, the PM localization of GFP-RIP1/

ICR1 depends on ROP activity. ROP activity-induced PM local-

ization of GFP-RIP1/ICR1 could be the result of either a tight

interaction between GFP-RIP1/ICR1 and active ROP or a change

of PM properties by ROP activity. Our data generated from the

deletion and mutation study of RIP1/ICR1 favor the hypothesis

that ROP activity changes the properties of the PM, then sub-

sequently affects GFP-RIP1/ICR1 localization. The deletion of

the lysine-rich region at the end of the C-terminus of RIP1/

ICR1 (RIP1/ICR1DE1) greatly reduces the RIP1/ICR1 PM localiza-

tion. However, RIP1/ICR1DE1 does not lose its in-vitro ROP

binding ability. It is likely that the interaction between RIP1/

ICR1 and ROP1 in the cytosol is a prerequisite for the PM tar-

geting of RIP1/ICR1. This interaction may confer RIP1/ICR1’s PM

localization via two mutually non-exclusive mechanisms. The

formation of the RIP1/ICR1-ROP1 complex may facilitate the

transport of this complex to the PM. Alternatively or simulta-

neously, the binding of ROP1 to RIP1/ICR1 may change the con-

formation of RIP1/ICR1’s C-terminus, allowing RIP1/ICR1 to

associate with the PM.

ROP Dynamics Are Critical for Rapid Tip Growth and

Polarity Maintenance of the Pollen Tube

It has been observed in different species that rapid pollen

tube growth is associated with a growth rate oscillation (Feijo

et al., 2001, 2004; Hwang et al., 2005; Messerli et al., 2000;

Robinson and Messerli, 2002). This growth oscillation has

been linked to the oscillation of a steep tip-focused calcium

gradient in the growing pollen tube (Li et al., 1998; Messerli

et al., 2000), dynamic and oscillating tip F-actin, and the dy-

namic and oscillating tip-focused ROP activity in the pollen

1030 | Li et al. d RIP1/ICR1 and ROP1 Pathway in Polarized Pollen Growth

 at Pennsylvania State U
niversity on July 18, 2012

http://m
plant.oxfordjournals.org/

D
ow

nloaded from
 

Supplemental Movie 1
Supplemental Movie 1
http://mplant.oxfordjournals.org/


tube (Fu et al., 2001; Kost et al., 1999; Li et al., 1999). Among

these oscillators, ROP1 activity seems to be the leader (Hwang

et al., 2005). ROP1 activation is required for the formation of

calcium gradients and F-actin at the tip. Stabilization of ROP1

activity by overexpression or overactivation of ROP1 or its ef-

fector proteins causes tip growth arrest (Hwang et al., 2005).

Interestingly, we find that GFP-ROP1 loses its normal oscilla-

tion when RIP1/ICR1 is overexpressed in the tobacco pollen

tube. Co-overexpression of GFP-ROP1 and RIP1/ICR1 in to-

bacco pollens causes pollen tube arrest, even though GFP-

ROP1 is dramatically promoted to the PM. In severe cases, pol-

len grains overexpressing GFP-ROP1 and RIP1/ICR1 do not

have substantial tube growth after germination. This

arrested pollen tube growth phenotype is less severe in to-

bacco pollen tubes overexpressing GFP-ROP1 or RIP1/ICR1

alone. We reason that the pollen tube tip has a delicate mech-

anism to balance both the activity and the amount of ROP in

a temporal and spatial distribution. This balanced ROP activ-

ity distribution may be necessary for the oscillation of many

signaling components that support rapid pollen tube tip

growth. Disruption of this balanced temporal and spatial

ROP activity distribution through adding exogenous ROP

and stabilizing ROP on the PM by RIP1/ICR1 may surpass

the buffering capability to sustain normal oscillation of the

pollen tube.

RIP1/ICR1 May Act as Both ROP1 Effector and Regulator

In Arabidopsis, RICs have been identified as plant-specific ROP

effectors and they specifically interact with the active form of

ROPs (Gu et al., 2005; Wu et al., 2001). RIP1/ICR1 was also iden-

tified as an effector of ROP10 or ROP6 in a yeast two-hybrid

screen, since it preferentially interacted with both wild-type

and constitutively active (CA) form of ROP10, but not with

the dominant negative form of ROP10 (Lavy et al., 2007).

We also show that RIP1/ICR1 interacts with the active form

of ROP1. It will be interesting to determine whether RIP1/

ICR1 indeed acts as a ROP1 effector and interacts with SEC3

to recruit exocyst to the cortex of growth sites (Lavy et al.,

2007). However, our data also support a possible role for

RIP1/ICR1 as ROP1 regulator in pollen and pollen tubes. First,

partial cDNAs of all five RIPs were found to interact with DN-

ROP1 in the yeast two-hybrid assay. Second, His-tagged RIP1

interacted with GTP-bound, GDP-bound and wild-type ROP1

equally well in an in-vitro binding assay. Furthermore, our

FRETanalysis in tobacco pollen tube demonstrated a strong in-

teraction between YFP-RIP1/ICR1 and CFP-ROP1 in the cytosol

of pollen tube tip. This is in contrast to our previous finding

that active ROP1 interacts with its effector RIC4 at the PM

(Gu et al., 2005; Hwang et al., 2005). Last, our co-immunopre-

cipitation experiments also demonstrated that active ROPs did

not interact with all different forms of RIP1/ICR1, supporting

a complex functional relationship between ROPs and RIP1/

ICR1. Nonetheless, further biochemical study will be necessary

to elucidate properties of different forms of RIP1/ICR1 and

their functions in ROP signaling.

METHODS

Yeast Two-Hybrid Screens

A dominant negative ROP1 (D121A) and isoprenylation-defective

mutant (C188S) were generated by site-directed mutagenesis as

described previously (Li et al., 1999). The D121A/C188S double

mutant (DN2S) was fused to the GAL4 DNA binding domain in

bait vector PAS2. The PAS2-DN2S was introduced into Y190 by

an electroporation method. One transformant was designated

as Y190-pAS2-DN2S and used for the transformation with

10 lg of the Arabidopsis flower cDNA library (Hu et al., 2003).

All transformants were plated on SC-Trp-Leu-His + 100 mM

3-aminotriazole (3-AT, sigma) plates. About 3 million transform-

ants were obtained. A filter assay was performed to test the

b-galactosidase activity on all transformants. Putative positives

were traced back to plates using filter papers and grown in fresh

selective medium (SC-Trp-Leu-His) for 3 d at 30�C. A total of

72 putative positives were recovered and confirmed by their abil-

ity to grow on SC-Trp-Leu-His medium and for b-galactosidase

activity using the filter assay for a second time. These putative

positives were grown on SC-Leu medium containing 2.5 g ml�1

cycloheximide to select for cells only containing prey vector.

DNA was isolated from yeast cells and transformed into E. coli.

Only 41 of the 72 putative clones were recovered. All plasmid

DNAs were sequenced using T7 primer. A total of nine partial

cDNA clones were recovered for the RIP protein family. Four

clones represent AtRIP1/ICR1 (At1g17140); two clones repre-

sent AtRIP2 (At2g37080); and single clones represent AtRIP3

(At3g53350), AtRIP4 (At1g78430), and AtRIP5 (At5g60210).

Database Search, Sequence Alignment, and Phylogenetic

Analysis

DNA sequences obtained were used to identify Arabidopsis

genes using BLAST-N against both NCBI (www.ncbi.nlm.nih.

gov/BLAST) and TAIR database (www.arabidopsis.org/Blast).

The GenBank accession numbers for each RIP other than Ara-

bidopsis RIPs are: Rice RIP1/ICR1 (AAU03160), Rice RIP1/ICR1

(AAO72652), Rice RIP3 (AAS72367), Rice RIP4 (BAB92927), To-

bacco Rice RIP1/ICR1 (CAC84774), and Potato RIP1/ICR1

(AAT39303). Protein sequences were aligned using ClustalW

(www.ebi.ac.uk/clustalW). Data generated from alignments

were loaded onto a Phylodendron Phylogenetic tree Printer

(http://iubio.bio.indiana.edu/treeapp/treeprint-form.html) to

reconstruct the rooted neighbor-joining phylogenetic tree.

Aligned sequences were processed using Boxshade (www.ch.

embnet.org/software/BOX_form.html) in a fraction of 0.7

and output as new RTF format.

DNA Manipulation and Plasmid Construction

PCR primers 5#RIP1/ICR1-BglII (5#-ccagatctatgccaagaccaagagtt-

3’) and 3#RIP1/ICR1-KpnI (5#-gcggtacctcacttttgccctttcttcct-3’)

were designed according to the predicted coding sequence

of RIP1/ICR1. The coding sequence for AtRIP1/ICR1 was ampli-

fied by PCR from a flower cDNA library. Amplified RIP1/ICR1
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fragments were ligated into pGEM T-EASY vector (Promega) to

create pGEM::RIP1/ICR1 and then sequenced with T7 and SP6

primers. To create LAT52::GFP-RIP1/ICR1 constructs, the RIP1/

ICR1 fragment was cut from pGEM::RIP1/ICR1 with BglII/KpnI di-

gestion, and was cloned into pC1300LAT52::GFP with BglII/KpnI

to create a translational fusion. For the construction of

LAT52::YFP-RIP1/ICR1, the RIP1/ICR1 fragment obtained from di-

gestion of pGEM::RIP1/ICR1 with BglII/SacI was ligated into pLA-

T52::YFP to generate a translational fusion (Gu et al., 2005). To

create 35S::GFP-RIP1/ICR1, RIP1/ICR1 (BglII/KpnI) was inserted in-

to pC130035S::GFP (BglII/KpnI) to create a translational fusion.

Primers were designed for the generation of RIP1/ICR1 de-

letion mutants; RIP1/ICR1DE1: 5#RIP1/ICR1-BglII and 3#RIP1/

ICR1DE1-KpnI (5#-gcggtaccttaatcatcagccattgccggtg-3’); RIP1/

ICR1DE2: 5#RIP1/ICR1DE2-BglII (5#-ccagatctcttcataagaagtcca-

agaaacc-3’) and 3#RIP1/ICR1-KpnI; RIP1/ICR1DE3: 5#RIP1/

ICR1DE3-BglII (5#-ccagatctgcttcagagatttctaatgtgaaa-3’); RIP1/

ICR1DE4: 5#RIP1/ICR1-BglII and 3#RIP1/ICR1DE4-KpnI (5#-gcg-

gtaccttacttcttatgaagctcatcttga-3’). All the deletion fragments

were amplified frompGEM::RIP1/ICR1 as the template and were

subsequently cloned into pGEM-T EASY vector. The resulting

plasmids were confirmed by DNA sequencing; then the RIP1/

ICR1 mutant fragments obtained using BglII/KpnI digestion

were cloned into digested pC1300LAT52::GFP (BglII/KpnI).

Site-Directed Mutagenesis of RIP1/ICR1

We used PCR-based site-directed mutagenesis to generate RIP1/

ICR1KE1, RIP1/ICR1KE2, and RIP1/ICR1M. Primers were designed

to amplify RIP1/ICR1KE1 (5#RIP1/ICR1-BglII and 3#RIP1/ICR1KE1-

KpnI: 5#-gcggtacctcactcttgccctttcttcctcca-3’) and RIP1/ICR1KE2

(5#RIP1/ICR1-BglII and 3#RIP1/ICR1KE2-KpnI: 5#-gcggtacct-

cacttttgcccttcctccctcca-3’) from the template, pGEM::RIP1/

ICR1. The amplified RIP1/ICR1KE1 and RIP1/ICR1KE2 fragments

were cloned into pGEM-T EASY vector and the mutations

were confirmed by DNA sequencing. Then, the RIP1/ICR1KE1

and RIP1/ICR1KE2 fragments were subcloned into

pC1300LAT52::GFPusingBglII/KpnI enzyme sites. To create point

mutations ofRIP1/ICR1M, the primer 5#RIP1/ICR1-BglII and a mu-

tant primer, 3#RIP1/ICR1M-NotI (5#-cgcggccgcgctcggtttgaac-

cctgaacttc-3’) containing Q265R and W266G mutations, were

used to amplify mutant RIP1/ICR1 fragment A from pGEM::

RIP1/ICR1. RIP1/ICR1 fragment A was ligated into pGEM-T EASY

vector and was sequenced to confirm the proper mutation. The

RIP1/ICR1 fragment B was amplified using primers 5#RIP1/

ICR1M-NotI (5#-gcgcggccgcaaggcagcggatgctgcagcag-3’) and

3#RIP1/ICR1-SacI and then ligated into pGEM-T EASY followed

by DNA sequencing to confirm the proper mutation. The pLA-

T52::YFP-RIP1/ICR1M plasmid was constructed by ligating the

RIP1/ICR1 fragment A into pLAT52::YFP plasmid using enzyme

sites BglII/NotI and followed by the ligation of fragment B using

NotI/SacI enzyme site.

Expression of Recombinant Proteins

Coding sequences of RIP1/ICR1, RIP1/ICR1DE1, and RIP1/ICR1M

fragments were cut from pGEM RIP1/ICR1, pPGEM RIP1/

ICR1DE1, and pGEMRIP1/ICR1M, respectively. These fragments

were cloned into BamHI/EcoRI-digested pET30a vectors (Nova-

gen, Madison, WI). The cDNAs were expressed in Escherichia

coli BL21 (DE3) and each recombinant protein was incorpo-

rated a 6 His tag on the N-terminus. Bacterial cultures were

grown in LB medium supplemented with 50 lg mL�1 of Kana-

mycin at 37�C until the culture reached a density of 0.6 mea-

sured at 600 nm. His-tagged protein was induced by the

addition of 1 mM IPTG for 4 h. The bacteria were pelleted

and re-suspended in protein extraction buffer (50 mM

NaH2PO4, pH 8.0, 300 mM NaCl, and 10 mM imidazole) con-

taining protease inhibitors (1 mM Phenylmethylsulfonyl fluo-

ride (PMSF), 10 mg mL�1 of leupeptin, and 10 mg mL�1 of

pepstatin) and sonicated. The bacterial lysates were centri-

fuged at 10 000 g for 30 min and the supernatant was applied

to columns containing Ni-NTA agarose resin (Qiagen). The col-

umns were washed three times with protein extraction buffer

containing 25 mM imidazole. The bound proteins were eluted

with 500 mM imidazole and dialyzed overnight against dis-

tilled water.

Plant Growth Conditions and Plant Transformation

Arabidopsis (ecotype Columbia-0) was grown at 22�C with

a 12-h light/12-h dark cycle in an environmentally controlled

growth chamber. Tobacco (Nicotiana tabacum) plants were

grown in growth chambers at 22�C under a light regimen of

12 h of darkness and 12 h of light. The pC1300LAT52::GFP-

RIP1/ICR1 and pC130035S::GFP-RIP1/ICR1 constructs were

transformed into Arabidopsis (Col-0) by floral dipping and

transformants selected on half-strength MS agar medium con-

taining 30 lg mL�1 hygromycin and 100 lg mL�1 carbenicillin

(Sigma). Homozygous lines were determined via the resistance

to hygromycin.

In-Vitro Arabidopsis Pollen Culture

Arabidopsis flowers were collected and pollen was dehy-

drated at 23�C for 2 h and then dipped onto semi-solid agar

medium containing 1 mM MgSO4, 2.5 mM Ca(NO3)2, 2.5 mM

CaCl2, 0.01% boric acid, 18% sucrose, and 0.7% selected agar.

To visualize the GFP fusion protein before germination, pol-

len samples were immediately checked after the dipping

onto the medium. After 2 h of germination, pollen samples

were used to visualize the GFP fusion protein during germi-

nation. To visualize the GFP fusion proteins during pollen

tube growth, 6 h of germination were needed. For DAPI

and GFP-RIP1/ICR1 co-localization experiments, the Arabi-

dopsis pollen germination medium was supplemented with

1 lg mL�1 of DAPI.

In-Vitro ROP1 Binding Assay

We used RIP1/ICR1 and RIP1/ICR1 mutants fused with His at

their N-terminus and ROPs fused with glutathione S-transferase

(GST) for pull-down assays, as described previously (Wu et al.,

2000). Approximately 10 lg of GST-ROP1 fusion proteins were

bound to glutathione-conjugated agarose beads, and similar
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amounts of His-tagged RIP1/ICR1 or His-tagged RIP1/ICR1 mu-

tant proteins were used in each assay. His-tagged proteins

were detected using His probes and visualized with enhanced

chemiluminescence (Sigma).

RIP1/ICR1 Antibody Production and Immunoblot Analysis

Purified His-RIP1/ICR1 protein was used to raise polyclonal

antibodies in rabbits (Cocalico Biologicals, Inc., PA). The

RIP1/ICR1 polyclonal antibody was affinity-purified using the

recombinant MBP-RIC1 protein. To test the specificity of

RIP1/ICR1 antibody, total protein was extracted using protein

sample buffer (50 mM Tris-HCl, pH 6.8, 50 mM DTT, 4% SDS,

0.05% bromphenol blue, 10% glycerol) from 7-day-old Arabi-

dopsis seedlings of wild-type and 35S::GFP-RIP1/ICR1 and frac-

tionated on 10% SDS–PAGE and transferred to nitrocellulose

membrane. Immunoblots incubated with RIP1/ICR1 antibody

(1:5000), followed by horseradish peroxidase-conjugated

anti-rabbit secondary antibody (1:10 000). Signals were devel-

oped on x-ray film (Hyperfilm, Amersham) with enhanced

chemiluminescence kit (Sigma).

Isolation of the RIP1/ICR1-Containing Active ROP Complex

by MBP-RIC1 Pull-Down

The MBP (maltose-binding protein) fused RIC1 protein was

overexpressed in E. coli and purified (Wu et al., 2001). To purify

active ROP complex from Arabidopsis, 7-day-old seedlings or

open flowers (1g) were ground in liquid nitrogen, hydrated

in 2 ml of extraction buffer (25 mM Hepes (pH 7.4), 10 mM

MgCl2, 100 mM NaCl, 5 mM Sodium fluoride, 1 M PMSF, 10 lg

mL�1 aprotinin (Sigma), 10 lg mL�1 leupeptin (Sigma), 1% (v/

v) Triton X-100) and centrifuged at 13 000 g for10 min at 4�C.

10 ll of supernatant was conserved for ROP input control and

the rest mixed with 2 ml of extraction buffer lacking Triton

X-100 and MBP-RIC1 containing beads (about 5 lg MBP-RIC1),

gently shaken for 1 h at 4�C and centrifuged at 1000 g for

3 min. The pellet was washed three times with 3 ml washing

buffer (25 mM Hepes (pH 7.4), 1 mM EDTA, 5 mM MgCl2,

1 mM DTT, 0.5% (v/v) Triton X-100). The liquid fraction was com-

pletely removed by a syringe and then the MBP-RIC1-bound

active ROP complex was eluted by maltose. Proteins were frac-

tionated by 12% SDS–PAGE and transferred to nitrocellulose

membrane and blotted using the same conditions as described

above.

Particle Bombardment-Mediated Transient Expression in

Tobacco Pollen and Microscopy

Tobacco pollen grains were collected and used for transient

expression using a procedure described previously (Fu et al.,

2001). All plasmid DNAs were purified using Qiagen Plasmid

Kits according to the manufacturer’s instructions (Qiagen,

Calencia, CA). For each bombardment, 1 lg of plasmid DNA

was used to coat 0.5 mg gold particles. For co-transient expres-

sion, 1 lg of plasmid DNA of each construct was mixed and

coated on 0.5 mg of gold particles. Bombarded pollen grains

were washed into Petri dishes with 0.7 ml of tobacco pollen ger-

mination medium (1 mM MgSO4, 5 mM Ca(NO3)2, 5 mM CaCl2
boric acid, 18% sucrose). The pollen grains were incubated for

6 h before observation under a laser scanning confocal micro-

scope 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 Comos software (Bio-Rad). For pollen

tubes used for the measurement of tube length and width,

pollen tube pictures were taken within a 30-min time period

after 6 h incubation in germination medium. Confocal images

were analyzed using MetaMorph version 4.5 and processed

using Photoshop version 5.0 (Adobe Systems, Mountain View,

CA). For the GFP-RIP1/ICR1M and DAPI co-localization experi-

ment, tobacco pollen germination was supplemented with

1 lg mL�1 of DAPI.

FRET Analysis

FRET analysis was performed using a Leica confocal TCS SP2 mi-

croscope equipped with a He-Cd laser (specially used for CFP ex-

citation at 442-nm wavelength) and an Argon laser (provides

excitation at 514 nm for YFP). Filters for these experiments were:

CFP-ROP1/CFP-DN-ROP1/CFP-CA-ROP1 (excitation 442 nm, emis-

sion 450–490 nm); YFP-RIP1/ICR1 (excitation 514 nm, emission

525–600 nm); FRET (excitation 422 nm, emission 560–638 nm).

CFP and YFP images were acquired simultaneously and FRET

images were acquired separately at the same focal section. Only

cells expressing similar levels of CFP-ROP and YFP-RIP1/ICR1 were

selected for FRET analysis.
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