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ABSTRACT The ROP1 GTPase-based signaling network controls tip growth in Arabidopsis pollen tubes. Our previous 
studies imply that ROP1 might be directly activated by RopGEF1, which belongs to a plant-specific family of Rho guanine 
nucleotide exchange factors (RopGEFs) and in turn may be activated by an unknown factor through releasing RopGEF1’s 
auto-inhibition. In this study, we found that RopGEF1 forms a complex with ROP1 and AtPRK2, a receptor-like protein 
kinase previously shown to interact with RopGEFs. AtPRK2 phosphorylated RopGEF1 in vitro and the atprk1,2,5 tri-
ple mutant showed defective pollen tube growth, similar to the phenotype of the ropgef1,9,12,14 quadruple mutant. 
Overexpression of a dominant negative form of AtPRK2 (DN-PRK2) inhibited pollen germination in Arabidopsis and 
reduced pollen elongation in tobacco. The DN-PRK2-induced pollen germination defect was rescued by overexpressing a 
constitutively active form of RopGEF1, RopGEF1(90–457), implying that RopGEF1 acts downstream of AtPRK2. Moreover, 
AtPRK2 increased ROP1 activity at the apical plasma membrane whereas DN-PRK2 reduced ROP1 activity. Finally, two 
mutations at the C-terminal putative phosphorylation sites of RopGEF1 (RopGEF1S460A and RopGEF1S480A) eliminated 
the function of RopGEF1 in vivo. Taken together, our results support the hypothesis that AtPRK2 acts as a positive regula-
tor of the ROP1 signaling pathway most likely by activating RopGEF1 through phosphorylation.
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INTRODuCTION
The ROP (Rho-like small GTPase from plant) GTPase family 
is an important molecular switch in plant signaling (Yang, 
2002; Gu et al., 2003, 2004; Yang and Fu, 2007; Lee and Yang, 
2008; Yang, 2008). ROPs control polar cell growth and, as 
such, play a critical role in many developmental processes, 
including pollen tube and root hair growth, pavement cell 
morphogenesis, and plant responses to auxin and ABA (Lin 
et al., 1996; Lin and Yang, 1997; Li et al., 1999; Fu et al., 2001; 
Jones et al., 2002; Zheng et al., 2002; Gu et al., 2003; Fu et al., 
2005; Gu et al., 2005; Hwang et al., 2005; Chang et al., 2007; 
Jones et al., 2007; Fu et al., 2009; Xu et al., 2010; Chen et al., 
2011).

Pollen tubes are an excellent model to study the regula-
tion of polar growth (Cheung and Wu, 2008; Yang, 2008). 
Three functionally redundant ROPs (ROP1, ROP3, and ROP5) 
are required for pollen tube polar growth (Yang, 2002, 2008). 
ROP1 promotes pollen tube polar growth via two counter-
acting pathways: the RIC4 pathway, which promotes apical 
F-actin assembly, and the RIC3 pathway, which promotes 
Ca2+ signaling at the tip and subsequently increases the 
disassembling of apical F-actin (Gu et  al., 2005). These two 

counteracting pathways work together to regulate F-actin 
dynamics and F-actin/Ca2+-dependent exocytosis (Yang and 
Fu, 2007; Lee and Yang, 2008; Lee et al., 2008; Yang, 2008).

Rho GTPases are mainly regulated by three classes of 
upstream regulators: guanine exchange factors (GEFs), 
GTPase activating proteins (GAPs), and guanine nucleotide 
dissociation inhibitors (GDIs) (Yang, 2002). GEFs activate ROPs 
by promoting the conversion of Rho GTPases from their GDP-
bound inactive form to the GTP-bound active form. GAPs 
promote GTP hydrolysis and deactivate ROPs. GDIs bind to the 
GDP-bound form of Rho GTPases and negatively regulate Rho 
GTPases via preventing both guanine nucleotide exchange 
and Rho GTPase localization to the PM.
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Plants possess a plant-specific RhoGEF family whose 
members contain a highly conserved novel GEF catalytic 
domain, the PRONE domain, instead of the conserved PH or 
CZH domains found in yeast, animal, and human RhoGEFs 
(Berken et al., 2005; Gu et al., 2006). Fourteen members of 
the RopGEF family have been found in Arabidopsis thaliana 
and seven members are specifically or highly expressed in 
pollen tubes (Gu et al., 2006; Zhang and McCormick, 2007). 
Gu et al. transiently overexpressed five Arabidopsis RopGEFs 
in tobacco pollen and found that RopGEF1 overexpression 
induced the most severely swollen tubes, similarly to the phe-
notype induced by the expression of a constitutively active 
ROP1 (CA-ROP1) (Gu et al., 2006). The PRONE domain (amino 
acid 90–457) of RopGEF1 was found to exhibit high GEF activ-
ity on ROP1, while the full-length RopGEF1 protein was inac-
tive in vitro due to the presence of an auto-inhibitory domain 
in the C-terminal region. Therefore, it was proposed that an 
in vivo mechanism must exist to release the auto-inhibition of 
RopGEF1 (Gu et al., 2006).

Recent studies have revealed the function of receptor-like 
protein kinases (RLKs) in the regulation of pollen develop-
ment, germination, and pollen tube polar growth (Mu et al., 
1994; Muschietti et  al., 1998; Kim et  al., 2002; Zhang and 
McCormick, 2007; Zhang et al., 2008). The first Pollen-specific 
Receptor-like Kinase (PRK1) was reported to play an impor-
tant role in postmeiotic development of pollen in petunia 
(Mu et al., 1994). The tomato pollen-specific RLKs LePRK1 and 
LePRK2 have been proposed to receive signals from LAT52 and 
LeSTIG1 at different stages to promote pollen germination 
and pollen tube growth (Muschietti et al., 1998; Tang et al., 
2002; Johnson and Preuss, 2003; Wengier et al., 2003; Tang 
et al., 2004; Zhang et al., 2008). Interestingly, the McCormick 
group found that the intracellular kinase domain of tomato 
pollen receptor-like kinases (PRKs) can physically interact 
with KPP (kinase partner protein) (Kaothien et  al., 2005), 
whose Arabidopsis homologs were later shown to belong to 
the RopGEF family (Berken et al., 2005; Gu et al., 2006). KPP 
was found to be phosphorylated in vivo, although the kinase 
responsible for its phosphorylation is unknown (Kaothien 
et  al., 2005). Importantly, the same group showed that an 
Arabidopsis homolog of PRKs, AtPRK2a (for simplicity, referred 
to as AtPRK2 here), can also interact with the pollen-specific 
RopGEF12 and that a phospho-mimic mutation (S510D) of 
RopGEF12 enhanced RopGEF12 promotion of growth depo-
larization (Zhang and McCormick, 2007). Co-expression stud-
ies in tobacco pollen suggested AtPRK2 could be involved in 
the activation of RopGEF12 (Zhang and McCormick, 2007). 
Similar results were found in tomato (Solanum lycopersicum) 
(Zhang et al., 2008). These results imply that AtPRK2 may act 
upstream of RopGEF12 to activate ROP signaling pathways in 
pollen tubes. Recent work in Arabidopsis root hairs suggests 
that the FER RLK acts as an upstream regulator of RAC/ROP2 
signaling pathway most likely by interacting with RopGEF1 
(Duan et al., 2010). Together, these studies suggest RLKs are 

likely to work as an upstream regulator of ROP signaling via 
RopGEFs. However, it remains unclear how RopGEFs are acti-
vated and how the RLKs regulate ROP activity.

In this study, we present new findings on the mechanisms 
employed by AtPRK2 to regulate RopGEF1 and ROP1 activi-
ties. Specifically, AtPRK2 increased ROP1 activity, and physi-
cally forms a complex with RopGEF1 and ROP1. In addition, 
AtPRK2 directly phosphorylated RopGEF1 and two serine-to-
alanine mutations in the RopGEF1 C-terminal region abol-
ished the release of auto-inhibition, suggesting AtPRK2 may 
activate RopGEF1 through phosphorylation in the C-terminal 
region. Moreover, a constitutively active form of RopGEF1 
rescued the germination deficiency induced by DN-PRK2 
overexpression, suggesting RopGEF1 bridges the signal-
ing transduction from AtPRK2 to ROP1 signaling pathways. 
Based on these observations, we propose that the AtPRK2 
phosphorylation of RopGEF1 in its C-terminal region releases 
its auto-inhibition, thereby activating RopGEF1, which in turn 
activates ROP1. Therefore, RopGEF1 bridges the signaling 
transduction from AtPRK2 to ROP1 to control polarized pol-
len tube growth.

RESuLTS
Pollen Receptor-Like Kinases (PRKs) Regulate Pollen 
Tube Polar Growth

A pollen RLK (AtPRK2a) has been implicated in the regula-
tion of ROP1 signaling through its interaction of RopGEF12 in 
Arabidopsis (Zhang and McCormick, 2007). To further explore 
RLK regulation of ROP1 signaling, we surveyed a group of 
Arabidopsis receptor-like kinases that are homologs of the 
tomato LePRKs (Figure 1). Using rice genes as outgroups, we 
found eight Arabidopsis RLKs are closely related to LePRKs. 
Six out of these eight genes are highly expressed in pollen 
according to the Genevestigator Expression Database, and 
were named AtPRK1-6 (Figure 1 and Supplemental Figure 1). 
According to the phylogenetic tree, AtPRK1 and AtPRK2 
are close to LePRK1 and LePRK2, and, although AtPRK4 and 
AtPRK5 are further apart, they are also derived from the same 
common ancestor that existed before the divergence of rice 
and Arabidopsis. AtPRK3 and AtPRK6 are closer to LePRK3, 
and diverged from the common ancestor of Arabidopsis 
and rice.

To test whether these AtPRKs are important for pollen 
tube polar growth, we transiently overexpressed full-length 
AtPRK1–5 (cloning AtPRK6 was unsuccessful) driven by the 
pollen-specific LAT52 promoter (pLAT52::AtPRK) in tobacco 
pollen, and analyzed the width and length of pollen tubes 
after germination and growth for 5  h. Overexpressing 
(OX) AtPRK2 through 5 resulted in all cases in increased 
width and reduced length of pollen tubes (Table  1) as did 
ROP1 overexpression (Li et al., 1999), suggesting that these 
AtPRKs may be involved in the control of pollen tube 
polar growth, and may regulate ROP1 signaling pathways. 
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AtPRK2 overexpression induced the most severe growth 
depolarization with the most swollen tips (Table  1). In 
contrast, AtPRK1 was found to increase pollen tube length 
(Table 1).

Triple prk and Quadruple ropgef Mutants Exhibit 
Reduced Pollen Germination

To test the role of AtPRKs in regulating pollen germination and 
pollen tube growth in Arabidopsis, T-DNA insertion mutant 
lines (Supplemental Table 1) of AtPRKs were obtained from 
ABRC (www.arabidopsis.org) and in vitro pollen germination 
and pollen tube growth were examined. Pollen from each 
of the prk1-1, prk1-2, prk1-2, prk2-1, and prk5-1 single 
homozygous mutant lines exhibited normal germination 
and growth. We generated pollen from the homozygous 
prk1-2 prk2-1 double mutant, prk2-1 prk5-1 double mutant, 
and prk1-2 prk2-1 prk5-1 triple mutant. Only pollen from 
the homozygous prk1 prk2 prk5 triple mutant line showed 
reduced tube elongation compared to wild-type (Figure 2B 
and 2H). Given additional AtPRKs are highly expressed in 
pollen, it is likely that one or more AtPRKs are functionally 
redundant with AtPRK1, AtPRK2, and AtPRK5. Similarly, 
none of ropgef1-1, ropgef9-1, ropgef12-1, ropgef14-1, 
and ropgef14-2 single knockout mutant lines exhibited 
altered pollen phenotype, while the homozygous ropgef1-1 
ropgef9-1 ropgef12-1 ropgef14-2 quadruple mutant line 
showed reduced pollen tube elongation (Figure 2C and 2H), 

suggesting high redundancy among these RopGEFs in the 
regulation of pollen tube growth. The similarity in pollen 
phenotype between the triple prk mutant and quadruple 
ropgef mutant is consistent with the notion that AtPRKs and 
RopGEFs may work in the same signaling pathway to regulate 
pollen tube growth.

DN-PRK2 Inhibits Pollen Germination in Arabidopsis

Given the weak phenotype of the prk1 prk2 prk5 triple 
mutant, we reasoned that overexpression of a dominant-
negative (DN) form of AtPRK2 (DN-PRK2) would effec-
tively inhibit the function of redundant PRKs. Deletions 
of the cytoplasmic kinase domain of other RLKs have been 
shown to have a DN effect on the wild-type endogenous 
copy (Shpak et al., 2003). Therefore, we generated DN-PRK2 
by deleting the kinase domain of AtPRK2 (Supplemental 
Figure  2) and fusing it to the pollen-specific LAT52 pro-
moter. We introduced LAT52::DN-PRK2 in Arabidopsis and 
isolated 39 T1 transgenic lines, which carried a Basta resist-
ance selection marker, and analyzed the segregation ratio 
of the Basta resistant to Basta-sensitive T2 progenies. We 
anticipated that a distortion of segregation ratios from the 
Mendelian genetics would suggest an effect of DN-PRK2 
on pollen fertility, because the LAT52 promoter is pollen-
specific. Among these 39 lines, only seven exhibited a nearly 
3:1 ratio, which is consistent with single-locus insertions that 
did not alter pollen fertility. Twenty-two lines exhibited less 
than 3:1 segregation ratios for Basta resistance to sensitivity, 
implicating a defect in pollen fertility in these lines. Three 
lines showed 7:1 to 10:1 ratio, and seven lines displayed 
ratios higher than 15:1, suggesting that they contained mul-
tiple T-DNA insertions at more than one site (Supplemental 
Table 2). We generated homozygous transgenic lines from 
lines showing a segregation ratio < 3:1, and performed the 
pollen phenotype analysis. Pollen from DN-PRK2 OX lines 
exhibited abnormally low germination rates (Supplemental 
Figure  2B), suggesting that AtPRKs are important for pol-
len germination. Since the same phenotype was observed in 
multiple mutants affected in ROP1 signaling (Li et al., 1999; 
Hwang et al., 2008), we propose AtPRKs may participate in 
ROP1 signaling in the modulation of pollen germination 
and pollen tube growth.

Figure 1. Phylogenetic Tree of Selected AtPRKs and LePRKs. LePRK1–3 
from tomato, six pollen-specific (AtPRK1–6), and several non-pollen-
specific AtPRKs from Arabidopsis were included in this tree. Rice genes 
are included as outgroups.

Table 1. RLKs Induce Depolarized Growth in Pollen Tubes.

Lengtha Widtha Width/length

GFP 528 ± 11 9.4 ± 0.8 0.02

GFP + PRK1 861 ± 18 10.1 ± 1.3 0.01

GFP + PRK2 423 ± 22 27.2 ± 3.2 0.06

GFP + PRK3 324 ± 15 20.2 ± 2.4 0.06

GFP + PRK4 307 ± 16 13.7 ± 2.1 0.04

GFP + PRK5 411 ± 21 11.3 ± 0.7 0.03

The length and the maximum tip width of tobacco pollen tubes were 
measured 6–7 h after bombardment. a Data are the mean ± SD.
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RopGEF1(90–457) Suppresses the DN-PRK2 OX-Induced 
Pollen Germination Defect

RopGEF1 overexpression produces a pollen tube pheno-
type similar to that induced by CA-rop1 (Gu et al., 2006); 
thus, we sought to test whether RopGEF1 acts down-
stream of AtPRK2. For this purpose, we developed a con-
stitutively active form of RopGEF1 (CA-RopGEF1). We 
previously showed that the PRONE domain of RopGEF1, 
RopGEF1(90–457), exhibits constitutive RopGEF activ-
ity in vitro (Gu et  al., 2006). Thus, we anticipated that 
RopGEF1(90–457) would also be constitutively active in 

vivo, and introduced it in Arabidopsis with a C-terminal GFP 
tag and driven by the LAT52 promoter. RopGEF1(90–457)–
GFP overexpression (OX) induced a much greater growth 
depolarization in pollen tubes compared to that induced 
by RopGEF1 OX (data not shown), suggesting that 
RopGEF1(90–457) acts as an activated form of RopGEF1 in 
vivo. Therefore, we crossed a RopGEF1(90–457)–GFP OX 
line with DN-PRK2 OX line 23–12 to determine whether 
RopGEF1(90–457) could suppress the reduced germination 
phenotype induced by DN-PRK2. As expected, the pollen 
germination rates of DN-PRK2 OX lines were increased 

Figure 2. Pollen Tube Phenotypes of the Quadruple gef Mutant and Triple prk Mutant, and the DN-PRK2 OX/RopGEF1(90–457) Transgenic Plants. 
(A–C) Pollen tubes of Col0 (A), prk1 prk2 prk5 triple mutant (B), and gef1 gef9 gef12 gef14 quadruple mutant (C), after 5-h incubation in pollen 
germination medium.
(D–G) Pollen germination assay of Col0 (D), DN-PRK2 (E), DNPRK2, RopGEF1 (F), and DNPRK2, RopGEF1(90–457) (G) plants.
(H, I) Statistical analysis of pollen tube growth (H) and the germination rate of various genotypes (I).
(J) RT–PCR results suggest that the expression level of DNPRK2 does not change in all of the tested lines. Bar = 100 μm. (A–C) same magnification 
and (D–G) same magnification.
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in the RopGEF1(90–457)–GFP OX background (Figure  2G 
and 2I). Overexpression of full-length RopGEF1–GFP 
also showed a similar but weaker effect, compared to 
RopGEF1(90–457)–GFP (Figure 2F and 2I). We verified that 
the increased pollen germination rate was not due to 
altered DN-PRK2 expression levels (Figure 2J). These results 
imply that the full-length RopGEF1 needs to be activated, 
probably by AtPRK2.

AtPRK2 and DN-PRK2 Activate and Inhibit ROP1 
Activity, Respectively

To test whether AtPRK2 acts as a positive regulator of ROP1, 
we determined the effect of AtPRK2 expression on ROP1 
activity in tobacco pollen tubes. ROP1 activity was monitored 
using the ROP1 activity marker GFP–RIC4ΔC, which 
specifically interacts with active ROP1 but does not induce 
growth depolarization in pollen tubes (Hwang et al., 2005, 
2008, 2010). GFP–RIC4ΔC was transiently expressed together 
with AtPRK2a or DN-PRK2a, and PM-associated GFP–RIC4ΔC 
fluorescence was measured as previously described (Huang 
et  al., 2005). The average ROP1 activity in the apical PM 
(Intensity-Ave-PM) was calculated by means of PM GFP–
RIC4ΔC fluorescence standardized with the cytosolic GFP–
RIC4ΔC signal (Average-cyt) (Huang et  al., 2005). Active 
ROP1 on the PM was presented as (Intensity-Ave-PM/Ave-
cyt) X PM distribution. We set the active ROP1 of control 
pollen tubes to 100%, and calculated the relative change of 
ROP1 activity caused by AtPRK2 or DN-PRK2 overexpression. 
ROP1 activity increased by 47% in AtPRK2-overexpressing 
tubes, but was reduced by 26% in DN-PRK2-overexpressing 
pollen tubes (Figure 3A–3D). These results further support 
our hypothesis that AtPRK2 acts as a positive regulator of 
ROP1 in the control of polar growth of pollen tubes.

To confirm this hypothesis, we co-expressed DN-PRK2 with 
one of the ROP1 effectors, RIC4, which is directly activated 
by ROP1 (Wu et al., 2001; Gu et al., 2005). RIC4 overexpres-
sion induces severe tip swelling, as ROP1 overexpression does. 
We reasoned that, if AtPRK2 acts upstream of ROP1, overex-
pression of the negative form of AtPRK2, DN-RPK2, would 
suppress the phenotype caused by RIC4-OX, similar to the 
suppression of RIC4 overexpression phenotype by DN-ROP1 
(Gu et al., 2005). Indeed, DN-PRK2 overexpression suppressed 
the GFP–RIC4-induced depolarization of pollen tube growth. 
Compared to GFP–RIC4 OX pollen tubes, DN-PRK2 and GFP–
RIC4 co-overexpressing pollen tubes revealed reduced width 
and increased elongation (Figure 3E–3I).

RopGEF1 Interacts with and Is Phosphorylated 
by AtPRKs

We next investigated the possible mechanisms by which 
AtPRKs regulate the RopGEF1/ROP1 signaling pathway. To 
test whether AtPRKs directly associate with RopGEF1, the 
kinase domains of four AtPRKs (AtPRK1, AtPRK2, AtPRK3, 
and AtPRK4) were cloned and fused to the C-terminus of 
GST and an MBP-tagged RopGEF1/RopGEF1(90–457) were 

expressed in E. coli. The interaction was determined by pull-
down assays using GST–AtPRKs-linked glutathione-beads and 
anti-MBP antibodies. All tested AtPRKs were able to inter-
act with RopGEF1 and its PRONE domain, RopGEF1(90–457), 
through the kinase domain (Figure 4A), consistent with the 
genetic results that suggest functional redundancy among 
these AtPRKs.

The interaction of AtPRKs with RopGEF1 suggested that 
AtPRKs may directly phosphorylate RopGEF1. This hypoth-
esis was tested using an in vitro kinase assay. As shown 
in Figure  4B, RopGEF1 was phosphorylated by AtPRK2 
and AtPRK3, maybe also AtPRK4, while it was not phos-
phorylated by the control protein (GST alone was used 
as a negative control). To investigate whether the kinase 
activity of AtPRK2 or AtPRK3 was calcium-dependent, 
Ca2+-free conditions in the kinase assay were achieved 
by adding excess EGTA (10 mM). The phosphorylation of 
RopGEF1 was not altered by EGTA inclusion (data not 
shown), suggesting that the phosphorylation of RopGEF1 
is calcium-independent.

RopGEF1 Forms a Complex with ROP1 and AtPRK2

The physical and functional interactions between AtRPKs 
and RopGEF1, and between AtRPK2 and ROP1, suggest that 
these proteins might form complexes. We chose AtPRK2 
for our further analysis because AtPRK2 overexpression 
induced the most severe depolarization of pollen tubes and 
strongly phosphorylated RopGEF1 (Table 1 and Figure 4B). 
To test whether AtPRK2 physically interacts with and with 
which form of ROP1 in vitro, the kinase domain of AtPRK2 
was fused to the C-terminus of HIS tag (HIS–AtPRK2). The 
GTP-bound GST–ROP1 and GST–DP2 (a constitutively active 
form ROP1) were used as active form ROP1 (Li et al., 1999; 
Wu et  al., 2001), the GDP-bound GST–ROP1 and GST–DN 
(Dominant Negative) ROP1 as inactive form (Li et al., 1999; 
Wu et al., 2001). All these active, inactive, and free forms 
of GST–ROP1 fusion proteins on glutathione-agarose beads 
were incubated with eluted HIS–AtPRK2. Purified fusion 
proteins were pulled down with GST–ROP1 and detected 
with HIS-antibodies. We found that AtPRK2 strongly inter-
acts with all ROP1, GTP–ROP1, GDP–ROP1, GTP–DP2, and 
DN-ROP1 (Figure 4C). As it was shown that ROP1 interacts 
with RopGEF1 and is activated by RopGEF1 (Gu et al., 2006), 
we proposed that AtPRK2, RopGEF1, and ROP1 may form 
a complex. To test this, we performed another pull-down 
experiment with all these forms of GST–ROP1, HIS–AtPRK2, 
and MBP–RopGEF1. GST–ROP1 proteins on glutathione-
agarose beads were incubated with eluted HIS–AtPRK2 
and MBP–RopGEF1. After extensive washes, glutathione-
agarose beads were subjected to Western blot analysis 
using HIS or MBP-antibody. As expected, both AtPRK2 and 
RopGEF1 were detected using all these forms of GST–ROP1 
(Figure 4D).

To test whether the phosphorylation status of AtPRK2 may 
affect the formation of AtPRK2–RopGEF1–ROP1 complex, we 
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treated the complex using alkaline phosphatase and tested 
their integrity. As shown in Figure 4E, the formation of the 
AtPRK2–RopGEF1–ROP1 complex was not markedly affected 
by alkaline phosphatase treatment. We also showed that 
mutations in the conserved kinase catalytic sites of AtPRK2 
did not affect the complex formation (Figure  4F). These 
results suggest the interaction between AtPRK2, RopGEF1, 
and ROP1 is phosphorylation-independent.

The C-Terminal Region of RopGEF1 Is Important for Its 
Interaction with ROP1 and AtPRK2

We next investigated how AtPRK2 regulates the RopGEF1–
ROP1 signaling pathway. Our previous results suggest that 
the C-terminal variable region regulates the GEF activity 
of RopGEF1 in an auto-inhibitory manner (Gu et al., 2006). 
Thus, it is reasonable to postulate that the C-terminal region 
may be regulated by AtPRK2. First, we tested whether 

Figure 3. ROP1 Activity Is Positively Regulated by AtPRK2 and Negatively Regulated by DNPRK2 in Pollen Tube Growth.

(A–E) ROP1 activity was increased by AtPRK2 and decreased by DN-PRK2. The distribution of the active ROP1 marker, GFP–RIC4 and control (A), 
AtPRK2 OX (B), and DN-PRK2 OX (C) pollen tubes are shown. Distribution of GFP–RIC4ΔC was enlarged in most AtPRK2 OX pollen tubes and nar-
rowed in most DNPRK2 pollen tubes. (D) Statistical analysis of GFP–RIC4ΔC distribution in each background compared to wild-type pollen tube. 
Data were collected from three independent experiments.

(F–I) DN-PRK2 suppresses RIC4-OX-induced defect in polar pollen tube growth. (E) GFP, (F) DN-PRK2+GFP, (G) DN-PRK2+GFP–RIC4, and (H) GFP–RIC4 
were transiently expressed in tobacco pollen by bombardment and germinated for 5 h at RT before visualization. (I) Quantitative data of pollen 
tube widths from various backgrounds. Bar shows SD in (H) and (I). Scale bar = 5 μm in (A); Scale bar = 25 μm in (E).
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Figure 4. RopGEF1 Is Phosphorylated by AtPRKs and Forms a Complex with AtPRK2 and ROP1.

(A) Both full-length RopGEF1 and RopGEF1(90–457) interact with the kinase domains of AtPRK2, AtPRK3, and AtPRK4.

(B) RopGEF1 is phosphorylated by AtPRK2, AtPRK3, and possibly AtPRK4. SOS2 was used as a positive control and GST alone was used as the nega-
tive control.

(C) The kinase domain of AtPRK2 interacts with various forms of ROP1. GDP/GTP-bound form ROP1, GTP–DP2, and DN-ROP1 were used in each 
reaction as indicated.

(D) The HIS-tagged kinase domain of AtPRK2, MBP–RopGEF1, and various forms of ROP1 form complexes in vitro.

(E) Interaction assay between the kinase domain of AtPRK2, RopGEF1, and ROP1 after incubation for 3, 6, 9, and 12 h with/without alkaline 
phosphatase.

(F) Pull-down assay to verify the interaction between ROP1, MBP-tagged ROPGEF1, and wild-type or mutated kinase domain of AtPRK2.

 at Pennsylvania State U
niversity on July 22, 2013

http://m
plant.oxfordjournals.org/

D
ow

nloaded from
 

http://mplant.oxfordjournals.org/


1194  Chang et al. • AtPRK2 Positively Regulates ROP1

the C-terminal region, RopGEF1(458–548), interacts with 
AtPRK2, using several truncated constructs for RopGEF1 
fused to the C-terminal of an MBP tag (Figure  5A). MBP–
RopGEF1 was incubated with HIS–PRK2 or the truncated 
forms of GST–ROP1. As shown in Figure 5B, the MBP-tagged 
C-terminal region, MBP–RopGEF1(458–548), interacted 
with both ROP1 and AtPRK2. Furthermore, full-length 
MBP–RopGEF1 showed a strong interaction with AtPRK2, 
while MBP–RopGEF1(1–457) exhibited a much weaker 
interaction with AtPRK2. Similarly, MBP–RopGEF1(365–548) 
showed a strong interaction with AtPRK2 while MBP–
RopGEF1(365–457) exhibited no interaction with AtPRK2 
(Figure 5B). These results demonstrate that the C-terminal 
region of RopGEF1(458–548) is important for RopGEF1 to 
interact with AtPRK2.

Phosphorylation of the C-Terminal Region Is Required 
for RopGEF1 Activity

Full-length RopGEF1 has no in vitro GEF activity towards 
ROP1. However, overexpression of RopGEF1 induces growth 
depolarization of pollen tubes in both Arabidopsis and 
tobacco (Gu et al., 2006). We reasoned that RopGEF1 activity 
might be regulated by phosphorylation. RopGEF1 has more 
than 20 predicted serine, threonine, and tyrosine phospho-
rylation sites (http://myhits.isb-sib.ch/cgi-bin/motif_scan), 
including six in the C-terminal region. Because the C-terminal 
region of RopGEF1 is likely to be essential for its auto-inhib-
itory regulation (Gu et al., 2006), the six C-terminal sites of 
RopGEF1 were chosen for site-directed mutagenesis to test 
whether phosphorylation at these sites is critical for the 
release of auto-inhibition. If the phosphorylation of RopGEF1 
is required for its in vivo function, a serine-to-alanine substi-
tution should abolish its ability to induce growth depolariza-
tion in pollen tubes.

We generated GFP-tagged RopGEF1 constructs with a 
serine-to-alanine substitution at each of the six sites and 
transiently overexpressed these constructs in tobacco pollen 
tubes. Overexpression of the GFP–RopGEF1S460A mutant 
failed to induce depolarized pollen tube growth (Figure 6B 
and Supplemental Table  3), suggesting that phosphoryla-
tion at the S460 site is required for the functional activity of 
RopGEF1. The GFP–RopGEF1S480A mutant not only failed 
to cause balloon-like pollen tips, but also inhibited pollen 
tube elongation, similar to the effect of the dominant-neg-
ative ROP1 (DN-ROP1) mutant (Figure 6C and Supplemental 
Table 3), suggesting that this mutant may be dominant-nega-
tive. Four other mutations did not appear to abolish RopGEF1 
activity (Figure 6D, 6E, 6G, 6H, and Supplemental Table 3).

To investigate whether these two serine phosphoryla-
tion sites (S460/S480) of RopGEF1 are conserved, we first 
constructed a phylogenic tree using the conserved PRONE 
domain in Arabidopsis and other dicots and monocots spe-
cies (Figure  7A and Supplemental Figure 3). An alignment 

between Arabidopsis RopGEF family members or RopGEF1 
orthologs with the full-length amino acids revealed that S460 
is shared among Brassicaceae RopGEF1 orthologs, and S480 is 
conserved among plant RopGEF1 orthologs (Figure 7B), but 
neither S460 nor S480 is conserved among other Arabidopsis 
RopGEFs (Supplemental Figure 4).

Figure  5. The C-Terminal Region of RopGEF1 Is Important for Its 
Interaction with AtPRK2 and ROP1.
(A) A  diagram of RopGEF1 motifs. The PRONE domain, S1-3 subdo-
mains, N-terminal, and C-terminal regions of RopGEF1 are indicated.
(B) MBP-tagged truncated RopGEF1 was used in pull-down assays with 
the His-tagged kinase domain of AtPRK2 (His–PRK2) and various forms 
of GST-tagged ROP1. His–PRK2 or various GST–ROP1 included in the 
assay are indicated on the left. Different truncated RopGEF1 forms 
used in each assay are indicated above and signals were detected by 
anti-MBP antibodies. Proteins loaded in the assay are also shown.
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DISCuSSION
ROPs are central regulators of many important cellular pro-
cesses such as cell polarity formation, cell morphogenesis, and 
polar cell growth (Yang, 2002, 2008), and are modulated by a 
number of regulators including RhoGAPs, GDIs, and RopGEFs 
(Yang, 2002, 2008), although little is known of how these 
direct regulators of ROPs are connected to extracellular sig-
nals. Recent studies suggest that RLKs directly interact with 
ROPs and may act upstream of RopGEFs to regulate polar 
growth in pollen tubes and root hairs (Zhang and McCormick, 
2007; Duan et al., 2010). In this study, we provide genetic and 
biochemical evidence in support of the hypothesis that the 
Arabidopsis pollen RLK–AtPRK2 phosphorylates and acti-
vates RopGEF1 to regulate ROP1-dependent polar growth in 
pollen tubes.

Based on our findings, we propose a model to explain the 
regulatory mechanism for pollen tube growth (Figure 8). The 
GEF activity of ROPGEF1 is inhibited/disrupted by the binding 
of its C-terminal region to its PRONE catalytic domain. Upon 
AtPRK2 interaction with RopGEF1 and phosphorylation of the 
serine sites in the RopGEF1 C-terminal region, a conforma-
tional change is induced and the PRONE1 domain is exposed, 

resulting in an active form of RopGEF1. Active RopGEF1 subse-
quently catalyzes the conversion of GDP-bound inactive form 
ROP1 into GTP active form, thereby activating ROP1 signaling 
pathways and promoting pollen germination and pollen tube 
growth (Figure 8). This model explains the observed higher 
activity of ROP1 in AtPRK2 OX pollen tubes and lower ROP1 
activity in DN-PRK2 OX pollen tubes.

Since RopGEF1 OX pollen tubes showed severe depo-
larization similar to CA-ROP1 OX pollen tubes, we further 
propose a positive feedback regulation of RopGEF1 activity 
(Figure  8). In our previous study, the result that the inac-
tive form of RopGEF1 shows the strongest interaction with 
GTP-bound ROP1 also supports this idea (Gu et  al., 2006). 
We propose that, after the phosphorylation and activation 
of RopGEF1 by AtPRK2, the active GTP-bound ROP1 inter-
acts with AtPRK2 and/or RopGEF1 and enhances the inter-
action between AtPRK2 and RopGEF1. This enhancement 
could be the result of an increased interaction frequency or 
affinity between AtPRK2 and RopGEF1. Consequently, more 
RopGEF1s are phosphorylated and active, as supported by 
the observation that RopGEF1 OX pollen tubes displayed 
CA-ROP1-like bulbous tips. This would also be similar to 

Figure 6. Phosphorylation in C-Terminal Regions Is Critical for RopGEF1 Activity.

Serine-to-alanine mutation of several sites in the RopGEF1 C-terminal region decreases RopGEF1 activity. Wild-type and mutant RopGEF1 were 
transiently expressed in tobacco pollen for 5 h before observation. Compared to GFP (A), GFP–RopGEF1wt (F) caused severe depolarization of 
pollen tubes with balloon-like tips. The GFP–S460A mutation (B) and GFP–S480A mutation (C) show greatly reduced RopGEF1-induced depolariza-
tion; pollen tubes overexpressing the GFP–S460A mutant are much longer than GFP–RopGEF1wt. Overexpression of GFP–S484A (D), GFP–S488A (E), 
GFP–S458A (G), and GFP–S501A (H) mutations caused severely depolarized pollen tubes as wild-type RopGEF1 does. Scale bars shown, and images 
(A–C) with the same magnification and (D–H) with the same magnification. Arrowhead indicates the tip of pollen tubes.
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the mechanism regulating the Ras GEF Sos in animal cells 
(Margarit et al., 2003).

RopGEFs Directly Interact with and Are Regulated by 
RLKs: An Emerging Theme in RLK/ROP Signaling

An increasing number of studies suggest critical roles for 
Arabidopsis RopGEFs (Berken et al., 2005; Gu et al., 2006) in 
the regulation of diverse ROP-mediated processes. A recent 
study shows that RopGEF7 modulates the maintenance of 
the root stem cell niches by regulating the activity of AtRAC1 

(AtROP3) and the expression of PLETHORA1 (PLT1), PLT2, and 
the auxin efflux protein PIN1 (Chen et  al., 2011). Another 
Arabidopsis RopGEF, PIRF1 (phytochrome-interacting ROP 
guanine nucleotide exchange factor 1, also referred to as 
RopGEF11), has been found to interact with phytochromes 
via its conserved PRONE domain and to activate ROPs in a 
phytochrome-dependent manner to regulate primary root 
development (Shin et al., 2010). Studies in rice and legume 
also implicate RopGEFs in regulating the development of 
root hairs, cuticular papillae on the leaf surface by regulating 

Figure 7. The S480 Site of RopGEF1 Is Conserved in RopGEF1 Orthologs and S460 Is Conserved in Brassicaceae.
(A) A phylogenetic tree of RopGEF genes in dicots and monocots. Arabidopsis RopGEFs are highlighted in dark pink squares, other dicots genes are 
labeled by blue rhombuses, and the monocots genes are indicated by green triangles. Selaginella genes were included to root the tree.
(B) Alignment of the C-terminal region of RopGEF1 orthologous genes. The S460 and S480 sites are indicated by red arrows.
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the substrate ROP activity (Riely et al., 2011; Yoo et al., 2011; 
Yamaguchi et al., 2012).

The physiological significance of RopGEFs and ROPs begs the 
question of how RopGEFs are regulated. This study, together 
with several recent reports, supports an emerging theme of 
RLK-based RopGEF regulation at the cell surface. McCormick’s 
group first demonstrated a physical and functional interaction 
between AtPRK2 and RopGEF12 and proposed that AtPRK2 
functions to dock RopGEF12 to the plasma membrane of pol-
len tubes (Zhang and McCormick, 2007). Recently, Cheung’s 
group showed that the RLK FERONIA (FER) interacts with 
RopGEF1 and is required for ROP activation and ROP-mediated 
root hair development (Duan et al., 2010). Our data here sup-
port the hypothesis that AtPRK2-mediated phosphorylation 
regulates RopGEF1 activation. This regulation is most differ-
ent from AtPRK2’s regulation of RopGEF12, because the func-
tional phosphorylation sites in RopGEF1 are not conserved in 
RopGEF12 (see below). It is unclear why AtPRK2 regulates two 
different RopGEFs via distinct mechanisms. Nonetheless, these 
results suggest that the RLK–RopGEF connection may provide 
a common cell surface signaling mechanism in plants.

Activation of RopGEF by Phosphorylating Its C-Terminal 
Region and Releasing Auto-Inhibition Could Be a 
Common Mechanism for RopGEF Regulation

Based on our data that the C-terminal S-to-A mutations inhib-
ited/prevented the release of RopGEF1 auto-inhibition, we 
propose that the phosphorylation of the serine sites in the 

C-terminal region of RopGEF1 releases auto-inhibition and 
activates RopGEF1. In addition to RopGEF1, RopGEF12 also 
showed C-terminal auto-inhibition in our study, and this inhibi-
tion is likely to be released by phosphorylating the C-terminal 
region, possibly also by AtPRK2 (Zhang and McCormick, 2007). 
Overexpression of wild-type RopGEF12 slightly affects the polar-
ity of pollen tubes, while a C-terminal truncation shows a much 
stronger phenotype, suggesting the auto-inhibition of GEF activ-
ity is controlled by its C-terminus. Overexpression of C-terminal 
phosphorylation mimicking the mutation of RopGEF12 resulted 
in significant tip swelling, strongly suggesting that phosphoryla-
tion is likely to be critical for release of the C-terminal inhibition 
(Zhang and McCormick, 2007). Thus, we propose that the release 
of auto-inhibition by C-terminal phosphorylation could be a com-
mon mechanism for RopGEF regulation. However, the detailed 
mechanisms for the phosphorylation-mediated regulation may 
differ among different RopGEFs because different phosphoryla-
tion sites are critical for differential RopGEFs. The critical S510 
phosphorylation site of RopGEF12 is conserved among several 
closely related RopGEFs (Zhang and McCormick, 2007) and their 
orthologs (Supplemental Figure 5), and the essential phospho-
rylation sites in the C-terminal region of RopGEF1 sites are also 
conserved among its orthologs (Figure 7B).

N-Terminal Regions May Contribute Differently to GEF 
Activity in Different RopGEFs

Previous results suggested that the PRONE domain of RopGEF1 
is sufficient for its RopGEF activity (Gu et al., 2006), but the 

Figure 8. A Model for AtPRK2-Induced Release of RopGEF1’s Auto-Inhibition and Activation of ROP1 Signaling Pathways. RopGEF1 is subjected to 
auto-inhibitory regulation, which is controlled by its C-terminal region. Auto-inhibition is released through the phosphorylation of the serine amino 
acids in its C-terminal region upon RopGEF1 interaction with AtPRK2. The phosphorylation-induced conformational change in RopGEF1 exposes the 
PRONE domain. Active RopGEF1 can then promote the conversion of the GDP-bound inactive form of ROP1 into its GTP-bound active form, thereby 
enhancing the ROP1 signaling pathways and regulating pollen germination and pollen tube growth. We also propose that the GTP form of ROP1 
interacts with both RopGEF1 and AtPRK2 and somehow, through positive feedback, regulates RopGEF1 activity. The PRONE domain of RopGEF1 
is shown as brown cylinders, the N-terminal region is shown as a brown curve, and the C-terminal region is shown as a purple curve. Green arrow 
indicates positive regulation.
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same domain of RopGEF12 was not (Zhang and McCormick, 
2007). We propose that the function of the various N-terminal 
regions among RopGEFs might be different. The N-terminal 
region of RopGEF1 contributed to the auto-inhibition caused 
mainly by the C-terminal region (Gu et al., 2006) rather than 
being required for GEF activity. In contrast, the N-terminal 
region of RopGEF12 was important for the normal GEF activ-
ity of RopGEF12; the overexpression of PRONE12 had a mild 
phenotype on pollen tube while overexpression of PRONE12 
along with the N-terminal region of RopGEF12 caused a much 
stronger phenotype (Zhang and McCormick, 2007). Further 
studies, such as structural analysis using crystallography 
of full-length RopGEFs, could uncover the conformational 
change induced by phosphorylation and provide insights into 
the common and distinct mechanisms for regulating activity 
between these two RopGEFs.

Redundancy between AtRopGEF and AtPRK Family 
Members

Arabidopsis has 14 RopGEF members and seven members 
are expressed in the pollen according to previous studies (Gu 
et  al., 2006; Zhang and McCormick, 2007). Single mutants 
showed no defects in pollen germination or pollen tube 
growth. In contrast, the ropgef1,9,12,14 quadruple mutant 
exhibited defective pollen tube growth, implying functional 
redundancy between these genes. Similarly, functional 
redundancy exists between AtPRK members, as indicated 
by the pollen tube growth deficiency in the prk1,2,5 triple 
mutant but not in any of the single or double mutants. It is 
possible that RopGEF1 may not be the only RopGEF family 
member that can perceive the signal from AtPRK2 and that is 
phosphorylated by AtPRK2, and AtPRK2 may not be the only 
AtPRK that can phosphorylate and activate RopGEF1. This is 
supported by our in vitro biochemical results that RopGEF1 
interacts with and can be phosphorylated by more than one 
AtPRK.

METHODS
Database Search, Sequence Alignment, and 
Phylogenetic Analysis

LePRK protein sequences were used to identify Arabidopsis 
and rice (Oryza sativa ssp. japonica) homology sequences by 
BLAST against TAIR database (www.arabidopsis.org/Blast) 
and phytozome database (www.phytozome.org/search.
php?show=blast). Protein sequences were initially aligned 
using MUSCLE 3.6 (Edgar, 2004). Data generated from this 
alignment were loaded onto MEGA5.05 (Tamura et al., 2011) 
to reconstruct the rooted Maximum Likelyhood phylogenetic 
tree using default settings. The supporting values were esti-
mated by using bootstrap analysis (1000 replicates). The crea-
tion of the RopGEF phylogenetic tree was performed using 
the same method.

Site-Directed Mutagenesis

RopGEF1 mutations in designed sites were made using the 
Fast mutagenesis system following the manufacturer’s proto-
cols (FM111, Transgen, Beijing, CN). The resulting constructs 
were then verified by sequencing.

Protein Expression and Purification

The full-length and the various truncated forms of RopGEF1 
were cloned in pMALC2 fusion vector, and ROP1 was cloned in 
pGEX–KG fusion vector (Gu et al., 2006). The kinase domains 
of AtPRKs were constructed in pHIS8 fusion vector. Fusion 
protein expression in E. coli was carried out as described pre-
viously with some modifications (Gu et  al., 2006). RopGEF1 
and ROP1 fusion proteins were expressed at 30°C for 4 h after 
induction with 1  mM isopropyl-β-d-thiogalactopyranoside 
(IPTG). Cells were harvested by centrifugation at 5000 g for 
10  min. AtPRKs fusion proteins were expressed at 16°C for 
20 h after induction by 0.2 mM IPTG. For GST-fusion proteins 
and MBP-fusion proteins, cell pellets were re-suspended in 
a binding buffer (20 mM Tris, pH 7.4, 200 mM NaCl, 1 mM 
EDTA) and sonicated using 5-s pulses 20 times. After centrifu-
gation at 16 000 g for 30 min, the supernatant was collected 
and mixed with glutathione-agarose beads (Sigma) or amyl-
ose beads (Biolabs) for GST-fusion proteins and MBP-fusion 
proteins, respectively. After 2-h incubation, the beads were 
washed with the binding buffer and the fusion protein was 
eluted using maltose (10 mM) or glutathione (30 mM), respec-
tively. For His-tagged proteins, cell pellets were re-suspended 
in a lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imida-
zole, 10% glycerol (V/V), pH 8.0). After sonication and centrif-
ugation as described above, the supernatant was mixed with 
Ni-NTA beads (Qiagen) for 2 h. The mixture was then washed 
with the wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM 
imidazole, 10% glycerol, pH  8.0). His-tagged proteins were 
eluted using the elution buffer (50  mM NaH2PO4, 300  mM 
NaCl, 250 mM imidazole, 10% glycerol, pH 8.0).

In Vitro Protein–Protein Interaction Assays

In vitro protein–protein interaction assay was performed 
as described previously (Gu et al., 2006). To detect whether 
ROP1, AtPRK2, and RopGEF1 formed a complex, GST–ROP1 
was preloaded with GDP or GTP in a nucleotide loading 
buffer containing 3  mM of the corresponding nucleotide, 
25  mM Tris-HCl (pH  7.5), 1  mM DTT, 10  mg  ml–1 BSA, and 
5 mM EDTA. Approximately 10 µg of GST–ROP1 fusion pro-
teins were bound to glutathione-conjugated agarose beads, 
and similar amounts of MBP–RopGEF1 and His–AtPRK2 fusion 
proteins were used in each assay. Beads containing GST–ROP1 
fusion proteins were incubated with MBP–RopGEF1 and HIS–
AtPRK2 fusion proteins in an interaction buffer containing 
20 mM Hepes (pH 7.4), 5 mM MgCl2, 1 mM DTT, 0.1% Triton 
X-100, and 1 mM EDTA for 2 h. After binding, beads contain-
ing GST–ROP1 and bound MBP–RopGEF1 and His–AtPRK2 

 at Pennsylvania State U
niversity on July 22, 2013

http://m
plant.oxfordjournals.org/

D
ow

nloaded from
 

http://www.arabidopsis.org/Blast
http://www.phytozome.org/search.php?show=blast
http://www.phytozome.org/search.php?show=blast
http://mplant.oxfordjournals.org/


Chang et al. • AtPRK2 Positively Regulates ROP1  1199

were washed extensively to remove unbound proteins. The 
bound proteins were detected using a polyclonal antibody 
against MBP or HIS (New England Biolabs, Beverly, MA).

In Vitro Kinase Assay

The substrate protein (2 μg) was equilibrated with 1X kinase 
buffer containing 20  mM Tris, pH  7.4, 5  mM MgCl2, 1  mM 
CaCl2, 1  mM DTT, and 10  μM ATP. Purified kinase protein 
and substrate were incubated in 1 kinase buffer containing 
5–10 μCi per reaction [32p-ATP] at 30°C for 30 min. Reactions 
were stopped with SDS–PAGE sample buffer. Proteins were 
separated by SDS–PAGE and detected using autoradiography.

Analyses of AtPRKs and RopGEF1 Overexpression 
Phenotype

The full-length AtPRK1–5 driven by the pollen-specific LAT52 
promoter (pLAT52::AtPRK) were transiently expressed in 
tobacco pollen, together with the pLAT52::GFP vector as 
an indicative marker. The wild-type and point mutation 
RopGEF1 were cloned in the pLAT52::GFP vector and tran-
siently expressed in tobacco pollen. Approximately 5  h 
after bombardment, pollen tubes were visualized using an 
Olympus BX51 microscope equipped with an Olympus DP70 
CCD camera (Japan). Widths and lengths of pollen tubes were 
measured using the AIM software (Zeiss, Germany).

Pollen tubes co-expressing GFP–RIC4ΔC and AtPRK2/
DN-PRK2 were analyzed using laser scanning confocal 
microscopy under a Nikon Axioplan2 microscope (Japan) 
equipped with a Zeiss LSM 510 META confocal laser scanning 
device (Germany). 1  μm optical sections were scanned and 
captured using the AIM software. Confocal laser scanning 
images were analyzed using the MetaMorph 4.5 software 
(Universal Imaging, West Chester, PA). The degree of depolar-
ized growth was determined by measuring the diameter of 
the widest region of the pollen tube tip. Experiments were 
repeated three times and more than 30 pollen tubes were 
measured for each sample each time.

Generation of the AtPRK2-Dominant Mutant

To generate AtPRK2–DN construct, the ATPRK2 cDNA sequence 
without the cytoplasmic kinase domain was cloned into a 
pC1300LAT52 vector derived from pCAMBIA1300 (CAMBIA). 
The construct was introduced into Agrobacterium tumefaciens 
GV3101 by electroporation and transformed into A. thaliana 
ecotype Columbia. T2 homozygous plants were selected for 
analysis.

Isolation of T-DNA Insertional Mutants

The gef1-1, gef9-1, gef12-1, gef14-1, gef14-2, prk1-1, prk1-
2, prk2-1, and prk5-1 T-DNA insertion mutant lines were 
screened from the SIGNAL collection (http://signal.salk.edu/
cgi-bin/tdnaexpress/) based on a combination of database 
searches and PCR amplification of T-DNA flanking regions 
(Supplemental Table 1). For T-DNA lines identified from the 

SIGNAL collection, seeds were obtained from the Arabidopsis 
Biological Resource Center (http://abrc.osu.edu/order-stocks). 
PCR reactions were carried out to identify single plants for 
the T-DNA insertion with gene-specific primers and LBb1.3 
primer (ATTTTGCCGATTTCGGAAC) for SALK lines or GAB-LB1 
primer (CCCATTTGGACGTGAATGTAGACAC) for GABI lines.

SuPPLEMENTARY DATA
Supplementary Data are available at Molecular Plant Online.
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(A) Schemetic diagram of the truncated AtPRK2a defined as DN-
PRK2a. The signal peptide (SP), the transmembrane domain 
(TM), and the cytoplasm kinase domain (KD) were shown. (B) In 
vitro germination assay showed the defected pollen germination in 
DN-PRK2a OX lines. 8-3, 23-12, and 34-4 are three independent 
lines overexpressed DN-PRK2a. �

Figure S1. DN-PRK2a overexpression reduced the 
germination rate of pollen grain in Arabidopsis. �



Chang_Fig. S2 



Figure S2. Alignment showing the variable C-terminal 

region of AtRopGEFs.   

The alignment was produced by MUSCLE3.6 using the full 

amino acid sequences of AtRopGEFs and presented by 

GeneDoc. The read arrows indicated the S460 and S480 

sites of RopGEF1, and the blue arrow showed the S510 

site in RopGEF9. 
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Figure S3. Alignment showed  the C-terminal regions of 

the RopGEF9 Orthologous Genes.   

The alignment was produced using full amino acid 

sequences. The read arrow indicated the conserved S510 

site in RopGEF9. 
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HVTRLGLSGTI-NIEDLKDLPNLRTIRLDNNLLSGPLPP-F--FKLPGLKSLLLSNNSFSGEIADDFFKETPQLKRVFLDNNRLSGKIPASL-MQLAGLEELHMQGNQFTGEIPPLTDGNKVLKSLDLSNNDLEGEIPITISDRKNLEMKFEGN-QRLC-GSPL
QLEGMGLTGKL-DLEPLAAIKNLRTLSFMNNKFNGSMPS-V--KNFGALKSLYLSNNRFTGEIPADAFDGMHHLKKLLLANNAFRGSIPSSL-AYLPMLLELRLNGNQFHGEIPYF--KQKDLKLASFENNDLEGPIPESLS--NMDPVSFSGN-KNLC-GPPL
QLEGMGLTGKL-NLDPLVPMKNLRTISFMNNNFNGPMPQ-V--KRFTSLKSLYLSNNRFSGEIPADAFLGMPLLKKILLANNAFRGTIPSSL-ASLPMLLELRLNGNQFQGQIPSF--QQKDLKLASFENNDLDGPIPESLR--NMDPGSFAGN-KGLC-DAPL
HVTRLGLSGTI-TVDDLKDLPNLKTIRLDNNLLSGPLPH-F--FKLRGLKSLMLSNNSFSGEIRDDFFKDMSKLKRLFLDHNKFEGSIPSSI-TQLPQLEELHMQSNNLTGEIPPEFGSMKNLKVLDLSTNSLDGIVPQSIADKKNLAVNLTEN-EYLC-GPVV
RLENMSLSGEL-DVQALGSIRGLKSISFMRNHFEGKIPRGI--DGLVSLAHLYLAHNQFTGEIDGDLFSGMKALLKVHLEGNRFSGEIPESL-GKLPKLTELNLEDNMFTGKIPAF--KQKNLVTVNVANNQLEGRIPLTLG--LMNITFFSGN-KGLC-GAPL
VLEYLNLTGSL-NEKSLNQLDQLRVLSFKANSLSGSIPN-L--SGLVNLKSVYLNDNNFSGDFPESLTS-LHRLKTIFLSGNRLSGRIPSSL-LRLSRLYTLNVEDNLFTGSIPPL--NQTSLRYFNVSNNKLSGQIPLTRALKQFDESSFTGN-VALC-GDQI
VLENLNLSGSL-NGKSLNQLDQLRVLSFKGNSLSGSIPN-L--SGLVNLKSLYLNDNNFSGEFPESLTS-LHRLKTVVLSRNRFSGKIPSSL-LRLSRLYTFYVQDNLFSGSIPPL--NQATLRFFNVSNNQLSGHIPPTQALNRFNESSFTDN-IALC-GDQI
QIEQMGLSGKV-DVAPLKDLPSLRTISIMNNSFSGDIPE-F--NRLTALKSLYISGNRFSGNIPSDYFETMVSLKKAWLSNNHFSGLIPISLATTLPNLIELRLENNQFIGSIPNF--TQTTLAIVDLSNNQLTGEIPPGLL--KFDAKTFAGN-SGLC-GAKL
ILDGVGLRGSF-SPETLSRLDQLRVLSLENNSISGSIPD-L--SPLVNLKTLTLSKNGFSGTLSSSILS-LRRLTELDLSFNNFSGEIPSGI-NALSRLSSLNLEFNRLNGTLPPL--NLSSLISFNVSSNNLTGLVPLTKTLLRFNASSFSSN-PGLC-GEII
VIEDLYLGGRL-IPDSVNKLDQLRVLSLKNTSLTGPLPD-F--SGLVNLKSLFLDHNSFSGSFPLSVLA-FHRLRTLDFSFNNLTGPIPSGL-VLSDRLIYLRLDSNRFNGPVPPL--NQSTLHTFNVSVNNLTGAVPVTTVLLRFGISSFLKN-PNLC-GEIV
VLSGVGLRGYF-SSATLSRLDQLRVLSLENNSLFGPIPD-L--SHLVNLKSLFLSRNQFSGAFPPSILS-LHRLMILSISHNNFSGSIPSEI-NALDRLTSLNLDFNRFNGTLPSL--NQSFLTSFNVSGNNLTGVIPVTPTLSRFDASSFRSN-PGLC-GEII
QLERLGLSGAAPDLGLLAALPGLRVLSLANNAIAGAFPN-V--SALAMLKMLYLSRNRFSGVVPDGTFHTMRGLRKLHLSSNELSGPIPSSI--TSPRLLELSLAHNQFNGPLPDF--SQPELRYVDVSSNNLSGPIPEGLS--RFNASMFSGN-EYLC-GKPL
VLENLNLTGVL-TATLLAPLSELRVLSLKSNALTGPIPD-ALPAALPNLKLLYLSANRLQGRIPPTLAL-LHRATVLVLSSNLLHGEIPTSL-TTLPRLTSLLLDDNRLNGILPPL--PQPTLRLLNVSANRLSGEIPSVLA-TKFNASSFLAN-ADLC-GPPL
VLESSGLNGTF-APATLSRLVELRVLSLKSNALHGPIPD-L--SPLENLKALFLAGNRFSGPFPASVAS-LRRLRSIDLAGNRLSGALPPGIEVAFPHLTFLRLDANHFNGSLPAW--NQSSLKLLNVSYNNFSGPVPVTPVMAQMGAAAFAGN-PELC-GEVL
RLNGLRLGGTV-DVGALVGFHNLRSVSFAGNNFSGPLPA-V--DRLTSIKSMFFSDNQFTGVLPDDFFSKLSHLKKLWLDHNELSGAIPASI-AQATSLLELHLAHNAFSGELPPL--PPPALKVFDISWNDLEGVVPEAFR--KFDAGRFGGN-QYLCYVPTS
RLEYLGLQGPAPDMAPLAALRGLRALSIANNNLTGPFPD-V--SMLPALKMLYMSRNKLDGGIPPAAFAHMRGLRKLFLSDNAFTGPIPTSI--TSPKLLVLQLSKNRFDGPLPDF--NQKELRLVDVSDNNLSGPIPPGLR--RFDAKSFQGN-KNLC-GPPV
QLEKEGLSGEL-DLAPLKSLTGLRTLSFMDNEFAGAMPD-V--KGLGGLRAIFLSGNKFSGEIPADAFAGMGWLKKVSLSRNGFTGAIPASL-AAVPRLLDLQLNDNKFTGKIPDF--PQKDLKVFDVSNNELDGEIPASLK--SIDPQMFEGN-KKLC-GAPV
VLERKGLDGTINAASLCAAAPALRVLSLEGNALRGDLPAAI--SGCARLTHIYVGDNRLSGSLPPSLAE-LASLHVLNVSRNSFSGEIPAEL-SKL-GLVRFCVNDNRFNGAIPEF--ELSRFEHFSVANNNLTGPIPDDAG--DFGRDSFSGNSDGLC-GRPD
RLARLNLSGDF-DFAALSRLPGLHSINLIRNNFSGPLPASL--AAVRSLRALYLSRNAFSGPVPGDVFAAMSWLKKLYLDRNDFSGELPAGAIAGAPRLQELHLDHNRIEGRVPSK--LPATLRLFNVSHNRLTGVLPEAVA-ARFNESAFAGN-PGLC-GAPG
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 *       340         *       360         *       380         *       400         *       420         *       440         *       460         *       480         *  
---SKCT------------------------------------------------SEPKVALWTIILVVIAVAAAVAAIVVVII----ILRRGKQTPETETRPIPTPS--GAAAGGATNQTGAPSAAELNKMEQGSNQAIAARDQSPEGTAVLNTNKRPEVQ--
A--KSCN--------------------------------------KEDEKKKEESSSSSSSGWKIALIVVIVVVVIGIIVFVL-----INRRNKNHQQEVVLGGSSLT--SSSPTSQDQKLIPQSHDHLNKMEQGQSSAASTPDRACNDGGKRAE---------
G--RECK----------------------------------------AVIYGEKSESSGSTKWIIVGLVVVLLLVAI-----------LFKSKRKDDQFEKLEKENLD--EAVKVHLNKRSMSTRTSMRSSRKGRSRSG-------------------------
E--TECD-----------------------------------SPYIEHPPQSEARPKSSSRGPLVITAIVAALTILIILGVIFLL---NRSYKNKKPRLAVETGPSSL--QKKTGIREADQSRRDRKKADHRKGSGTTKRMGAAAG------------------
D--TKCS----------------------------------SPYNHSSEPKSSTKKTSSKFLYIVAAAVAALAASLIIIGVVIFL---IRRRKKKQPLLSAEPGPSSL--QMRAGIQESERGQGSYHSQNRAAKKM----------------------------
N--IECD---------------------------------------EKPSSTGSGNEKNNTAKAIFMVILFLLIFLFVVAII------TRWKKKRQPEFRMLGKDHLSDQESVEVRVPDSIKKPIDSSKKRSNAEGSSKKGSSHNGKGAGGGPG----------
---SPCS----------SDSG-----------------------SSPDLPSSPTEKNKNQSFFIIAIVLIVIGIILMIISLVVCI---LHTRRRKSLSAYPSAGQDRT--EKYNYDQSTDKDKAADSVTSYTSRRGAV--------------------------
---SPCS---------SSSPGVPVVPVS----------------PVDPKSTSPPTGKKAGSFYTLAIILIVIGIILVIIALVFCF---VQSRRRNFLSAYPSSAGKER--IESYNYHQSTNKNNKPAESVNHTRRGSMP-------------------------
D--VGCE-----------------------------NIELNDPQEGQPPSKPSSSVPETSNKAAINAIMVSISLLLLFFIIVGVI---KRRNKKKNPDFRMLANNREN--DVVEVRISESSSTTAKRSTDSSRKRGGHSDDGSTKKGVSNIGKGGNGGGGGALG
---LPCR----------------------------------------------YTRPPFFTVFLLALTILAVVVLITVFLSVCIL---SRRQGKGQDQIQNHGVGHFH--GQVYGQPEQQQHSEKSSQDSKVYRKLANETVQRDSTATSGAISVGGLSPDEDKR
G--SPCG--------------------------------ISPAPSAKPTPIPKSKKSKAKLIGIIAGSVAGGVLVLILLLTLLIV---CWRRKRRNQAPREDRKGKGI--AEAEGATTAETERDIERKDRGFSWERGEE-------------------------
Q--NSCN----------DTTGITSTP------------------SAKPAIPVAKTRSRTKLIGIISGSICGGILILLLTFLLICL---LWRRKRSKSKREERRSKRVA--ESKEAKTAETEEGTSDQKNKRFSWEKESEE------------------------
S--TPCP----------QPKN-----------------------STASITIEGTMKDANKSKYFLAFSTLGVLLIVVLVSLAFR----KKKKKRRRKKARRTSEQDNS--DDQQIQVTVEGSNSSRQSRSSRSGELNKGV------------------------
N--RSCGLHSSSPFFGSPKPNTTSSTSSASSSEAPVIQSEQ---NGEAAMIVPPVVKKVKNGWLVLGFTIGLASLIVLGLCLVVFSLFIKNRREDYDDVIITQPKREE--ENKEIKIQFQTTAPSSKKRI----------------------------------
H--KECNPRAKFFTPVTAAPSPKMVLGQIA--------------QIGGARLSRPSQNKHSRFFVILGFISGAFILFISVACLIGA---VKRRRSKTEKQKGKESTAVV--TFDAAETAEVAAAIEQESEIEEKVKKLQA-------------------------
N--RACA----------SRSPFFGSTNKTTSSEAPLGQSAQAQNGGAVVIPPVVTKKKGKESGLVLGFTAGLASLIVLGLCLVVF---SLVIKKRNDDGIYEPNPKGE--ASLSQQQQSQNQTPRTRAVPVLNSDTESQKREKEVQFQETEQRI----------
D--TPCD-------------------------------------------KLASPSNMSTFMTIAVVLIVVGVILAAAGIATGVIGRRRRKRRRRRPGPGEPGGDQTP--SNPKLHTAPAVNINRGSATAAASTAAAAGTSASGGGGGAAAKRGGRR-------
R--IQCA----------APTAPAAAAA-----------------FTPLPPPRSNRSRRAKNAGIVAGATVAGVVVLGILVAAAVM---ASRRGRNKRVAGDVDKGAMP--EEEEEQQQQQPQAQPREEINASASASASVASERRGGREFSWER-----------
R--RECR---GSHLLFFHGPGNNGSAAPPVQSAAATGDGPQRDDISLPDSSTPRSRKLRRRAAIAVAATAAAFVAVLLLCAMIAM---KRGKKRRRPSSAAYPSPKKS--AAMSEVSRDNTDLGYVECVPDEETAAMMMPEEKARRL-----------------
D--RPCK------------------------------------------RVQAAAASSSKRSPMAFVTLLVSVVVVALVLCLCC----NRSSRVHDFDPAHRGGDGLD--ERPPVYMVKQFSTTGKRSASWLGKRTGSSLRGHRRAASAAKADELG--------
G--APCP----------EVPILASP-------------------SPSPLSSSWWSPRSLKILMIIALVVVVVGALLAFAGALTAM---LARRREATTETQGGGVGGAA--ANAAA-ARMKATPNPAVTVAHGGGGGGGEQQPHVTVSAVPAKRGGRR-------
D--AKCE----APSPAATTSPPAATSGKIGTSPSPTAAAETTTTGTVPAEEGTQGATKPTKGSTSFGVLAAFLGTLAIIGFAVVE---LQRRREYNTQNFGPAASTKP--TLPSAPASPATKPTHAAAAATAAAATTGGGGARSSSVSGSTARGGGGKA-----
F--PPCP---------------------------------------PPPSSGENDGKRRRRARTIVMCLGYVLLGAGVAAFVLYM---MCSKRRRRPSGVGGKTAATT--ETSSSVTPGKSAYSLPMSEERMNATAAAAAAVARATPASLVVLQRSG-------
SGAGACA---------AAAPGPAHT-------------------AMPPMSAADYFAVQEETSVFVVMGIIMLVVLLVAGAMVLML---RQDEGTSTASSGYEHPAIGA--PSGNLSVPHAAGAAASAQLVTMEQGGSGAAGGAGGVGGVGGAR-----------
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     500         *       520         *       540         *       560         *       580         *       600         *       620         *       640         *      
AVQQKLLFLK-------DDIE--KFDLPDLLKASAEILGS-----------GVFGSTYKAALSRG-RVMVVKRFRQMNN----VGKED-FHEHMRRIGRLSHKNLLPVVAYYYRKEEKLLVSEYVNNVSLAVHLHG--N-KSRGQPSLDWPTRLKIVKGVAKGL
VAGQKLLFLK-------DDIE--KFDLPDLLKASAEVLGS-----------GVFGSTYKAALSTG-PVMVVKRFRHMNK----VGKED-FHEHMRRLGRLSHKNLLPVIAFYYRKEEKLLVFEYVNNVSLAVYLHG--NSKSRGNQSLDWPTRLKIVKGVSKGI
SDMGDLVVVN-------DEKG--IFGMPDLMKAAAEVLGN-----------GGLGSAYKALLGNGVLSVVVKRLRETNK----FNKEC-FDAEIRRLARIRHKNILQPLAYHYGKEEKLVVSEYIPKGSLLYLFHG--D-RGTAHAQLNWCIRVKIILGVANGM
VENTKLSFLR-------EDRE--KFDLQDLLKASAEILGS-----------GCFGASYKAVLSSG-QMMVVKRFKQMNN----AGRDE-FQEHMKRLGRLMHHNLLSIVAYYYRKEEKLLVCDFAERGSLAINLHS--N-QSLGKPSLDWPTRLKIVKGVAKGL
IHTTKLSFLR-------DDKG--KFELQDLLKASAEILGS-----------GCFGASYKTLLSNG-SVMVVKRFKHMNS----AGIDE-FQEHMKRLGRLNHENLLPIVAYYYKKEEKLFVSDFVANGSLAAHLHG--H-KSLGQPSLDWPTRFNIVKGVGRGL
SGMGDIIMVN-------SEKG--SFGLPDLMKAAAEVLGN-----------GSLGSAYKAVMANG-LSVVVKRIRDMNK----LAREA-FDTEMQRFGKLRHPNVLTPLAYHYRREEKLVVSEYMPKSSLLYVLHG--D-RGVYHSELTWATRLKIIQGVARGM
PDQNKLLFLQ-------DDIQ--RFDLQDLLRASAEVLGS-----------GSFGSSYKTGINSG-QMLVVKRYKHMNN----VGRDE-FHEHMRRLGRLKHPNLLPIVAYYYRREEKLLIAEFMPNRSLASHLHA--N-HSVDQPGLDWPTRLKIIQGVAKGL
DPGGRLLFVR-------DDIQ--RFDLQDLLRASAEVLGS-----------GTFGASYKAAISSG-QTLVVKRYKHMNN----VGRDE-FHEHMRRLGRLNHPNILPLVAYYYRREEKLLVTEFMPNSSLASHLHA------NNSAGLDWITRLKIIKGVAKGL
GGMGDIIMVN-------TDKG--SFGLPDLMKAAAEVLGN-----------GSLGSAYKAVMTTG-LSVVVKRIRDMNQ----LAREP-FDVEMRRFGKLRHPNILTPLAYHYRREEKLVVSEYMPKSSLLYVLHG--D-RGIYHSELTWATRLKIIQGVAHGM
GDQRKLHFVR-------NDQE--RFTLQDMLRASAEVLGS-----------GGFGSSYKAALSSG-RAVVVKRFRFMSN----IGREE-FYDHMKKIGRLSHPNLLPLIAFYYRKEEKLLVTNYISNGSLANLLHA--N-RTPGQVVLDWPIRLKIVRGVTRGL
GAVGTLVFLG----TSDSGETVVRYTMEDLLKASAETLGR-----------GTLGSTYKAVMESG-FIVTVKRLKNARY----PRMEE-FKRHVEILGQLKHPNLVPLRAYFQAKEERLLVYDYFPNGSLFTLIHG--TRASGSGKPLHWTSCLKIAEDLASAL
GSVGTLVFLG-------RDITVVRYTMDDLLKASAETLGR-----------GTLGSTYKAVMESG-FIITVKRLKDAGF----PRMDE-FKRHIEILGRLKHPNLVPLRAYFQAKEECLLVYDYFPNGSLFSLIHG--SKVSGSGKPLHWTSCLKIAEDLAMGL
AGTSDLVMVN-------KEKG--VFRLSDLMKAAAHVLGNPGGGSNRPRSSGGVGSAYKAVLSNG-VTVVVKRVTVMNQ----VSVDV-FDKEIRKLGSLQHKNVLTPLAYHFRQDEKLLVFEFVPNLNLLHRLHG--D---HEEFQLDWPSRLKIIQGIARGM
PRNGDLIFCG---EGGGGGEA--MYTVDQLMRASAELLGR-----------GSVGTTYKAVMVNQ-MIVTVKRFAPSKT--AITSDLE-FENQMEIVGGLKHPNLVPVKAYFQSNGERLVIYEYQPNGSLFNLIHG--S-RTSKAKPLHWTSCLKIAEDVAQAL
TKSGSLVFCA-------GEAH--VYTMDQLMTASAELLGR-----------GTVGTTYKALLDSR-LIVTVKRLDAIRL--AGVGRDK-FEHHMESVGALGHPNLVPLRAYFQAKEERLLIYDYLPNGSLSSLVHG--T-KSSRATPLHWTSCLKIAEDVAQGL
PNSGNLVFCG-------ESRSQGMYTMEQLMRASAELLGR-----------GSVGITYKAVLDNQ-LIVTVKRLDAAKT--AVTSEEA-FENHMEIVGGLRHTNLVPIRSYFQSNGERLIIYDYHPNGSLFNLIHG--S-RSSRAKPLHWTSCLKIAEDVAQGL
DEHGRLVFVQ-------ESRK--RFEIEDLLRASAEVLGS-----------GNFGSSYKATLQER-PAVVVKRFKDMNG----VGRED-FSEHMRRLGRLSHPNLLPVVAYLYKKDEKLLITDYITNGSLAHFLHG------NRGSELDWGKRLRIIRGTARGL
EGIGKLVFCG-------GVAE--MYSLEELLRASAETLGR-----------GEVGSTYKAVMETG-FIVTVKRMREPA-----AGAAE-LGRRAEELGRLRHPNVVALRAYFQAKEERLLVYDYYPNGSLFSLLHGSSSRTSSKGKPLHWTSCMKIAEDVAAGL
ERSGCLTFCA-------GEGA--SYSLEQLMRASAEVLGR-----------GSVGTTYKAVLDGR-LVVIVKRLDAAKIGAAALEAEA-FEQNMDAVGRLRHPNLVSLRAFFQAKEERLLVYDYQPNGSLYSLIHG--S-RSSRAKPLHWTSCLKIAEDIGQGL
GGAGDLVIVN-------NCKG--VFGLTDLMKAAAEVIGS-----------GGHGSAYKAVMANG-VAVVVKRARDMNR----ATKDA-FEAEMKRLGAMSHANLLPPLAYHYRRDEKLLVYEYIPKGSLLYVLHG--D-RGMDYAGLDWPTRLKVAVGVARGT
DDHGRLVFIQ-------EGRE--RFELEDLLRASAEVLGS-----------GSFGASYKATLVEG-QSMVVKRFKEMNG----VGRQD-FNEHMRRLGRLVHPNLLPVVAYLYKKDEKLFVTEYMVNGSLAHLLHG-----GSSMAALDWPRRLKIIKGVTRGL
GEQGRLTFVR-------DDDRGRFFELQDLLKASAEVLGA-----------ANLGVCYRATLTGG-HSVVVKRFKEMNR----VGKED-FEEHMRRLGRLSHPNLLPLISYYYRKEEKLLIHDYVPNKSLAHLLHG--E-GRRVKKLVHWPARLKLVKGVARAL
TAASTVMTLNTAAAAAAEAAR--KLRFEDLLRSPAELLGR-----------GRFGSAYKVVVPGG-AALAVKRVKDAAG----AEEEEEFRRRMERVGKARHPAVLPPLAFYCAMQEKLVVYEFLGHGSLAKLLHG--S-IESSQVALDWPARLHIASKVADGM
KQVAEFVLMS-------NAAG--EFGLPELMKASAEVLGN-----------GTLGSAYKAAMRNG-VTVAVKRMRDMNR----VGRAE-FEEHIRMLGELRHPNVLSPVGYHYRKEEKLIVSEFMPRGSLLYVLHG--D-QSPERVVLDWPARMRIAVGVVRGL
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 660         *       680         *       700         *       720         *       740         *       760         *       780         *       800         *       820
LYLYNELPSLT-------A-----------------PHGHLKSSNVLLNESYEPLLTDYALL-----PVVNLEHAQEH---MIAYKSPEF---K-----------HNG-R-ITRKNDVWTLGILILEMLTGKFPSNFLQQGKGSDT---DLATWVRSVVNEDMT
LYLYNELPSLT-------S-----------------PHGHLKSSNVLLTENFEAVLTDYALL-----PVVNAEHAHEH---MISYKAPEL---K-----------QSG-K-VNRKTDVWTLGMLILEILTGKFPSNLLGKGTQDSD---DLATWVNTTLGGESS
KFLHSEFGSYD-------V-----------------PHGNLKSSNILLSANNEPLLTDYAFY-----PLVNNSQAVQS---LFAYKSPEA---I-----------LNQ-Q-VTPKSDVYCLGIIILEILTGKFPSQYLSNQKFTGT---DVAQWVQSAIEENRV
FYLHQDLPSLM-------A-----------------PHGHLKSSNVLLTKTFEPLLTDYGLI-----PLINQEKAQMH---MAAYRSPEY---L-----------QHR-R-ITKKTDVWGLGILILEILTGKFPANFSQ---SSEE---DLASWVNSGFHGVWA
LYLHKNLPSLM-------A-----------------PHGHLKSSNVLLSEKFEPLLMDYGLI-----PMINEESAQEL---MVAYKSPEY---V-----------KQS-R-VTKKTDVWGLGVLILEILTGKLLESFSQVDKESEE---DLASWVRSSFKGEWT
DFLHEEFASYD-------L-----------------PHGNLKSSNVLLSETYEPLISDYAFL-----PLLQPNNASQA---LFAFKSPEF---V-----------QNQ-Q-VSPKSDVYCLGIIVLEVMTGKFPSQYLNTGK-GGT---DIVEWVQSSIAQHKE
GYLFNELTTLT-------I-----------------PHGHLKSSNVVLDESFEPLLTDYALR-----PVMNSEQSHNL---MISYKSPEY---S-----------LKG-H-LTKKTDVWCLGVLILELLTGRFPENYLSQGYDANM---SLVTWVSNMVKEKKT
SYLFDELPTLT-------I-----------------PHGHMKSSNIVLDDSFEPLLTDYALR-----PMMSSEHAHNF---MTAYKSPEY---R-----------PSKGQIITKKTDVWCFGVLILEVLTGRFPENYLTQGYDSNM---SLVTWVNDMVKEKKT
KFLHEEFASYD-------L-----------------PHGNLKSSNVLLSETYEPLISDYAFL-----PLLQPSNASQA---LFAFKTPEF---A-----------QTQ-Q-VSHKSDVYCLGIIILEILTGKFPSQYLNNGK-GGT---DIVQWVQSSVAEQKE
AYLYRVFPDLN-------L-----------------PHGHLKSSNVLLDPNFEPLLTDYALV-----PVVNRDQSQQF---MVAYKAPEF---T-----------QQD-R-TSRRSDVWSLGILILEILTGKFPANYLRQGKGADD---ELAAWVESVARTEWT
LYIHQNPG----------L-----------------THGNLKSSNVLLGPDFESCLTDYGLS-----TLHDPDSVEETSAVSLFYKAPEC---R-----------DPR-KASTQPADVYSFGVLLLELLTGRTPFQDLVQEYGS-----DISRWVRAVREEETE
VYIHQNPG----------L-----------------THGNLKSSNVLLGPDFESCLTDYGLS-----DLHDPYSIEDTSAASLFYKAPEC---R-----------DLR-KASTQPADVYSFGVLLLELLTGRTSFKDLVHKYGS-----DISTWVRAVREEETE
WYLHRELGFLN-------L-----------------PHGNLKSSNIFLAEDGEPLISEFGLQ-----KLINPDAQSQS---LVAFKSPEA---D-----------RDG-T-VSAKSDVFSFGVVVLEILTGKFPSQYAGLNRAGGA---NLVEWLGSALEQGGW
HYIHQSSAKF---------------------------HGNLKSTNILLGHDFEACVTDYCLS-----VLTDSSVPPND-PDISSYKAPEI---R-----------KSTDSRPTSKCDVYSFGVFLLELLTGKTASRQPIMEPN------DMLDWVRAMRQEEER
SYIHQAWQ----------L-----------------VHGNLKSSNVLLGQDFEACIADYCLVALATNPPLTSNDGQED-ADAAAYKPPEA---R-----------HKSLNYQSVKADVYSFGILLLELLTGKQPSKIPVLPLD------EMIEWVRKVREEGEK
YYIHQTSSALV--------------------------HGNLKSTNILLGQDFEACLTDYCLS-----VLTDSSSASPDDPDSSSYKAPEI---R-----------KSS-RRPTSKCDVYSFGVLIFELLTGKNASRHPFMAPH------DMLDWVRAMREEEEG
GHLYDELPMLT-------V-----------------PHGHLKSSNVLLDGDMEAVLSDYALV-----PVVTASAAAQV---MVAYKAPECVAAA-----------AAG-K-PSKKSDVWSLGILILEVLTGKFPANYLRQGRQDNA---DLAGWVSSVVSEERT
VHLHQSPPAGI-------V------------------HGNLKPSNVLLGPDFESCLTDYGLV-----PTLLPSHADLASSTSVLYRAPET---------------RTA-HAFTPASDVYSFGVLLLELLTGKAPFQDLMEMHSD-----DIPSWVRAVREEETE
AYIHQASR----------L-----------------VHGNIKSSNVLLGSDFEACLTDNCLA-----FLLESSEVKDD----AAYRAPEN---M-----------KSN-RRLTPKSDIYAFGILLLELISGKPPLQHSVLVAT------NLQTYVQSARDDGV-
AFLHGELAGHE-------V-----------------PHGNLKSANILLAPDFEPLLVDFGYS-----GLINHMQSPNS---MIARRAPEC---A-----------AGH-P-VGAKADVYCLGIVLLELLTGKFPSLYLQNAK-GGT---DLVMWATSAIADGYE
AHLYDELPMLT-------V-----------------PHGHLKSSNVLLDAAFEPILSDYALV-----PVMTPRHAAQV---MVAYKSPEC---G-----------ETG-R-PSKKSDVWSLGILILEVLTGKFPANYHRQGR-TGT---DLAGWVHSVVREEWT
QYLYDELPMLT-------V-----------------PHGHLKSSNILLNDRFEPLLTDYSLV-----PVMNQSHSAQL---MVAFKSPER---R-----------QFG-R-SSKKSDVWCLGILILEILTGRPPSYDPPPQPEAATANGDLVGAVASTPEGEWL
AFMHGALRGGDGDGDGANANLSFSSSYEEDEAGGAIAHGNLKASNILFTATMEPCISEYGVT-----APPPPSSAPAA----------------------------------ALRADVRAYGVLLLELLTGKATAAD-------GA---ELSRWVTAVIREEWT
SYLHEKLGIPA-------MRLVSMTGADFDAPPPPPPHGNLKSGNILLDAHLEPRIVDYGFF-----PLVNTSQAPHA---MFAFRSPEA---ASAAAAGAGAAAQRA-A-LSARSDVYCLGIVLLELVTGKFPSQYLLTAR-GGT---DVVQWAASAVAGGTE
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 : 593
 : 570
 : 559
 : 579
 : 563
 : 582
 : 597
 : 599
 : 608
 : 591
 : 582
 : 575
 : 580
 : 608
 : 605
 : 619
 : 609
 : 603
 : 657
 : 589
 : 606
 : 636
 : 617
 : 641
      

             
             
LePRK1     : 
LePRK2     : 
LePRK3     : 
AT5G35390. : 
AT2G07040. : 
AT3G42880. : 
AT3G20190. : 
AT1G50610. : 
AT5G20690. : 
AT4G31250. : 
AT1G10850. : 
AT1G60630. : 
AT1G72460. : 
AT3G50230. : 
AT5G43020. : 
AT5G67200. : 
LOC_Os02g0 : 
LOC_Os02g5 : 
LOC_Os04g5 : 
LOC_Os06g0 : 
LOC_Os06g4 : 
LOC_Os08g4 : 
LOC_Os09g2 : 
LOC_Os11g4 : 
             

                                                                                                                 
         *       840         *       860         *       880         *       900         *       920         *   
EVDVFEKEM---RGTTN----SEGEMMKLLKIALGCCD--LDMKKRFDIKEAMERIEEVKERD------------GDDDFYSTRGLSDDYTQVSMNI----------------
EKEVFDKEM---KGTKD----CESEMMKLLKIGLSCCE--ADVEKRCDIKEAVERIDEVK---------------GKGDFSSNVASNEVDNMHTSR-----------------
S-ELIDPEI---ETEKD----SLEMMEKFLYIGAACTE--SDHDHRIDMKEAIRRIEEITDLM--------------------------------------------------
P-SLFDKGM---GKTSH----CEGQILKLLTIGLNCCE--PDVEKRLDIGQAVEKIEELKEREG-----------DDDDFYSTYVSETDGRSSKGESCESISFA---------
Q-ELFDQEM---GKTSN----CEAHILNLMRIGLSCCE--VDVEKRLDIREAVEKMEDLMKEREQ----------GDDDFYSTYASEADGRSSRGLSSEGINLS---------
E-ELIDPEI---ASNTD----SIKQMVELLRIGAACIA--SNPNERQNMKEIVRRIERVTL----------------------------------------------------
G-DVFDKEM---TGKKN----CKAEMLNLLKIGLSCCE--EDEERRMEMRDAVEKIERLKEGE------------FDNDFASTTHNVFASRLIDDDDFGFAMNR---------
G-DVFDKEM---KGKKN----CKAEMINLLKIGLRCCE--EEEERRMDMREVVEMVEMLREGESEDDF-------GSMDHRGTHNNVYSSMLLDDDDFGFSMNR---------
E-ELIDPEI---VNNTE----SMRQMVELLRVGAACIA--SNPDERLDMREAVRRIEQVKT----------------------------------------------------
A-DVFDKEM---KAGKE----HEAQMLKLLKIGLRCCD--WDIEKRIELHEAVDRIEEVDRDAGG----------GQESVRSSYVTASDGDHRSSRAMTEEFSLM--------
SGEEPTS-----SGNEA----SEEKLQALLSIATVCVT--IQPDNRPVMREVLKMVRDARAEAPFSS--------NSSEHSPGRWSDTVQSLPRDDQVSI-------------
VSEELNA--------------SEEKLQALLTIATACVA--VKPENRPAMREVLKMVKDARAEAALFSF-------NSSDHSPGRWSDTIQSLPREDHMSI-------------
M-DLLHPMVVTAAAEDK---IMEEEIENVLRIGVRCTR--EDPDQRPNMTEV---VDELTIED------------SNDDFITIET----------------------------
S---------------K----EENGLEMMTQTACLCRV--TSPEQRPTMKEVIKMIQEIKGSVV-MTE-------ENEKFL--------------------------------
K----------NGNWRE----DRDKFGMLTEVAVACSL--ASPEQRPTMWQVLKMLQEIKEAAVM----------EECELVMDSANSESS-----------------------
T--------------------EDNRLGMMTETACLCRV--TSPEQRPTMRQVIKMIQEIKESVMAE---------ENDPFR--------------------------------
G-EVFDKDM--AAAGAG----AEDDMLKLLHVGLGCCD--ADVDQRWELKTAIARIEEIRVPDPTPTP-----AAAADAAEPSPSTTTTTNSGETRS----------------
SGGESASA-------GG----TEEKLGALISIAAACVV--ADPARRPTTPEVLRMVREARAEAM-SSS-------NSSDRSPARWSDAVQVQMGMGVPRDQGELGGLT-----
---------------------DVERLSMIVDIASACVR--SSPESRPTAWQVLKMIQEVKEADTAGD--------NDSDLTSNS-----------------------------
R-DLFDKAI--TSAWKF----ALPDMARLMRVAVDCVE--TDADKRPDMKVAAARVEEVVAAAMATVRERHQAAGGESSRSSSHAQYVRDGSMQRITSVGERSSRRGSNDYSS
G-EVFDQEM---RGARG----GEGEMVKLLKVGLGCCE--SDVDKRWDLRDALARIEELRERDAGAGA-------DDSSAASSVASGGGGGEASRSHSS--------------
E-KVVDADMIRKWEDEE----SKGEMVKLIKIGMACCE--AAVDSRWELKTAVESIEELKGGKEEDAN-------DEHSFYSSIDGDEFASVAIN------------------
A-EVFDRAMLSSAGAGGDTVASEQRMVRLLQVAMRCIDDASSPSPPPTMREVAGMVNAIREE-------------DDMSLSSEA-----------------------------
Q-EVVDPVV-----AAG----AGPAAVRLLRVGVRCTI--PEPESRPSMADVARMVEQVAGGGGGGAS---------------------------------------------
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Figure S4. Alignment data used to produce the PRKs 

phylogenetic tree in Figure 1A.  

The alignment was produced by MUSCLE 3.6 and presented by 

GeneDoc without adjustment. 



             
             
RopGEF1    : 
RopGEF2    : 
RopGEF3    : 
RopGEF4    : 
RopGEF5    : 
RopGEF6    : 
RopGEF7    : 
RopGEF8    : 
RopGEF9    : 
RopGEF10   : 
RopGEF11   : 
RopGEF12   : 
RopGEF13   : 
RopGEF14   : 
Araly1.314 : 
Araly1.477 : 
Araly1.479 : 
Araly1.483 : 
Araly1.485 : 
Araly1.486 : 
Araly1.488 : 
Araly1.490 : 
Araly1.490 : 
Araly1.497 : 
Araly1.861 : 
Araly1.874 : 
Araly1.883 : 
Bra000971  : 
Bra002246  : 
Bra003536  : 
Bra004945  : 
Bra006510  : 
Bra007183  : 
Bra009152  : 
Bra009621  : 
Bra013249  : 
Bra015010  : 
Bra015068  : 
Bra018956  : 
Bra020048  : 
Bra021162  : 
Bra027189  : 
Bra030396  : 
Bra036671  : 
Bra037342  : 
Cucsa.0620 : 
Cucsa.0666 : 
Cucsa.1164 : 
Cucsa.1193 : 
Cucsa.1355 : 
Cucsa.1363 : 
Cucsa.1758 : 
Cucsa.3592 : 
mgv1a00322 : 
mgv1a00378 : 
mgv1a00399 : 
mgv1a00461 : 
mgv1a00530 : 
mgv1a00594 : 
mgv1a00778 : 
mgv1a02184 : 
mgv1a02262 : 
mgv1a02280 : 
mgv1a02642 : 
POPTR_0001 : 
POPTR_0002 : 
POPTR_0002 : 
POPTR_0003 : 
POPTR_0004 : 
POPTR_0005 : 
POPTR_0006 : 
POPTR_0008 : 
POPTR_0009 : 
POPTR_0010 : 
POPTR_0014 : 
POPTR_0016 : 
POPTR_0018 : 
Thhalv1000 : 
Thhalv1000 : 
Thhalv1000 : 
Thhalv1001 : 
Thhalv1001 : 
Thhalv1001 : 
Thhalv1001 : 
Thhalv1001 : 
Thhalv1001 : 
Thhalv1001 : 
Thhalv1002 : 
Thhalv1002 : 
Thhalv1002 : 
Thhalv1002 : 
Thhalv1002 : 
Vv.1782614 : 
Vv.1782686 : 
Vv.1782737 : 
Vv.1783220 : 
Vv.1783447 : 
Vv.1783965 : 
LOC_Os01g4 : 
LOC_Os01g5 : 
LOC_Os01g6 : 
LOC_Os02g1 : 
LOC_Os04g4 : 
LOC_Os05g3 : 
LOC_Os05g4 : 
LOC_Os07g2 : 
LOC_Os09g3 : 
LOC_Os10g4 : 
GRMZM2G059 : 
GRMZM2G065 : 
GRMZM2G071 : 
GRMZM2G087 : 
GRMZM2G105 : 
GRMZM2G131 : 
GRMZM2G132 : 
GRMZM2G144 : 
GRMZM2G158 : 
GRMZM2G173 : 
GRMZM2G359 : 
GRMZM2G377 : 
GRMZM2G442 : 
Selmo1.431 : 
Selmo1.623 : 
Selmo1.627 : 
Selmo1.629 : 
             

                                                                                                                       
         *        20         *        40         *        60         *        80         *       100         *       12
EIEMMKERFAKLLLGEDMSGGGKGVCTALAISNAITNLSATVFGELWRLEPLAPQKKAMWRRELEWLLCVSDSIVELIPSIQQFP-GGGTYEIMETRPRSDLYANLPALKKLDAMLIDM
ELETMKERFSKLLLGEDMSGSGKGVCTAVTISNAITNLYATVFGQNLRLEPLEIEQKTTWKREMNCLLSVCDYIFEFIPKSQNLS-NGATVEVMESRPRADIYINLPALRKLDSMLMEA
ELETMKERFAKLLLGEDMSGSGKGVCTAVTISNAITNLYATVFGQNLRLEPLETEKRALWKREMNCLLSVCDYIVEFIPRCQNLS-NGATVEVMESRPRADIYINLPALRKLDSMLMEA
ELEMMRERFAKLLLGEDMSGSGKGVCTAVTVSNSITNLYATVFGQSLRLQPLSTEKKDLWKREMNCFMSICDYIVEVIPRSL-----GTNVEITETKLRSDILMSLPALRKLDNMLMEI
DVEMMKERFAKLLLGEDMSGSGKGVCTALAISNAITNLCATIFGQLWRLEPLSSEKKEMWRREMEWILSVSDHIVELTPSTQTYP-DGNKFEVMTCRPRFDLFINLPALRKLDNMLLDI
EIELLKERMAKLLLGEDMSGSGEGVCPALAISNAITNLYAAILGQQWRLEPIPSEKKLMWRREIEVLLSVSDHIVELVPSFQNFP-NGNKIEVMNCRPRSDLFTCLPALRKLDNMLIEI
EVEMMKERFSKLLLGEDMSGSGNGVCTALAISNAITNLCATLFGQLWRLEPLPTEKKEMWRREMEWLLCVSDHIVEMTPTWQTFP-DGTKLEIMTCRPRSDLYVNLPALRKLDNMLLEI
DMEMMKDRFAKLLLGEDMSGGGKGVSSALALSNAITNLAASIFGEQTKLQPMPQDRQARWKKEIDWLLSVTDHIVEFVPSQQTSK-DGVCTEIMVTRQRGDLLMNIPALRKLDAMLIDT
ETEMMKDRFTKLLLGEDMSGGGKGVSSALALSNAITNLAASIFGEQTKLQPMAPDRRARWKKEIDWLLSVTDHIVEFVPSQQISK-EGVCTEIMVTRQRGDLLMNIPALRKLDAMLIDT
DMEVMKERFAKLLLGEDMSGGGTGETSALALSNAITKLADSMFGEQMKLQPMYPETKENWRKEMGWLLSVIDHIVQFVPSRQMGK-NGQFTEIMVTKQRDDLLTNIPALRKLDSVLLET
AMEQMKEKFSKLLLGEDMSGGGKGVSSALALSNAITNLAASAFGEQRRLEPMAVDRKTRWRREIGWLISVADYIVEFAPTQQTNK-DGTSMEVMSTRQRTDLLCNIPALKKLDAMLLDC
DMEQMKERFSKLLLGEDNSGGGKGVSSALALSNAITNLAASVFGEQRRLEPMPAERRARWRKEIDWLLSVTDYVVEFAPSQQKNK-DGTNMEIMTTRQRTDLHMNIPALKKLDAMLIDC
ELEQMKDKFAKLLLGEDMSGGSKGVSSALALSNAITNLAASAFGEIRRLEAISEDKKERWRREIGWLLSVTDHIVEFSPTHQTNE-DGSSMEVMTTKQRTDLVSNIPSLKKLDEMLLDC
DVEAMKEKFSKLLLGEDVTGGCKGVQVALALSNAVTHLATSIFGELWKLEPLCEEKKQKWRREMDWLLSPTNYMIELVPSKQNDA-NGRSLEIMTPKARADIHMNLPALQKLDSMLIET
AMEQMKEKFSKLLLGEDMSGGGKGVSSALALSNAITNLAASAFGEQRRLEPMAADRKTRWRREIGWLISVADHIVEFAPTQQTNK-DGTSMEVMSTRQRTDLLCNIPALKKLDAMLLDC
DMEQMKERFSKLLLGEDNSGGGKGVSSALALSNAITNLAASVFGEQRRLEPMPAERRARWRKEIDWLLSVTEYVVEFAPSQQKNK-DGTNMEIMTTRQRTDLHMNIPALKKLDAMLIDC
EKEQMKDKFAKLLLGEDMSGGSKGVSSALALSNAITNLSASAFGELRRLEPISEDRKERWRREIGWLLSVTDHIVEFSPTHHTNE-DGSSMEVMTTKQRTDLVSNIPALKKLDEMLLDC
ELEMMRERFAKLLLGEDMSGSGKGVCTAVTVSNSITNLYATVFGQSLRLQPLSTEKKELWKREMNCFMSICDYIVEVIPRSL-----GTNVEITETKLRSDILMSLPALRKLDNMLMEI
EIELLKERMAKLLLGEDMSGSGEGVCPALAISNAITNLYAAILGQQWRLEPIPSEKKSMWRREIEVLLSVSDHIVELVPSFQNFP-NGNKIEVMNCRPRSDLFTCLPALRKLDHMLIEI
EVEMMKERFSKLLLGEDMSGSGNGVCTALAISNAITNLCATLFGQLWRLEPLPTEKKEMWRREMEWLLCVSDHIVEMTPTWQTFP-DGTKLEIMTCRRRSDLYVNLPALRKLDNMLLEI
DIEVMKERFAKLLLGEDMSGGGDGVTSALALSNAITKLADSMFGEQMKLQPMYPETKEIWRKEMDWLLSVVDHIVQFVPSKQMGK-NGQFTEIMVTKQRDDLLTNIPALRKLDSVLLET
ELETMKERFAKLLLGEDMSGSGKGVCTAVTISNAITNLYATVFGQNLRLEPLETEKRAMWKREMNCLLSVCDYIVEFIPRCQNLS-NGATVEVMESRPRADIYINLPALRKLDSMLMEA
EIEMMKERFAKLLLGEDMSGGGKGVCTALAISNAITNLSATVFGELWRLEPLAPQKKAMWRRELEWLLCVSDSIVELIPSLQHFP-GGGTYEIMETRPRSDLYANLPALKKLDAMLIDM
ELEMMRERFAKLLLGEDMSGSGKGVCTAVTVSNSITNLYATVFGQSLRLQPLSTEKKELWKREMNCFMSICDYIVEVIPRSL-----GTNVEITETKLRSDILMSLPALRKLDNMLMEI
DVDMMKERFAKLLLGEDMSGSGKGVCTALAISNAITNLCATIFGQLWRLEPLSSEKKEMWRREMEWILSVSDHIVELTPSTQTYP-DGNKFEVMTCRPRFDLFINLPALRKLDNMLLDI
DMEMMKDRFAKLLLGEDMSGGGKGVSSALALSNAITNLAASIFGEQTKLQPMPQDRQVRWKKEIDWLLSVTDHIVEFVPSQQTSK-EGVCTEIMVTRQRGDLLMNIPALRKLDAMLIDT
ETEMMKDRFTKLLLGEDMSGGGKGVSSALALSNAITNLAASIFGEQTKLQPMAPDRRARWKKEIEWLLSVTDHIVEFVPSQQISK-EGVCTEIMVTRQRGDLLMNIPALRKLDAMLIDT
ELETMKERFSKLLLGEDMSGSGKGVCTAVTISNAITNLYATVFGQNLRLEPLETEKRALWKREMKCLLSVCDYIVEFIPRCQSLS-NGTTVEVMESRPRADIYINLPALRKLDSMLMEA
DMEAMKARFAKLLLGEDMSGGSEGVTSALALSYAITNLADSVFGEQMKLQPMYPETKKIWRKEMNLLLSVVDHIVQFVPSKQMGK-NGAFTEIMVTKQRDDLLMNIPALRKLDSVLLET
DMEQMKERFSKLLLGEDNSGGGKGVCSALALSNAITNLAASVFGEQRRLEPMPADRRARWRREIDWLLSVTDYVVEFAPSQQKNK-DGTTMEIMTTRQRNDLHMNIPALRKLDAMLIDC
ELEMMRERFAKLLLGEDMSGSGKGVCTAVTVSNSITNLYATVFGQSLRLQPLSTEKKDLWKREMNCFMSICDYIVEVIPRSL-----GNNVEITETKLRSDILMNLPALRKLDNMLMDI
DMEMMRERFAKLLLGEDMSGGEKGVTSALALSNAITNLADSMFGEHMKLQPMDLKRKKIWRKEMNWLLSVVDHIVQFVPSKQVAK-TGDFTEIMVTKKRDDLLMNIPALRKLDSVLLET
EVELLKERMAKLLLGEDMSGSGEGVCPALAISNAITNLYAAILGQQWRLEPLPSEKKTMWRREIEVLLSVSDHIVELVPSFQNIP-NGSKIEVMNCRPRSDLSTCLPALRKLDNMLIEI
DVDMMKERFAKLLLGEDMSGSGKGVCTALAISNAITNLCATIFGQLWRLEPLPSEKKAMWRREMEWILSVSDHIVELTPSTQTYP-DGKKFEVMTCKPRFDLFINLPALRKLDNMLLDV
EIEMMKERFSKLLLGEDMSGSGNGVCTALAISNAITNLCATLFGQLWRLEPLPKEKKDMWRREMEWLLCVSDHIVEMTPTWQTFP-DGTKLEIMTCRPRSDLYVNLPALRKLDNMLLEI
DTDMMKDRFAKLLLGEDMSGGGKGVSSALALSNAITNLAASIFGEQTKLQPMPQDRQARWKKEIDWLLSVTDHIVEFVPSKQTNK-DGVCTEIMVTRQRGDLLMNIPALRKLDTMLIDT
EIEMMKERFAKLLLGEDMSGGGKGVCTALAISNAITNLSATVFGELWRLEPLAPQKKAMWRRELEWLLCVCDSIVELIPSTQQFPGGGGTYEIMETRPRSDLYANLPALKKLDAMLIDM
DTEMLKDRFAKLLLGEDMSGGGKGVSSALALSNAITNLAASIFGEQTKLQPMPQDRQARWKKEIDWLLSVTDHIVEFVPSQQMSK-DGVCTEIMVTRQRGDLLMNIPALRKLDAMLIDT
AMDQMKEKFSKLLLGEDMSGGGKGVSSALALSNAITNLAASAFGEQRRLEPMAADRKARWRREIGWLISVADHIVEFAPTQQTNK-DGTSMEVMSTRQRTDLLCNIPALKKLDAMLLDC
DMEVMKERFARLLLGEDMSGGSEGVSSALALSNAITNLADSMFGEQMKLQPMYPETKEIWRKELDWLLSVVDHIVQFVPSKQMAK-NGAITEIMVTKQRDDLLMNIPALRKLDSVLLET
-----------------MSGGGEGVSSALALSNAITNLSASAFGEQRRLEPISEDRKERWRREIGWLLSVTDHIVEFSPTQQTNK-DGSSIEVMTTRQRGDLVSNIPALKKLDVMLTDC
--EQMKERFAKLLLGEDMSGGGKGVSSALALSNAVTNLSASAFGEQRRLEPMSEDRKERWRREMGWLLSVTDHIVEFSPTQQTNK-DGSSIEVMTTRQRTDLVSNIPALKNLDVMLTDC
AMEQMKERFSKLLLGEDMSGGGKGVSSALALSNAITNLAASAFGEQRRLEPMPADRKARWRRELGWLISVADHIVEFAPTQQTNK-DGSSMEVMTTRQRTDLLCNVPALKKLDAMLLDC
----LKDRFAKLLLGEDMSGGGKGVSSALALSNAITNLAASIFGEQTKLQPMPQDRQARWKKEIEWLLSVTDHIVEFVPSQQTSK-DGVCTEIMVTRQRGDLLMNIPALRKLDAMLIDT
ELETMKERFAKLLLGEDMSGSGKGVCTAVTISNAITNLYATVFGQNLRLEPLETEKRALWKREMNCLLSVCDYIVEFIPRCQSLS-NGTTVEVMESRPRADIYINLPALRKLDSMLMEV
ETEQMKERFAKLLLGEDMSGGGKGVSSALALSNAITNLAASVFGEQWRLEPMSVERKARWRKEIDLLLSVTDYIVEFVPSQQKSK-DGTNMEIMVTRQRNDLHMNIPALRKLDAMLIDC
EIEMMKERFSKLLLGEDMSGCGNGVCTALAISNAITNLCATLFGQLWRLEPLPSEKKLMWRREMDWLLCVSDHIVELTPTWQTFP-DGSKLEVMTCRPRSDLYVNLPALRKLDNMLLEI
DLDLMKAKFAKLLLGEDMSGGGKGVSSALALSNAITNLAGVLFDLLQKLEALSPGKKARWRREIEWFLSVTDHIVEFVPSKQTSK-DGIDMEIMVTLQRKDLLMNIPALRKLDAMLLSY
EVEMMKERFAKLLLGEDMSGGGKGVCTALAISNAITNLSASVFGELWRLEPLAPQKRAMWHREMEWLLCVCDSIVELVPTVQPFP-GGGTYEVMMSKPRSDLHMNLPALKKLDALLLGI
EMEMMKERFAKLLLGEDMSGSGKGVCTAVTISNAITNLYATVFGQNLKLEPLPPEKKAMWKREMSCLLSVCDYIVEFFTLSQTLE-DGTSLEVLNSRQRSDICLNLPALQKLDMMLLDI
EMELMKERFAKLLLGEDMSGSGKGVSTALAISNSITNLCATIFGQLWRLEPLPKEKKSMWKRELEWLLCVSDHIVELIPSFQTFP-DGSKLEVMTSRPRSDIFINLPALRKLDNMLLEI
ETEMMKERFSKLLLGEDMSGSGNGVCTALAISNAITNLCGSVFGQLWRLEPLEAERKAMWGREMEFLLCVSNHIVELIPIWQTFP-DGTKLEIMTCRPRSDLYVNLPALRKLDHMLLDI
EMEQMKERFAKLLLGEDMSGGGKGVSSALALSNAITNLAASVFGEQWRLEPMSVERKARWRKEIDLLLSVTDYIVEFVPSQQKSK-DGTNMEIMVTRQRNDLHLNIPALRKLDAMLIDC
EMEMMKGRFAKLLLGEDMSGSGKGVCPALAISNAITNLCATVFGQLWRLEPLAAEKKTMWQREMGWLLCVSDYIVEFTPSWQTVP-DGSKLEVMTSRPRSDLIINLPALRKLDNMLLEI
EIDMMKERFAKLLLGEDMSGGGKGVCTALAISNAITNLSATVFGELWRLEPMAPQKKAMWCREMEWLLSVSDSIVELVPSTQHLP-GGGTYEIMATRPRSDLYMNLPALKKLDAMLISI
EAELMKERFAKLLLGEDMSGGGKGVGTALAISNAITNLAASVFGELWKLEPLAPQKKSMWQREIEWLLCVSDSIVELVPSVQEFS-GGGSFEIMVAQQRSDLYVNLPALKKLDAMLISI
ENEMMKERFAKLLLGEDMSGCGNGVCTALAISNAITNLCATLFGQIWRLEPLKPDKKSMWRREMEWLLCVSDHIVELIPSWQTFP-DGTKLEIMTSRPRSDLYSNLPALCKLDNMLLEI
-LDRSTDKVPVSPLGNN------GAKSSAKDRHG----SASVFGEQSKLEPMSPERKARWKKEIGWLLSVADYVVEFVPSQQKAK-DGSTMEIMVTQQRKDLLLNIPALRKLDAMLLGT
---MMKERFSKLLLGEDMSGYGNGVCNALAISNAITNLCATLFGQIWRLEPLQLEKKVMWRREMEWLLCVSDHIVEFIPSCQTFP-DGTKLEVMTSRPRSDLYINLPALRKLDNMLLEI
---------------------------------------------------MSADTKAKWRKEIDWLLSVTDYIVEFVASKQKAK-DGSTMEVMATRQRNDLHMNIPALRKLDAMLLDC
ELELMKERFSKLLLGQDMSGGGKGVSSAVTISNAITNLYASIFGQHQRLEPLQFDKKMMWKREMNCLLSVCDYIVEFSPSLQHLK-DGTTIEVMSSRPRSDIYINLPALRKLDAILLDI
EMDMMKERFAKLLLGEDMSGSGKGVCAALTISNAITNLCATIFGQVWRLEPLPCEKKSKWQREMEWLLCVSDHIVEFTPSWQTFP-DGTRLEVMTCRPRCDLFINLPALRKLDNMLLEI
DMELMKERFSKLLLGEDMSGGGKGVSSALALSNAVTNLAASVFGEQSKLEPMSADRKARWKKEIDWLLSVTDYIVEFVPSQQKSK-DGTNMEIMVTQQRRDLLMNIPALRKLDVMLLGV
-MELMKEKFAKLLLGEDMSGGGKGVSSALALSNAITNLAASAFGEQKRLEPMSPEMKARWKKEIDWLLSVTDHIVEFVPSKQKAK-DGSNMEIMVTRQRNDLHMNIPALKKLDAMLLEC
-MEQMKERFAKLLLGEDMSGGGKGVSSALALSNAITNLAASVFGEQRRLEPMSPERKARWIREIDWLLSVTDHIVELVPSQQKSK-DGSSMEIMVTRQRNDIHMNIPALRKLDAMLLDS
EIELMRERFAKLLLGEDMSGGGQGTCTAAAISNAITNLSASVFGELWKLEPLAPQKKAMWKREMEWLLCVSDSIVELVPSMQEFP-GGGTYEVMVAQPRSDLYVNLPALKKLDAMLISI
ELETMKERFSKLLLGEDMSGSGKGVCTAVTISNAITNLYATVFGQNLRLEPLKPEKKSMWKREMDCLLSVCDYIVEFIPKSQNLR-DGTALEVMESRPRSDIYINLPALTKLDAMLIEV
-MEQMKERFAKLLLGEDMSGGGKGVSSALALSNAITNLAASVFGEQRRLEPMSPERKARWIREIDWLLSVTDHVVELVPSQQKSK-DGSNMEIMVTRQRNDLHMNIPALRKLDAMLLDS
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GKSSVGDSIYRYMSGSGRFFPEQLLDCLNISSEHEAVQLADRVEASMYTWRRK-SCL-SN--------SKNS--WNM-VKDLMT-D--KN-YVMAERAETLLFCLKQRYPELSQTSLDI
GKASVGDVIYKQLCTAEKFYPDQLLDILKITSEHEALELADKVEASLVTWRRK-TGGLTH--------SKSS--WDM-MKDISN-D--KN-HILAARARSLLFCLKQRYPELSQTSLDI
GRSCLGDVIYRYV-TSDKFSAESLLDCLDLSSEHIALDIANRVEASIYVWRRR-VQT-KLGV-NN---PKLT--WEM-VKELMG-D--KR-GLLVERSETLLRCLKQRFPSLTQTSLDI
GRSCLGDFLYRNI-TSDNFSADHLLESIDLSSELAVVEMANRVEASMYVWRRR-AHS-----------RHTR--WGMIVKEMMG-D--KR-EIFAERAESLLIRLKQRFPGLRQTALDT
GRSCLGDLIYRYI-SSDQFSPECLLDCLDLSSEHQAIEIANRVESSIYLWHKR-TNS-KPATN-----TKTS--WEM-VKELMVDD--KL-ELMADRAESLLLSLKQRFPGLPQTALDM
GRASLGDSIYKSI-TEEWFDPEQFLAMLDMSTEHKVLDLKNRIEASVVIWKRK-LHT-KD--------TKSS--WGS-AVSL---E--KR-ELFEERAETILVLLKQKFPGLPQSSLDI
GRVSLGDSLYKSI-TEEWFDPEQFLSTLDLSTEHKVLDVKNRIEASIVIWKRK-LHL-KD--------NKSS--WGS-AVSL---E--KR-ELFEERAETILVLLKQKFPGLPQSSLDI
GKTSLGDFLYKSI-TEESFDPDYFVSFLDLSTEHKVLDLKNRIEASMVIWKRK-MCQ-KEKD------GKSQ--WGS-TVSL---E--KR-ELFEVRAETILVMLKQQFPGIPQSSLEV
GRASLGDVIYRMI-TVEMFDADQFLIEMDLSSEHKILDLKNRIEASIVIWKRK-MVQ-KD--------TKSP--WGS-TVSI---E--KR-EQFEERAETILLLLKQGFPGISQSSLDI
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GRSCLGDLIYRYI-SSDQFSPECLLDCLDLSSEYQAIEIANRVESSIYLWHKR-TNS-KPATN-----TKTS--WEM-VKELMVDD--KL-ELMADRAESLLLSLKQRFPGLPQTALDM
GKTSLGDFLYKSI-TEECFDPDYFVSFLDLSTEHKVLDLKNRIEASMVIWKRK-MCQ-KEKD------GKSQ--WGS-TVSL---E--KR-ELFEVRAETILVMLKQQFPGIPQSSLEV
GKSSVGDSIYRYMSGSGRFFPEQLLDCLNIASEHEAVQLADRVEASMYTWRRK-ACL-SN--------SKSS--WNM-VKDLMT-D--KN-YVMAERAETLLFCLKQRYPELSQTSLDI
GKECLGEIIYQYL-TANKFSPECLLDCLDLSSEHQTLEIANRIEAAVYVWRQK-NGR-----------KLSS--WGGKVKGLVS-D--RN-DFLVQRAETLLQSLRIRFPGLPQTTLDM
GKASVGDVIYKQLCTAEKFYPDQLLDILKITSEHEALELADKVEASLVTWRRK-TGGLTH--------SKSS--WDM-MKDIGN-D--KN-HILAARARSLLFCLKQRYPELSQTSLDI
GRSCLGDVIYRYI-TSDKFSAECLLDCLDLSSEHIALDIANRVEASIYVWRRR-VQT-KLGVNNN---PKLT--WEM-VKELMG-D--KR-GLLVERSETLLRCLKQRFPSLTQTSLDI
GRASLGDSIYKSI-TEEWFDPEQFLSMLDLSTEHKVLDLKNRIEASVVIWKRK-LHT-KD--------TKSS--WGS-AVSL---E--KR-ELFEERAETILVLLKQKFPGLPQSSLDI
GRVSLGDSLYKSI-TEEWFDPEQFLSTLDLSTEHKVLDVKNRIEASIVIWKRK-LHL-KD--------NKSS--WGS-AVSL---E--KR-ELFEERAETILVLLKQKFPGLPQSSLDI
GKSSVGDSIYRYMSGSGRFFPEKLLDCLNIASEHEAVQLADRVEASMYTWRRK-ACL-SN--------SKNS--WNL-VKDLMT-D--KN-YVMAERAETLLFCLKQRYPELSQTSLDI
GKTILGDFLYKIL-TDEHFDPDYFLSFLDLSTEHKVLDLKNRIEASMVIWKRK-MNQ-KEKD------GRSQ--WGS-SVSL---E--RR-ELLEVRAETVLVMLKHQYPGIPQSSLEV
GRASLGDQMYKNI-TVEFFNPDQFLNSMDMSSEHKILDLKNKIEASIIIWKRK-MVQ-KD--------NKPSAPWAS-GVSL---E--KR-EVFEERAETILLILKHRYPGISQSSLDI
GKASVGDVIYKQLCTAEKFYPDQLLDILKISSEHEALELADKVEASLVTWRRK-TGGLAH--------SKSS--WDM-MKDMGN-D--KN-HILAARARSLLFCLKQRFPELSQTSLDI
GKTSLGDLLYKSI-TDEYFDPGYFLSSCDLSTKHKVLDLKNRIEASMVIWKRK-MNH------------KEQ--WGS-FVSL---E--KR-ELFEVRVETILAMLKQKFPKILQSSLEI
GRSCLGDFLYRNI-TSDNFSADYLLESIDLSSEHAVVEMANRVEASMYIWRRR-GHS-RH--------AKPT--WGMIVREMMG-D--KR-QIFAGRAESLLISLKQRFPGLRQTALDT
GRSCLGDVIYRYI-TSEKFSAECLLDCLDLSSEHIALDIANRVEASIYVWRRR-VQT-KLGVNN----PKLS--WEM-VKDLMG-D--KR-GLLVERSETLLRCLKQRFPSLTQTSLDI
GRSCLGDLIYRYI-SSDQFSPEYLLDCLDLSSEHQAIEIANRVESSIYLWHKR-SNS-KPATN-----TKTS--WEM-VKELMV-D--EKLEVMADRAESLLISLKQRFPGLPQTALDM
GRASLGDSIYKSI-TEEWFDPAQFLSMMDLSTEHKVLDLKNKIEASVVIWKRK-LHV-KD--------SKSS--WGS-AVSL---E--KR-ELFEERAETILVFLKQKFPGLPQSSLDI
GKECLGEIIHQYL-TANKFSPECLLDCIDLSSEHQTLEIANRIEAAVHVWRQK-----KK--------GRKLSSWSGKVKGLVN-D--RN-EFLAQRAETLLQSLRIRFPGLPQTTLDM
GRASLGDSIYKSI-TEEWFDPEQFLSMLDMSTEHKVLDLKNKIEASVVIWKRK-LHV-KD--------SKSS--WGS-AVSL---E--KR-ELFEERAETILVLLKQKFPGLPQSSLDI
GRASLGDVIYKMI-TVEMFDADQFLIEMDLSSEHKILDLKNRIEASIVIWKRK-MVQ-KD--------TKSA--WGS-TVST---E--KR-EQFEERAETILLLLKLGFPGISQSTLDI
GKTSLGDFLYKNI-TDEYFDPDYFISFLELSTEHKVLDLKNRIEASMVIWKRK-MNQ-KEKD------GKSQ--WGS-SVSL---E--KR-ELFEVRAETILVMLKQQFPRIPQSSLEI
GRVSLGDTIYRML-TLDMFDAEQFLLEMDLTSEHKILELKNKIEASVVIWKRK-IVQ-KD--------NKSSSPFST-NLSM---E--KR-QLLEERAATILFLLKQVFPGISQSTLDI
GKASLGDMIYRMI-TLDMFDVEKFLLEMDLSSEHKILDLQDKIEASVVIWKRK-IVQ-KDN-------NKSSSPFST-NLSM---E--KR-QLLEERAETILLLIKLRFPGISQSTLDI
GRASLGDVIYKMI-TVEMFDADQFLIEMDLSSEHKILDLKNKIEASIVIWKRK-MVQ-KD--------TKSP--WGS-GVST---E--KR-EQFEERAETILLLLKQGFPGISQSSLDI
GRSSLGDSIYKSI-TEEWFDPAQFLSMLDLSTEHKVLDLKNRIEASVVIWKRK-LHL-KD--------NKSS--WGS-AVSL---G--KR-ELFEERAETILILLKQKFPGLPQSSLDI
GKSSVGDSIYRYMSGSGRFFPEKLLDSLNIASEHEAVQLADRVEASMYTWRRK-ACL-SN--------SKNS--WNM-VKDLMT-D--KN-YVMAERAETLLFCLKQRYPELSQTSLDI
GRESLGDSIYRNI-TVEFFDPDQFLSTMDLSSEHKILDLKDRIEASIVIWKRK-MNQ-KD--------GKSA--WGS-AVSL---E--KR-ELFEERAETILLILKHRFPGTPQSALDI
GRACLGDLIYRYI-SSDHFSPECLLDCLEMSSEHQATEIANRVEASIYVWRKR-TNS-KP--------SKSS--WEM-VKELMV-D--KR-ELLAERAETLLLCLKQRFPGLPQTTLDM
GKTSLGDSIYRSI-TDDYFNPEQFLKSMDLSTEHKVIDLKNRIEASIVIWKRK-MHH-KD--------GKSS--WGS-AVSF---E--KR-EIFEERVETILFLIKQKFPGISQSALDV
GKACLGDIIYRYM-TADHFSPECLLDCLDLSSEHHTLEIANRIEASIHIWRQK-DHK-----------RRPT--WSGKVKGIVG-D--KS-NNLARRAETLLDSLRLRFPGLPQTALDM
GKASIGDTIYRYMYSADKFSPEHLLDCLNIGSEHDALELADRIEASMYTWRRK-A-C-LS--------SKSS--WEL-VKDLMA-E--KN-TILAERAETLLLSLKQRFPELSQTTLDT
GRACLGDVIYRYI-TSEHFSSEYLLDCLDLSSEHVALDVANRVEAAIYVWRRR-AHS-KP--------ARSS--WEM-VKDLMI-D--KR-EFLAERAEGLLHSLKQRFPSLTQTTLDT
GRASLGEAIYKYI-SSDEFSPALLLECLDISSEHQAIEIANRVESAMYAWRTK-GIA-SNN-------SKSS--WEM-LKELMI-D--KS-EVLAERAELVLLCLKQQFPNLPQTSLDM
GRASLGDSIYKSI-TVEFFDPDQFLSSMDLTSEHKILDLKDRIEASIVIWRRK-MNQ-KD--------GKST--WGS-AVSM---E--KR-ELFEERAETILLILKHRFPGIPQSSLDI
GRSCLGDVIYRYI-TSEHFSSDCLLDCLDLSSEHVALEIANRVEAAIYVWRRK--HP-KQ--------AKSS--WEI-VKDLMI-D--KR-DLLAERAETLLHCLKQRFPSLTQTTLDA
GKDCLGDIIYRYI-TADQFAPECLLDCMDLSSEHHTVDVANRIEAAVHVWKTKEKKK-----------KRKT--WGGKMKGFGA-D--KN-QSLAQRAETLLHSLRHRFPGLPQTALDM
EKACLGDILYRYI-THDQFSPDCLLDYLDLSSEYSTLDIANRIETAIHFWRMK---------------YQKGSFWGSTVKGLVV-D--KT-KLFAHRANVLLKNLKLHFPALPQTSLDM
GKASLGDLIHRYI-NSDQYSPECLLDCLDLSSEHHALEIANRVEATIHVWRRK-TNS-KPLNH-----SKSS--WEI-VKDLVI-D--KR-ELLASRAETLLLCLKQRFPGLPQTTLDT
GKSSLGESIYRGI-TVEFFDPQQFLSTMDLSSEHKVLGLKDRIEASIVIWKRK-LHH-KD--------GKAA--WGL-AISP---E--KR-ELFEERAQTILLLLKHQFPGLPQSSLDI
GKTSLGDLIHRYINNSEQFSPECLLDCLDLSSDNHALEIANRVEASIYIWRRK-LIP-KQTTNRSN--SKSS--WEM-VKDFVS-D--KRVQLAADRAETLLLCLKQRFPGLPQTTLDT
GRASLGDAIYKII-TEDFFDPDCLLSSLDLSTEHKILDLKNKIEASVVIWKRK-MNA-KD--------TKSS--WGS-GVSM---E--KR-ELLEDRAETILLILKHRFPGIPQSDLDI
GKASVGDTIYRHMYSAEKFSPDHLLDSLNLSSDLEALELADKVEASMYTWRRK-M-G-MT--------SKSS--WDM-VKDLMS-D--KN-HILAERAETLLFCLKQRYPELSQTTLDT
GRACLGDVIYRYI-TSENFSSKCLLDCLDISSEHAALEIANRVEAAIYVWHRR-QHP-KSPARP----SKSS--WEM-VRGLVV-D--KS-ELLAERAESLLLSLKQRFPGLSQTTLDA
GRASLGESIYKSI-TVEFFDPLQFLSTMDLSSEHKVLDLKNRIEASIVIWKRK-MHHKAD--------SKSSN-WGS-AISL---E--KR-ELFEERAETILLLLKQQFPGIPQSSLEI
GRASLGDSMYKSI-TDEYFDPDYFLSSIDLSSEHKLLDLKNKLEASVVIWERK-MLA-KD--------NKSS--WGS-AVSL---E--KR-EIFEDRAETILLLLKHRFPGLPQSDLDI
GRASLGDLAYRSI-TLEYFDPDQFLSTMDISSEHKILDLKNRIEASIVIWKRK-MNQ-KD--------SKSA--WGS-AVSL---E--KR-ELFEERAETILLLLKQRFPGIPQSSLDV
GKACLGRIMYRYI-TAKHFSPDYLLDYLDVSSEYTTLEIANRIEAASHFWSEKYLNRYLGRARD----GRSS--WGGKVKGFVG-E--KR-KLLAKRAEILIHNLRLRFPGLPQTALDA
GRASLGDTIYRYLCTADGFSPDHLLDCLNLASEHEALELADRVEASMYTWRRK-ACL-S---------SKSS--WDM-VKDLMS-D--KN-HVLAERAETLLFCLKQRYPELSQTSLDT
GRASLGDSAYRSI-TLEYFDPDQFLSTMDLSSEHKILDLKNRIEASIVIWRRK-MNQ-KD--------GKSA--WGS-AVSL---E--KR-ELFEERAETILLLLKQRFPGLPQSSLDV
GKACLGDIIYRYI-TAEKFSPECLLDCLDLSTEHHTLEIANRVEAAVHIWKQK-DHR-K---------KHSS--WGGKVKGFVA-D--KN-QILAQRAETLLQSLRLRYPGLPQTALDM
GKACLGRIMYHYI-TAKHFSPDYLLDYLDLSSEFTTLEIANRIEAATHFWSQN-YQN-----------GKSS--WSGKVKGFVG-E--KR-KLLAKRAEVLMHNLRLRFPGLPQTALDV
GKASLGDLIYRYI-SSDQFYPECLLDCLDLSSEHQAIELANRVEASIYIWRKR-TNY-KPASSTNRSSSKSS--WEL-VKELMA-D--KR-ELLADRAESLLLCLKQRFPGLPQTTLDM
GRACLGDLVYRYI-TSDQFSAECLLDCLDLSSEHVALEIANRVESSIYVWRRR-AHS-RP--------TKSS--WEM-VKDLMV-D--KR-ELLAERAESLLLSLKHRFPNLTQTALDT
GKPCLGDIIYRYI-TAEQFSPDRLLDCLDLSTEHHTLEIANRIEAAVHVWKQK-DHK-K---------KHSS--WGGKVKGFVT-D--KN-QILAQRAETLLQSLRLRFPGLPQTTLDM
GRACLGDLVYRYI-TSDQFSAECLLDCLDLSSEHVALDIANRVESAIYVWRRR-AHS-RP--------TKSS--WEM-VKDLIV-D--KR-ELLAERAESLLLSLKQWFPNLTQTTLDT
GRASLGDTIYRYLYTADKFSPGHLLDCLNLASEHEALQLADRVEASMYTWRRK-ACL-SH--------SKSS--WNM-VKDLMS-D--KN-HILAERAETLLFCLKQRYPELSQTSLDT
GKASLGDLIYRCI-SSDQFYPECLLDCLDLSSELLAIELANRVEASIYMWRKK-TNS-KPVNSTNR--SKSS--WEL-MKELMV-D--KR-DLLADRAESLLLCLKQRFPGLPQTTLDM
GRASLGDSIYKSI-TVEYFDPEQFLSTMDMSTEHKVLDLKNRIEASIVIWQRK-MNQ-KD--------GKST--WGS-AVSL---E--KR-ELFEERAETILLILKQRFPGISQSSLDI
GKASVGDVIYKQLCTAEKFYPDQLLDILKITSEHEALELADKVEASLVTWRRK-TGGLAH--------SKSS--WDM-MKDIGG-D--KN-HILAARARSLLFCLKQRYPELSQTSLDI
GRASLGDSIYKSI-TEEWFDPEQFLSMLDLSTEHKVLDLKNRIEASVVIWRRK-LHL-KD--------NKSS--WGS-AVSL---E--KR-ELFEERAETILVLLKQKFPGLPQSSLDI
GKASTGDSIYRYMTSSGKFLPEKLLDCLKIVSEHEALQLADRVEASMYTWRRK-ACL-SN--------SKSS--WNM-VKDLMS-D--KN-YVLAERAESLLFCLKQRYPELSQTSLDI
GRSCLGDFLYRNI-TSDNFSADYLLESIDLSSEHAVVEMANRVEASMYIWRRR-AHS-RH--------ARPS--WGMIVKEMMG-D--KR-EIFAGRAESLLIRLKQRFPGLRQTALDT
GRASLGDVIYRMI-TVEMFDADQFLIEMDLSSEHKILDLKNRIEASVVIWKRK-MVQ-KD--------TKSP--WGS-TVSI---E--KR-EQFEERAETILLLLKQGFPGISQSALDI
GRSCLGDVIYRYI-TSEKFSAESLLDCLDLSSEHVALDIANRVEASIYVWRRR-VET-KLGVNNNN--PKLS--WEM-VKELVG-D--KR-GLLVERSETLLRCLKQRFPSLTQTSLDI
GRSCLGDLIYRYI-SSDQFSPEYLLDCLDLSSEHQAIEIANRVESSIYLWHKR-SNS-KPATN-----TKTS--WEM-VKELMV-D--EKLELMADRAESLLLSLKQRFPGLPQTALDM
GKTSLGDFLYKSI-TEENFDPDYFFSFLDLSTEYKVLDLKNRIEASMVIWKRK-MNQ-KEK-------GKSQ--WGS-TVSL---E--KR-ELFEVRAETILVMLKQQFPGIPQSSLEI
GRASLGDQMYRNI-TVDWFDPDQFLSTMDMSSEHKIVDLKNRIEASIVIWKRK-MVH-KD--------SKSAAPWAS-GVSL---E--KR-EVFEERAETILLILKQRYPGISQSSLDI
GRASLGDQMYRNI-TVDWFDPDQFLSTMDMSSEHKIVDLKNRIEASIVIWKRK-MVH-KD--------SKSAAPWAS-GVSL---E--KR-EVFEERAETILLILKQRYPGISQSSLDI
GRASLGDTIYRMI-TLDIFDAEQFLLEMDLSSEHKVLDLKKKFEASVVIWKRK-IVQ-KD--------NKSSSPFST-NLSM---E--KR-QLLEERAATILLLLKQGFPGISQSTLDI
GKECLGEIIYHYL-TADKFSPECLLDCLDLSTEHQTLEIANRVEAAVHVWRQK-NGRRRKQH------KLSS--WSGKVKGLVN-D--RN-DFLVQRAETLLQSLRIRFPGLPQTTLDM
GKECLGEIIYHYL-TADKFSPECLLDCLDLSTEHQTLEIANRVEAAVHVWRQK-NGRRRKQH------KLSS--WSGKVKGLVN-D--RN-DFLVQRAETLLQSLRIRFPGLPQTTLDM
GKECLGEIIYHYL-TADKFSPECLLDCLDLSTEHQTLEIANRVEAAVHVWRQK-NGRRRKQH------KLSS--WSGKVKGLVN-D--RN-DFLVQRAETLLQSLRIRFPGLPQTTLDM
GKSSVGDSIYRYMSSSGRFFPEQLLDCLNIATEHEAVQLADRVEASMYTWRRK-ACL-SN--------SKNS--WNM-VKDLMT-D--KN-YLMAERAETLLFCLKQRYPELSQTSLDI
GRASLGDSIYKSI-TVEFFDPEQLLSTMDLSTDHKVLEFKNKIEASIVIWKRK-MNH-KD--------GKST--WGS-AVSL---E--KR-ELFEERAETILLLLKQRFPGLAQSQLDT
GRACLGDIIYRYI-TSDQFSSECLLDCLDLSSEHVALEIANRVEASIYVWRRR-THH-KPMTNPNRSTAKSS--WEM-VKDLMG-D--KR-ELLAERAESLFLSLKQRFPGLTQTTLDT
GRASLGDSIYKSI-TVDHFDPGQFLSTMDLSSNRKILDLKNRIEASIVIWKRK-MHN-KD--------GKSA--WAS-AVSL---E--KR-ELFEERAETILLIIKQRYPGLDQSQLDI
GKACLGDIIYRYI-TAEQFSPECLLDCLDLSSEHHTLEIANRIEAAVHVWKQK---DWKK--------KRST--WGGKVKGLVA-D--KN-QFLAIRAETLLHSLRLRFPGLPQTALDM
GRAGLGDAIYRFMNTSDKFSPDQLMDYLHISSEHEALELADRVEASMYTWRRK-ACV-AH--------SKSS--WDM-VKQLIT-D--KN-YVLAERAESLLFCLKQRYPELSQTSLDA
GKSSLGDLIHRYV-TSDQFSPEYLLACLDLSSEHQALEIANRVEASVYVWRRK-TNS-KP--------SRSS--WEI-VKDLMV-D--KR-ELLAERAESLLHCMKQRFPGLPQTTLDM
GRSSLGDSIYKII-TDDHFDPNELLSSVDLSTEHKIVDLKDRIEASVVIWQRK-ISN------------KLS--WGP-GVSL---E--KR-EQFEERAQTVLLILKHQFPGVPQSSLDI
GRASLGDALYRII-TDVEFDPDVFLSTVDLTSEHKILDLKDRIEASVIIWNRK-VHN-KD--------GKSA--WGS-AVSQ---E--KR-EQFEERAQTLLLIIKHRYPGIPQSTLDI
GRATLGDIIYRYI-TSDHFSPECLLDCLDLSTEYQALEIANRVEASVYVWRRR-IAA-KPASVLGR--GRSS--WGM-VKDMII-D--KR-ELLAERAEGLLICLKQRFPGLTQTSLDM
GKTSLGDAIYRSI-TDEEFDPIEFLEGVDLSTEHKVLDLKNRIEASTIIWKRK-MQT-KQE-------AKSS--WGS-IISF---E--KR-EQFEERAETILHLLKLQFPGTPQSQLDI
GRASVGDLIYRHMSFPGKFSPEYLLDRLEISSEHDALEAADRVEAAMHVWRRK-ASQ-GH--------SRSP--WSA-VKELMS-D--KN-VMLASRAGDVLLCLKQRFPGLSQTTLDA
GRATLGDIIYRYI-TSDQFSPDCLLDCLDLSSEYQALEIANRVEASIYVWRRR-GTS-GAAS---R--NKSS--WGI-VKDMIM-D--KRDDLLADRAEGLLMCLKQRFPGLTQTSLDT
GKSTLGDSMYKII-TEDHFNPEELLGTVDMSAEYNIIDLKNRIEASVVIWQRK-MVH-KE--------GKLS--WGH-GVKF---E--KR-EKFEARAENVLLLIKHRFPGIAQSALDI
GKVGVGDAIYRYMSAGDQFSPDHLLNFLNLSSEHEALEIADRVEAAMYVWRRK-ASM-----------TVVSK-WEN-VTELNA-D--KN-LILASRARSLLLCLKQRFPGLSQTTLDT
GKSCLGEIIYRYI-TAEQFSPECLLDCLDLSSEHHTLEVANRIEAAIHVWRLK-GQK-KSTPQAK---SKKS--WGGKVKGLVG-D-EKS-HVLSQRADGLLQSLRLRYPGLPQTSLDM
GKASVGDGVYRAMLGAEKFSPEYLLDCLDMSSEHEALAMADRVEAAMYVWRRK-AGA-SH--------GRSR--WGA-VKELVADD--KN-VMLAGRAESLLLCLKHRFPGLSQTTLDT
GRSILGDSMYKII-TDDVFDPNELLQSVDLSTEHKIVDLKDRIEASVVIWHRK-ISN------------KLS--WGPAGVSL---E--KR-EEFEERAQTALLILKHRFPGIPQSALDI
GRSTLGDIIYRYI-TSDQFSPECLLDCLDLSTEYQALEVANRVEASVYVWRRR-VAA-KPVNGLGR--ARSS--WGM-VKDMMV-D--KRELLLAERAEGLLICLKQRFPGLTQTSLDM
GRASVGDSVYRVMLGADKFSPEFLLDTLDISSEHDALAMADRVEAAMYVWRRK-ASG-SH--------GKLP--WSK-VKELAA-D--KN-VTLANRAESLLLCIKHRFPGLSQTTLDT
GRASVGDLIYRHMSFPGKFSPEYLLDCLEISSEHEALEAADRVEAAMHVWRRK-ASQ------------RSP--WSA-VKDLMS-D--KN-VMLARRAEDVLLCLKQRFPGLSQTTLDA
GKSCLGEIIYRYI-TAEQFSPECLLDCLDLSSEHHTLEVANRIEAAIHVWKLK-----GQ--------KKKS--WGGKVKGLVG-D--KS-HTLSERANGLLQSLRLRYPGLPQTSLDM
GRVGVGDTIYRYMSSGDQFSPEHLLNFLSLSSEHDALEIADRVEAAMYVWRRK-ASA-----------TVVS-KWEN-VTELNA-D--KN-LVLASRARSLLLCLKQRFPGLSQTTLDT
GRASLGDALYRII-TDVEFDPDDFLSTVDLTSEHKILDLKDRIEASVIIWNRK-VHN-KD--------GKSS--WGS-AVSQ---E--KR-EQFEERAQTLLLIIKHRFPGIPQSTLDI
GRAALGDVIYRYI-TSDQFSQDYLLDCLDLSSEYQALEIANRVEASIYVWRRK-GGG-GA---------RSS--WGI-VKDMVM-D--KR-DLLAERAEALLMSLKQRFPGLTQTSLDM
GKSCLGEIIYRYI-TAEQFSPECLLDCLDLSSEHHTLEVANRIEGAIHVWKLK-GQK-KSTPQAK---SKIS--WGGKVKGLVG-DKEKS-HTLSERADGLLQSLRLRYPGLPQTSLDM
GKTSLGDAIYRSI-TEDTFDPVEFLAGMDLSTEHKVLDLKNRIEASTVIWKRK-MQTNKD--------SKSS--WSS-IVSF---E--KR-EQFEERAETILHLLKLQFPGTPQSQLDI
GKSTLGDSAYKLI-TDDCFDAEELLRSVDLSDEHSIVDLKNRVEASVVIWQKK-MTH-KD--------SKLS--WGH-NARH---E--KR-GMFEGRAENVLLLIKHRFPGIAQSALDI
GKSTLGDSVYRLI-TDDHFDPEELLRSVDSSDEHSIVDLKNRIEASAVIWQKK-MTHNKD--------SKLP--WGH-S--H---E--KR-GMFEGRAENVLLLIKHRFPGIAQSALDI
GKTSLGDAIYRSI-TEETFDPLEFLAGMDLSTEHKVLDLKNRIEASTVIWKRK-MQT-KD--------SKSS--WSS-IVSF---E--KR-EQFEERAETILHLLKLQFPGTPQSQLDI
GKAILGD-LYRYL-SSDEFSADAVLGVLDVSSEHSAVELANRIEAAIHVWQHK-LQN-KQT-------ARNS--WVM-VKEFVA-D--KK-EVLVDRAEGLLHSLRQKFPGLPQTLLDM
GRSSLGEGFYRCL-SFEQFSPEALLATLTMASEHHILEIANRVEAAIHTWKRK-VSS-----------ARSS--WGGLMKDLVG-D--RR-ETLIARAETLLLCLKHKFPGLPQTLLDI
GKSCLGEVMYRGL-TAEKFSPDALLQHLNLSTEHNALEAANRVEAAIHIWQRK-IHQQKH--------AKSS--WGK-VKDFVA-E--DR-QTLVERAESLLLSFKQRFPGLPQSVLDV
ARANLGDTIYYGL-RQEHFSPDALLSSLDLSTEHSALEVANRIQSALHIWRKK-ESSGSH--------KESRYSWLK-VRDLVA-E--KR-QLLIERADSLLLCLRQRFPGLPQTVLDV
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Figure S5. Alignment data used to produce 

the RopGEFs phylogenetic tree in Figure 7A.  

The alignment was produced by MUSCLE 3.6 

and presented by GeneDoc without adjustment. 



Mutant line ID BarR BarS BarR:BarS

LDN-1 72 15 4.8 :1
LDN-2 68 2 34 :1 
LDN-3 69 35 2 :1
LDN-4 152 22 7 :1
LDN-5 172 48 3.6 :1
LDN-6 98 24 4 :1
LDN-7 117 57 2 :1
LDN-8 98 56 1.8 :1
LDN-9 100 0 ∝

LDN-10 53 20 2.7 :1
LDN-11 112 44 2.5 :1
LDN-12 48 11 4.4 :1
LDN-13 64 1 64 :1
LDN-14 51 3 17 :1
LDN-15 46 23 2 :1
LDN-16 109 31 3.5 :1
LDN-17 42 39 1.1 :1
LDN-18 53 5 10.6 :1
LDN-19 120 50 2.4 :1
LDN-20 98 50 2 :1
LDN-21 53 29 1.8 :1
LDN-22 47 1 47 :1
LDN-23 92 57 1.6 :1
LDN-24 165 62 2.7 ;1
LDN-25 79 33 2.4 :1
LDN-26 65 0 ∝
LDN-27 52 23 2.3 :1
LDN-28 67 32 2.1 :1
LDN-29 53 6 8.8 :1
LDN-30 73 31 2.4 ;1
LDN-31 61 23 2.7 :1
LDN-32 53 23 2.3 :1
LDN-33 NA NA NA
LDN-34 42 21 2 :1
LDN-35 66 21 3.1 :1
LDN-36 103 7 14.7 :1
LDN-37 85 30 2.8 :1
LDN-38 67 27 2.5 :1
LDN-39 70 28 2.5 ;1
LDN-40 41 11 3.7 :1

Table S1:The Segregation Ratios of the LAT52:DNPRK2 T2 plants



Genes AGI number Alleles Accession No. Background Marker Insert. posi. mRNA levels (by RT PCR)
RopGEF1 At4g38430 ropgef1-1 (586B11) GABI_586B11 Col Sulfadiazine 3rd Exon not detectable

RopGEF9 At4g13240 ropgef9-1 (717A10) GABI_717A10 Col Sulfadiazine 5th Exon not detectable

RopGEF12 At1g79860 ropgef12-1 (103614) SALK_103614 Col Kan (2:1) 4th Exon not detectable

RopGEF14 At1g31650 ropgef14-1 (064617) SALK_064617 Col Kan (3:1) 1st Intron suppression

ropgef14-2 (046067) SALK_046067 Col Kan (lost) 1st Intron not detectable

AtPRK1 At5g35390 prk1-1 SALK_112241 Col Kan(3:1) 1st Exon not detectable

prk1-2 SALK_054149 Col Kan(3:1) 1st Exon not detectable

AtPRK2 At2g07040 prk2-1 SALK_110661 Col Kan(lost) 1st Exon suppression

AtPRK5 At1g50610 prk5-1 SALK_016815 Col Kan(lost) 3rd Exon suppression

Table S2. Information of the ropgef and prk T-DNA Insertion Mutants 



Table S3. Phosphorylation in C-terminal regions is critical for RopGEF1 activity 

        

  Lengtha Widtha Width/Length 

GFP 469 ± 11 9.1±0.8  0.02  

GFP-GEF1 21±7 29.4±4 1.41 

GFP-S458A 39±11 39.9±8 1.03 

GFP-S460A 422±89 13.8±2.3 0.03 

GFP-S480A 174±40 5.7±0.5 0.03 

GFP-S484A 63±15 11.3±0.7 0.58 

GFP-S488A 70±12 35.6±0.7 0.51 

GFP-S501A 24±5  22.7±3.8  0.94  

The length and the maximum tip width of tobacco pollen tubes were measured 6 hours 

after bombardment. aData are the mean ±SD. 
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