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 PRONE RopGEFs are a family of plant specific GEFs with roles in cell 

morphogenesis, polarity, and growth.   Along with roles in ROP activation, RopGEFs 

have been found to interact with leucine-rich repeat receptor-like kinases (LRR-RLKs) 

in various plant species such as tomato and Arabidopsis.  In maize, LRR-RLK, PAN1, 



	  
 

x 
 

and ROPs promote cell polarization during stomatal development.  In this study, 

RopGEFs were investigated as possible linkers between PAN1 and ROP in this 

pathway.  Five RopGEFs (RopGEF1-5) were chosen for investigation and tested for 

direct interaction with PAN1.  An antibody was designed to characterize the RopGEFs 

and found to recognize multiple bands in maize protein extracts.  Tissue staining with 

the antibody showed an accumulation of proteins around the nucleus in various cell 

types.  When bombarded with a GFP construct containing one of the RopGEFs 

(RopGEF5), dot-like aggregates of varying sizes were seen along the cell periphery.  

RopGEF4 was found to interact with PAN1 in the yeast 2-hybrid system, supporting 

the possibility of RopGEF activity in the PAN1 pathway.  
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INTRODUCTION 

 

 

Plant Rho GTPase: ROPs 

In various eukaryotes, Rho GTPases participate in numerous cellular processes 

such as cell cycle advancement, cell movement and morphogenesis, vesicle trafficking 

and gene expression (Bishop and Hall, 2000; Wennerberg et al., 2005).  They function 

as binary molecular switches, signaling proteins that are active when bound to GTP 

and inactive when bound to GDP.  As a member of the Ras superfamily of monomeric 

G (guanine nucleotide binding) proteins, Rho GTPases contain five conserved motifs 

in the G domain of the N terminus region where GDP-GTP binding occurs.  Three 

proteins regulate Rho GTPases: Guanine nucleotide exchange factors (GEFs), 

GTPase-activating proteins (GAPs) and GDP Dissociation Inhibitors (GDIs).  GEFs 

act as positive regulators of Rho activity by catalyzing GDP-GTP exchange.  In 

contrast, GAPs and GDIs act as negative regulators, GAPs by facilitating hydrolysis of 

GTP, and GDIs by sequestering Rho GTPases to the cytosol and inhibiting GDP-GTP 

exchange (Bishop and Hall, 2000; Van Aelst and D'Souza-Schorey, 1997; Wennerberg 

et al., 2005,). 

Rho of plant (ROP) proteins are the only known Rho-related GTPases in plants 

(Brembu et al., 2006; Yalovsky et al., 2008; Yang and Fu, 2007).  Among plants with 

fully sequenced genomes, there are 11 ROP family members in Arabidopsis, 7 in 

Oryza sativa, and 9 in Zea mays (Christensen et al., 2003; Winge et al., 2000; 
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http://www.maizesequence.org).  Although ROPs are not orthologs of animal Rho, 

they are regulated by GEFs, GAPs and GDIs.  First discovered in peas, sequence 

comparisons revealed ROPs carry several conserved motifs and residues that are 

specific to the Rho family and necessary for GTPase activity and nucleotide binding 

(Yang and Watson,1993).  Additionally, highly conserved substitutions and deletions 

mark ROPs as a unique Rho subfamily (Brembu et al., 2006; Christensen et al., 2003).  

Novel features in ROP appeared after viridiplantae diverged from animals and fungi.  

In some literature, ROPs are referred to as RACs due to sequence similarity to another 

Rho member Rac.  However, Rac seems to have emerged after the viridiplantae split 

and its higher similarity is because other well-studied Rho members, Cdc42 and Rho, 

evolved from Rac.  (Brembu et al., 2006; Yalovsky et al., 2008).  Like other members 

of the Rho family, ROPs are involved in many important cellular processes, 

particularly polarized cell growth and development (Yang and Fu, 2007). 

Active, GTP-bound forms of ROP generally localize to specific plasma 

membrane regions where they function, but mechanisms responsible for ROP 

localization are not well-understood (Yang and Fu, 2007).  Subcellular localization of 

ROP may depend on auxin gradients, its variable C terminus region, and post-

translational modifications like S-acylation of G domain Cys residues (Sorek et al., 

2007; Yalovsky et al., 2008; Yang and Fu, 2007). In a membrane-partitioning 

experiment, GTP-bound AtROP6 was found prenylated and S-acylated and 

accumulated in anionic detergent-resistant membrane (lipid raft) portions.  GDP-

bound AtROP6 was only prenylated and in Triton X-100-soluble membrane domains.  
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S-acylation hinders Rho and RhoGDI interaction and it may also inhibit ROP 

accessibility to RopGDI (Sorek et al., 2007; Yalovsky et al.,2008). 

The localization of ROP during pollen tube and root hair growth, root hair 

formation and Arabidopsis pavement cell lobing indicates its importance in plant cell 

morphogenesis.  ROP1, 2, 4 and 6 accumulates apically to the plasma membrane 

during pollen tube and root hair elongation (Lin et al., 1996; Molendijk et al., 2001).  

Oscillation of ROP1 activity resulted in oscillatory polarized tip growth of pollen 

tubes, illustrating the spatiotemporal influence of ROPs on growth (Hwang et al., 

2005).  Additionally, ROPs 2, 4 and 6 are positive modulators of root hair 

development.  They localize to prospective sites of hair formation, persist through 

swelling of the trichoblast, and then concentrate to the tip (Jones et al., 2002; 

Molendijk et al., 2001).  ROP2 also promotes growth of interlocking lobes of 

Arabidopsis epidermal pavement cells by regulating 2 antagonistic downstream 

pathways (Fu et al., 2005).  Furthermore, disturbance of ROPs via depolarization, 

inhibition or other methods causes growth and development abnormalities or arrest 

(Fu, 2010; Molendijk et al., 2001).  
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Background on conventional GEF structure 

As previously mentioned, GEFs are positive regulators of small signaling GTPases, 

catalyzing GDP-GTP exchange.  GEFs preferentially bind to GTPases that are bound 

to GDP or no nucleotides.  First, they bind to Rho-GDP, forming a transient ternary 

complex.  Then, they instigate dissociation of GDP from Rho and form a stable binary 

complex with the nucleotide-free GTPase.  Subsequently, upon binding to GTP, the G 

protein releases the GEF (Rossman et al., 2005; Thomas and Berken, 2010).  

RhoGEFs derive from one of two families: Dbl or DOCK (Bos et al., 2007).  First 

found in diffuse B cell lymphoma cells, the Dbl family encompasses Dbl homology 

(DH) regions followed in tandem by pleckstrin homology (PH) domains.  DH domains 

regulate replacement of GDP for GTP while PH domains bind to phosphoinositides, 

leading to plasma membrane translocation. Sixty-nine members of the Dbl family 

have been found in humans.  Amino acid differences in the DH domain account for 

specific GTPase interaction.  Dbl protein abnormalities result in developmental 

disturbances and diseases such as cancer (Rossman et al., 2005).  DOCK (Dedicator of 

Cytokinesis) proteins lack the conventional DH domain and contain 2 conserved 

domains called Dock homology region 1 (DHR-1) and 2 (DHR-2).  DHR-2 controls 

catalytic activity of Rac.  Specific binding of DHR-1 to phosphatidylinositol-3,4,5-

triphosphate produces localization of DOCK to the plasma membrane.  Adaptor 

proteins such as ELMO attach to DOCK proteins to form stable Rac-specific 

activation complexes.   DOCK is important to neural development and function and 

disruption of one or more of its members may lead to symptoms commonly witnessed 
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in neurological diseases (Miyamoto and Yamaguchi, 2010).  No GEFs with DH-PH 

domains have been found in plants but there is a DOCK-like GEF called SPIKE1 

(SPK1) in Arabidopsis.  More importantly, novel RhoGEFs, called RopGEFs, control 

most of ROP activation.  They are plant-specific and contain conserved PRONE 

domains (Shichrur and Yalovsky, 2006). 

 

The lone homolog of animal RhoGEFs: SPIKE1  

The Arabidopsis GEF, SPK1, is the sole homolog of DOCK known in plants 

(Basu et al., 2008; Zhang et al., 2010).  Observations of defects in trichome, cotyledon 

and leaf epidermal cell formation lead to the discovery of SPK1.  spk1 trichomes were 

either branchless and swollen or short with 2 branches.  Polarized growth 

abnormalities resulted in thinner cotyledons and pavement cells with absent or smaller 

lobes.  When grown on soil in low humidity, spk1 also caused seedling lethality.  

These initial findings suggested the importance of SPK1 in cytoskeleton 

rearrangement, and hence proper polarized cell growth and structure (Qui et al., 2002).  

In Arabidopsis, WAVE complex proteins activate ARP2/3 complexes that propagate 

actin nucleation (Smith and Oppenheimer, 2005).  During co-immunoprecipitation 

experiments and pull-down assays, SPK1 was pulled down with ROP and with 

WAVE complex proteins. Additionally, in vitro SPK1 binding is highly selective for 

GDP-bound forms of ROP (Basu et al., 2008).  Therefore, it has been proposed that 

SPK1 activates ROP which goes on to positively regulate SRA1, a component protein 

of the WAVE complex, yet also associates directly with SRA1.  Although the exact 



6	  
	  

 
 

mechanism and biochemical aspects of the pathway are not yet clear, available data 

support the necessity of SPK1 in actin polymerization (Basu et al., 2008). SPK1 

localizes 2 ways in the pavement cell: around the periphery and in uniformly allocated 

punctates.  These spots of SPK1 accumulation correspond to ROP activation locations 

and to endoplasmic reticulum (ER) subdomains called ER exit sites (ERES) that 

produce vesicles.  The possible roles of SPK1 in ER functions and the formation of 

ERES are separate from its WAVE/ARP2/3 pathway activities (Zhang et al., 2007).  

Even though there are still many unanswered questions regarding how SPK1 functions 

in cell morphogenesis, the results suggest for the first time the possibility of ROP 

signaling that is intracellular and not restricted to the plasma membrane (Zhang et al., 

2010). 

 

Plant RopGEFs with PRONE domains 

 A novel family of GEFs has been identified in plants containing a unique 

Plant-specific ROP Nucleotide Exchanger (PRONE) domain (Brembu et al., 2006).  

Three conserved subdomains separated by two variable short amino acid sequences 

make up a PRONE domain.  Centrally located within the protein and surrounded by 

highly variable N and C termini, the PRONE domain is responsible for catalytic GEF 

activity.  While mammalian DH domains activate ROPs in vitro, though to a lesser 

degree than with mammalian Rho, PRONE associates and exhibits GEF activity 

exclusively with ROP (Berken et al., 2005). While Arabidopsis has 14 RopGEFs, 

interaction levels vary for different ROP and RopGEF combinations. (Berken et al., 
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2005; Gu et al., 2006).  For instance, AtRopGEF9 associates with GDP-ROP1 and 

nucleotide-free ROP1, while AtRopGEF14 binds preferentially to GTP-ROP1 and 

AtRopGEF8 does not interact with ROP1 at all.  These differential interactions 

suggest RopGEFs are unusual in comparison to other RhoGEFs which mainly bind to 

GDP-bound or nucleotide-free isoforms of ROP.  Multiple RopGEFs operate in the 

same pathways, resulting in functional redundancy (Gu et al., 2006).  

Using X-ray crystallography, the structure of PRONE (specifically of 

AtRopGEF8), by itself and in a ROP-PRONE (AtROP4 and AtROP7) complex, has 

been clarified (Thomas and Berken, 2010).  Largely consisting of α-helical folds, the 

PRONE domain contains 2 structural elements with α-helices 1-5 and 13 making up 

one and 6-12 the other.  A loop structure called the WW-loop comprises more than 40 

amino acid residues, including 2 consecutive tryptophans, and resides between α-

helices 4 and 5.  Additionally, there is a β-hairpin named the β-arm which projects 

outward from the molecule.  PRONE constitutively dimerizes, a form necessary for its 

catalyzing function.  Two ROPs interact with the PRONE dimer to create a hetero-

tetrameric complex.  Each ROP associates with the β-arm of 1 PRONE and the first 

subdomain of the other.  Although X-ray crystallography answered the question of 

how ROP and RopGEF interact, the regulatory processes still remain largely a mystery 

(Thomas et al., 2007; Thomas and Berken, 2010).  

Various observations have led to a model hypothesizing that RopGEF catalytic 

activity is autoinhibited by its C terminus, which is proposed to interact with the 

PRONE domain to inhibit its function such that a conformational change is needed to 
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activate PRONE function  (Berken et al., 2005; Gu et al., 2006). As discussed later in 

more detail, studies on the tomato PRONE family RopGEF, kinase partner protein 

(LeKPP), and pollen receptor kinases (LePRK1 and LePRK2) and their Arabidopsis 

homologs support a model in which these receptor kinases relieve autoinhibition of 

LeKPP via phosphorylation of its C-terminus (Gu et al., 2006; Kaothien et al., 2005; 

Zhang and McCormick, 2007). Therefore, RopGEFs associate with RLKs through the 

C terminus and with ROPs through the PRONE domain, acting like a bridge between 

RLKs and ROPs (Figure 1) (Kaothien et al., 2005; Zhang and McCormick, 2007; 

Zhang et al., 2008). While RhoGEFs in mammals can be activated by G-protein-

coupled receptors (GPCR) and receptor tyrosine kinases (RTK), RhoGEFs in plants do 

not have that option due to the unavailability of RTKs and reduced presence of 

GPCRs.  To compensate, plants may have evolved the more unconventional RopGEFs 

and created a greater number of receptor-like kinases (Gu et al., 2006).  

Some PRONE family ROP GEFs, like ROPs, have been shown to localize at 

the site where they function.  For example, localization of AtRopGEF1 during pollen 

tube growth mimics that of ROP as previously mentioned (Gu et al., 2006; Lin et al., 

1996). Additionally, when overexpressed, AtRopGEF1 becomes mislocalized, 

resulting in bulbous pollen tube tips, a phenotype that resembles the one observed in 

constitutively active ROP mutants (Gu et al., 2006).  Another example is Medicago 

truncatula RopGEF2 which influences the polar elongation of root hairs and 

accumulates in root hair tips when growing (Riely et al., 2011).  Additionally, 

RopGEFs localize apically within the pollen tube plasma membrane but differ in 
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levels of expression; i.e. AtRopGEF1 is strongly expressed while AtRopGEF12 is less 

readily detected (Gu et al., 2006; Lin et al., 1996).  

 

 

 

 

Figure 1: Model depicting how localization and activity of pollen-selective RopGEFs 
require the presence of PRK2 and Rop. (A) Pollen-specific/enriched RopGEFs are 
inhibited by their C-terminal domain. In the absence of PRK2, the PRONE domain 
cannot access Rop. (B) When PRK2 and Rop are in close proximity, the C termini of 
pollen-specific/enriched RopGEFs interact with PRK2, exposing PRONE that is then 
accessible to Rop. The N-terminal variable region might stabilize the PRONE-Rop 
interaction through a conformational effect.  (reproduced from Zhang et al., 2007) 
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Asymmetric cell division 

Asymmetric cell division is an essential, nearly universal mechanism that is 

necessary for development.  Cellular diversity, generation of tissue patterns and stem 

cell renewal all depend on asymmetric division.  In comparison to symmetric division, 

which results in two identical daughters, asymmetric division creates two cells with 

differing fates.  Cell differentiation is coordinated by intrinsic (distribution of fate 

determinants during the creation of daughters) or extrinsic (post-division external 

signaling that effects otherwise identical daughters) factors but in the end rely on both 

simultaneously, blurring the lines categorizing the two types of division (Menke and 

Scheres, 2009; Abrash and Bergmann, 2009).  There are three steps that can be present 

in cells undergoing asymmetric division: (1) cells are specified to divide 

asymmetrically, (2) various cellular processes occur such as polarization of proteins, 

the nucleus, and cytoplasm, creation of gradients, and formation of division structures 

(i.e. preprophase band) and (3) cell fate determinants are allocated and/or expressed 

differentially to direct daughter cells down different developmental paths (De Smet 

and Beeckman, 2011). 

Specification of plant cells for asymmetric division requires well-controlled 

cell-to-cell communication due to cellular immobility.  Intercellular transfer of 

transcription factors is used in some cases (De Smet and Beeckman, 2011).  During 

stomata development, the symplast is utilized to move identity factors into certain 

cells.  Correctly designated cells polarize, leading to differential translocation of 

proteins, the nuclei and the cytoplasm.  Internal factors may induce polarity or 
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neighboring cells may send external cues to cause polarity (De Smet and Beeckman, 

2011).  Plant cells construct new cells walls to create new daughter cells instead of 

using contractile cytokinesis.  In late G2, a ring called the preprophase band (PPB), 

consisting mostly of actin filaments and microtubules, appears in the dividing cell. 

(Abrash and Bergmann, 2009).  The PPB disappears as the spindle begins to form but 

leaves a molecular fingerprint that designates the future site of division.  Little is 

known about mechanism that determines the site of the PPB.  Additional factors such 

as peptide hormones and receptor-like kinases affect orientation and positioning of the 

new cells. (De Smet and Beeckman, 2011). 
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Example of asymmetric division: stomatal development in Zea mays 

In grasses, the stomatal complex is composed of 4 cells: a pair of guard cells 

with a subsidiary cell on either side (Figure 2).  A series of asymmetric divisions form 

the stomata complex in maize, a monocot and grass (Stebbins and Shah, 1960; 

Gallagher and Smith, 2000). The developmental process begins with an asymmetric 

division producing a guard mother cell (GMC).   Then, flanking subsidiary mother 

cells (SMCs) polarize towards the GMC.  Dense actin patches develop in the SMC at 

the GMC contact site followed by the migration of the SMC nucleus to the patch.  

Subsequently, as SMCs progress from S phase into G2, a curved, asymmetric 

preprophase band (PPB) forms, establishing the future division plane.  PPBs disappear 

as spindles form.  Then, the SMC asymmetrically divides to make a subsidiary cell 

flanking the GMC, Cytokinesis to produce the subsidiary cell involves a cytoskeletal 

array called a phragmoplast, which serves as a scaffold for the formation of a new cell 

wall.  Many observations of this process and naturally occurring variations on it 

suggest that polarization and division of the SMC is controlled by signal(s) from the 

GMC. After subsidiary cell formation, the GMC divides symmetrically to form the 

two guard cells, completing formation of cells making up the maize stomate  (Stebbins 

and Shah, 1960; Gallagher and Smith, 2000).   
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Figure 2: Schematic summary of stomatal development in Zea mays.  Following a 
transverse asymmetric division that forms a GMC (guard mother cell), its lateral 
neighbors divide asymmetrically to form subsidiary cells. These SMCs (subsidiary 
mother cells) become polarized towards the GMC prior to division. Polarization is 
indicated by nuclear migration to the site of contact with the GMC, formation of a 
dense patch of cortical F-actin at that site, and formation of an asymmetric 
preprophase band (PPB) predicting the future division plane. After mitosis, a new cell 
wall forms between the daughter nuclei through the action of the phragmoplast and 
becomes attached at the site predicted by the former PPB to form a subsidiary cell. 
After formation of subsidiary cells on both sides, the GMC divides longitudinally to 
form a guard cell pair (reproduced from Cartwright et al., 2009) 
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Leucine-rich repeat receptor-like proteins: PAN1 and PAN2 

The maize protein PANGLOSS1 (PAN1) is a leucine-rich repeat receptor-like 

kinase (LRR-RLK) implicated in the formation of the stomatal complex (Cartwright et 

al., 2009).  LRR-RLKs are plant homologs of mammalian receptor kinases and have 

important roles in cellular processes (Afzal et al., 2008).  A transmembrane protein, 

PAN1 has 5 LLR motifs in the extracellular domain and a serine/threonine kinase 

region in the intracellular domain.  The PAN1 kinase domain is missing several 

critical residues necessary for kinase activity and is enzymatically inactive, but 

accumulation of a 52 kDa protein requires PAN1, suggesting that PAN1 still functions 

in signal transduction (Figure 3) (Cartwright et al., 2009).  In pan1 mutants, some 

SMCs fail to polarize towards the GMC (lacking or having a delocalized actin patch 

and and/or an unpolarized nucleus), resulting in deformed subsidiary cells.  Since not 

all SMCs display polarity defects, PAN1 is not solely responsible for promoting SMC 

polarization.  PAN1 accumulates in a patch at the site on the SMC surface where it 

contacts the GMC.  This occurs after the appearance of the GMC and before actin 

patch formation and nuclear polarization, supporting the role of PAN1 as a receiver of 

GMC extrinsic cues for SMC polarization (Figure 4).  Interestingly, PAN1 localization 

depends on PAN2, another protein that effects SMC polarization (Gallagher and 

Smith, 2000; Cartwright et al., 2009). 
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Figure 3: Phosphorylated ~52kDa protein appears in wild-type but not in pan1 
mutant. Immunoblot of microsomal fractions of extracts from the division zones of 
leaves of the indicated genotypes was probed with anti-phosphothreonine antibody. A 
duplicate blot was probed with anti-actin antibody to demonstrate equal loading 
(reproduced from Cartwright et al., 2009). 
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Figure 4: PAN1 and actin localization in developing stomata. White arrowheads on 
GMCs indicate PAN1 and actin patches in adjacent SMCs. SMC nuclei are identified 
as unpolarized (u), partially polarized (pp), polarized (p), or divided (d) and are 
numbered in (D) and (G) for reference. (A to C) PAN1 staining in green and 
propidium iodide-stained nuclei in blue (single confocal planes). (D to L) Double 
staining of PAN1 [monochrome in (D), (G), and (J); green in (F), (I), and (L)] and 
actin [monochrome in (E), (H), and (K); red in (F), (I), and (L)] in WT leaves (Z 
projections of confocal stacks). In (D) to (I), SMCs 1, 2, and 6 have polarized nuclei 
and both PAN1 and actin patches; the remaining SMCs have unpolarized or partially 
polarized nuclei with both PAN1 and actin patches (SMC3), a PAN1 patch only 
(SMC5), or neither PAN1 nor actin patches (SMC4). Scale bar, 10 µm. Reproduced 
from Cartwright, Humphries et al. 2009. 
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PAN2 is another maize LRR-RLK protein with an inactive kinase domain (X. 

Zhang, M. Facette and L.G. Smith, unpublished).  While non-allelic to pan1, pan2 

mutants exhibit similar phenotypes to pan1 mutants including abnormal subsidiary 

cells and SMC polarity defects, demonstrating a role for PAN2 in a pathway for SMC 

polarization.  The relationship between PAN1 and PAN2 is still unknown but pan2 

mutants lack PAN1 patches and contain lower amounts of PAN1, suggesting that 

PAN2 functions in a common pathway with PAN1 (Cartwright et al., 2009). 

The PAN1 pathway during SMC polarization has been further elucidated with 

the recent discovery of interactions between PAN1 and maize ROPs (J.A. Humphries 

et al., unpublished).  ROP2 and ROP9 are homologs of Arabidopsis Type I ROPs that 

were previously found to influence pollen tube and root hair tip growth.  They co-

localize with PAN1 within SMCs at the site of contact with the GMC, and this 

polarized localization is not observed in pan1 mutants, illustrating PAN1-dependency.  

However, PAN1 does not localize any differently when ROP is mutated, suggesting 

ROPs act downstream of PAN1.  Additionally, ROPs and PAN1 co-

immunoprecipitate, lending further evidence an association between ROPs and PAN1.  

Experiments testing for direct interaction between PAN1 and ROPs have given only 

negative results so far (J.A. Humphries et al., unpublished).  Thus, the interaction 

between PAN1 and ROPs may involve an intermediate such as a ROP-GEF. 
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LRR-RLKs interact with PRONE family RopGEFs 

LePRK2 is a pollen-specific tomato LRR-RLK with a cytoplasmic kinase 

domain that directly interacts with RopGEF, LeKPP, implicating RopGEF as a linker 

between this receptor and downstream signaling events leading to polarized pollen 

tube growth involving ROPs.  Furthermore, LeKPP is a peripheral membrane protein 

and when overexpressed, pollen tube growth becomes depolarized, resulting in 

bulbous tips.  This is similar to the phenotypes seen in overexpressed ROP pollen 

tubes, further supporting RopGEFs as a bridge between LePRK2 and ROP.  LePRK2 

also interacts with another LRR-RLK, LePRK1.  Kinase activity of LePRK2 is 

necessary for interaction with LePRK1 but not with LeKPP, although LeKPP is 

phosphorylated in pollen (Kaothien et al., 2005; Zhang et al., 2008). 

Further experiments were done with an Arabidopsis homolog of LeKPP, 

AtRopGEF12, to decipher the regulatory mechanisms governing RopGEFs.  

Overexpressed C terminal truncated AtRopGEF12 disrupted polarized pollen tube 

morphology while full-length AtRopGEF12 did not, supporting a model of GEF 

autoinhibition via the C terminus.  Additionally, AtRopGEF12 only interacted with 

AtPRK2a (an Arabidopsis homolog of LePRK2) in yeast as a C terminal truncated 

protein.  Alignment of the C-terminal domains of five pollen-specific or pollen-

enriched AtRopGEFs (8, 9, 11, 12 and 13), along with RopGEFs of other plants 

including rice and maize, showed conservation of a potentially phosphorylated serine 

residue.   Overexpression of a mutant version of AtRopGEF12 lacking this serine (but 

not other potentially phosphorylated residues in the C-terminal domain) caused a 
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phenotype similar to overexpression of C terminally truncated RopGEF12 (Zhang and 

McCormick, 2007).  This result, in addition to extraction of phosphorylated LeKPP 

from tomato pollen, further supports phosphorylation of the C-terminal domain in 

positive regulation of GEF activity (Kaothien et al., 2005; Zhang et al., 2007).  

However, when coexpressed with a kinase-inactive mutant form of AtPRK2a, 

AtRopGEF12 is still bound to AtPRK2a.  Therefore, association between the RopGEF 

and the RLK does not require kinase activity as seen with LeKPP and AtRopGEF12 

(Zhang and McCormick, 2007).   

Although the cellular process for polarized pollen tube growth is intricate and 

still largely a mystery, the hypothetical model involves direct interactions between 

AtROPGEF12, AtPRK2a and ROP, as follows.  AtPRK2a interacts with the C 

terminus of AtRopGEF12, phosphorylating it and thereby allowing GEF activity 

leading to PRONE association with ROP, which induces a signaling cascade for 

polarized pollen tube elongation.  Possible in vivo interaction between the three 

proteins is supported by the localization of AtROPGEF12, AtPRK2a and ROP in the 

apical plasma membrane (Lin et al., 1996; Zhang and McCormick, 2007).  

Additionally, co-expression of AtRopGEF12 and AtPRK2a resulted in phenotypes 

similar to ROP over-expression (Zhang and McCormick, 2007).    
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RopGEFs in stomatal development 

Although RopGEFs have been studied in various plants such as Arabidopsis and 

Solanum lycopersicum, they have yet to be examined extensively in maize.  Given the 

interactions between LRR-RLKs and RopGEFs discovered in other plant species and 

the connections between PAN1 and ROP recently discovered in maize subsidiary 

mother cells, it is possible that maize RopGEFs participate in the PAN1 pathway for 

SMC polarization.  Indeed, the 52kDA phosphoprotein present in wild type maize but 

not in pan1 may be a PRONE family RopGEF family member, all of which are close 

to 50kDA.  Eighteen PRONE family RopGEFs were identified in the recently 

sequenced maize genome.  Five of these were chosen based on homology to 

AtRopGEF12 and expression levels in dividing leaf tissue.  A variety of experiments 

were conducted to examine the expression and localization of these proteins as well as 

to analyze their ability to interact with PAN1 and PAN2 in the yeast-2-hybrid system. 
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MATERIALS AND METHODS 

 

 

Plant Material 

B73 (wild-type), pan1 mutant, and pan2 mutant plants were used.  pan1 contains a 

mutator insertion and pan2 contains an EMS-induced amino acid substitution.  Both 

mutants have been back-crossed at least three times to B73. 

 

Selection of maize prone RopGEFs and antibody production 

Maize RopGEFs were identified through maizesequence.org by utilizing 

BLAST against AtRopGEF12.  Five were chosen based on sequence similarity and 

mRNA levels in dividing maize leaf tissue.   

An antibody was raised against the C terminus region immediately 5’ of the 

stop codon of the RopGEFs (CMDKLDFLGGTRSPIARH).  The peptide sequence 

was chosen as a consensus of the 5 RopGEFs designed to recognize multiple proteins 

(Figure 6).  Antibodies from two rabbits (G5785 PRONE and G5786 PRONE) were 

generated by Genemed Synthesis, Inc.  Both were affinity-purified (Thermo Scientific 

SulfoLink Immobilization kit) and tested in subsequent experiments. 
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Molecular cloning 

Chosen gene sequences were amplified from cDNA.  For RNA extraction, the 

leaves with fully or partially expanded sheaths of 3-4 week old plants were removed 

and the basal-most 2cm of the remaining leaves were used.  The leaves were frozen 

with liquid nitrogen, ground into fine white powder with a mortar and pestle, mixed 

with 700µL of Trizol, and incubated at room temperature for 5 minutes.  After adding 

160µL of chloroform, the mixture was shaken, incubated at room temperature for 3 

minutes and centrifuged at 12,000 rpm at 4°C for 15 minutes.  The top aqueous layer 

was kept and RNA was precipitated with the addition of 350µL of isopropanol and 10 

minutes of incubation at room temperature.  The RNA was spun down at 12,000 rpm 

at 4°C for 10 minutes, washed with 75% ethanol, spun down again, dried at room 

temperature for 15 minutes and resuspended with 50µL DEPC H2O.  cDNA was 

synthesized using the RNA and MMLV Reverse Transcriptase (Promega) according to 

the manufacturer’s manual. 

Primers were created by Allele, Inc. and designed with Primer3 Input V.0.4.0 

(frodo.wi.mit.edu/) with necessary additions and modifications such as restriction sites 

specified for each construct (listed in Table 2).  Following PCR, all products were ran 

on 1% agarose gels and dersired bands were extracted using a MinElute gel extraction 

kit (QIAGEN).  When necessary, appropriate enzymes were added and the DNA was 

digested at 37°C for 1 hour.  After overnight ligation, the plasmids were transformed 

into E. coli and plated onto LB with the appropriate antibiotic. Colonies were 

innoculated and grown overnight in LB broth.  DNA was isolated from the bacterial 
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culture using the QIAprep Miniprep Kit (QIAGEN) and the plasmid DNA was 

sequenced (Retrogen, Inc.) to confirm the construct was error-free. 

 

A. GST fusion constructs 

The primers and regions for the creation of RopGEF1-5::GST are listed in 

Table 2.  All regions contain the C terminal domain of the ROPGEFs and extend past 

the stop codon.  All inserts were digested with BamHI and EcoRI and ligated into 

pGEX-4T-3 (GE Healthcare), downstream of the tac promoter and upstream of 

glutathione S-transferase (GST).  Plasmids were first transformed into DH5α and 

sequenced before being transformation via electroporation into BL21 cells for protein 

expression.  Positive transformations were selected on LB plates containing 50µg/mL 

ampicillin.   

 

B. Production of constructs for yeast 2-hybrid system 

Vectors generated for the yeast two-hybrid system and the mating-based Split 

Ubiquitin System (mbSUS) had appropriate sequences cloned into gateway entry 

vector pENTR (Invitrogen) before being transferred into the proper destination vector. 

The destination vector for the yeast two-hybrid system was a modified Clontech pAS2 

(Nakayama 2002) and the destination vector for mbSUS was pNX32-DEST (Grefen 

2007).  The primers and regions for the creation of pENTR RopGEF1-5 are listed in 

Table 2.  Left primers were made with CACC for directional ligation followed by a 
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start codon (ATG).  Sequences were amplified from the previously mentioned pGEX 

constructs and all inserts contain the C terminal domain of the ROPGEFs and extend 

past the stop codon.  After ligations into pENTR, the constructs were transformed into 

Mach-T1R and plated onto LB with 50µg/mL kanamycin.  

LR recombination reactions were done with a pENTR/D-TOPO cloning kit 

(Invitrogen) according to the manufacturer’s instructions. After transformation into 

DH5α, colonies were grown on 50µg/mL ampicillin LB plates for selection. 

 

C. GFP::RopGEF5 (GFP fusion protein construct) 

For GFP::RopGEF5, the full-length sequence was amplified from a contruct 

provided by Xiaoguo Zhang, spanning from the start codon to immediately 5’ of the 

stop codon.  The left primer was designed to include 10 alanines before the RopGEF 

sequence as a linker?.  Primers are listed in Table 2.  The insert was digested with 

EcoRI and KpnI before being ligated into pBCG (obtained from John Fowler), 

downstream of the GFP-encoding region. DH5α was used for transformation and 

plated onto 50µg/mL ampicillin selection plates. 
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Table 1: Primers for Constructs 

 
Construct Region 

Amplified 
MW of 
Region 
(kDa) 

Primer 
Name 

Primer 

060626 
L 

TACGGATCCAAGATGACCCACA
AGGACAG 

RopGEF1::
GST 

369-549 
 

20 

060626 
R 

TATGAATTCTAGCCTCACTCACA
CCC 

079755 
L 

CTAGGATCCCTGGCTTTCACGGT
CATG 

RopGEF2::
GST 

393-491 
 

11 

079755 
R 

ATAGAATTCCCCTCACTACACCC
CCTACC 

088160 
L 

AATGGATCCGCGTACAGCGTCA
TGTCC 

RopGEF3::
GST 

361-483 
 

13 

088160 
R 

TACGAATTCTGTCGTCTCCATTG
TCGTC 

132973 
L-2 

ATCGGATCCCTGGCTAGGGAGA
AGGC 

RopGEF4::
GST 

421-523 
 

11 

132973 
R 

ATAGAATTCAGCCCAGTTTGAC
ACAATCC 

173729 
L 

ACAGGATCCGCACAGAACCTGA
CGGCG 

RopGEF5::
GST 

416-519 
 

11 

173729 
R 

ATTGAATTCGTCGTCTCCTCTCC
CATTG 

060626 
L Part 

CACCATGGCAGCAGGGTTGATG
AGGATC 

pENTR 
RopGEF1 

465-549 
 

9 

060626-
R 

GTGTCTAGCTATCGGGCTTCTCG
T 

079755 
L Part 

CACCATGAGAATCGCCGCCAGC
TTA 

pENTR 
RopGEF2 

420-491 
 

8 

079755-
R 

GTGTCTTGCTATCGGGCTTCTTG
T 

088160 
L Part 

CACCATGGCGGCGCGGCGAGCG
CTGGAG 

pENTR 
RopGEF3 

386-483 
 

11 

088160-
R 

GTGGCGCGCGGAGGGGCTCCTC
AT 

pENTR 
RopGEF4 

421-523 
 

11 132973-
L 

CACCATGCTGGCTAGGGAGAAG
GCCAAGAAG 

173729-
L 

caccatgGCACAGAACCTGACGGCG
ACCGAG 

pENTR 
RopGEF5 

416-519 
 

11 

173729-
R 

GTGGCGCGCAGAGGGGCTCCTC
AT 
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Table 1: Primers for Constructs, Continued. 

 
Construct Region 

Amplified 
MW of 
Region 
(kDa) 

Primer 
Name 

Primer 

17R-2 AATggtaccGTGGCGCGCAGAGGG
GCTCCTCAT 

GFP::Rop
GEF5 

1-518 
 

58 

17L-4 ATAgaattcGCCGCCGCTGCTGCTGC
AGCCGCAGCAGCTATGGTGCGCT
TCCTCCGGCGCGGA 

 

 

Table 2: Primers for sequencing 

Primers for Primer Name Primer 
pBCGRev CAATCTTAAGAAACTTTATTGCC pBCG 

sequencing YFP-622-For TGAGCAAAGACCCCAACGA 
pAS2 5' In TCATCGGAAGAGAGTAGTAAC pAS 

sequencing pAS2 3' In CGTTTTAAAACCTAAGAGTCAC 
pACT2 5' In AATACCACTACAATGGATGAT pACT 

sequencing pACT2 3' In GTGAACTTGCGGGGTTTTTCAGTATCTACGAT 
89 ACCTGAGAAAGCAACCTGACCTACA pNX32 and 

pXN25 
sequencing 

90 CCTCGTCATTGTTCTCGTTCCC 

 

 

Immunoblots 

Protein was extracted from the basal 2cm of leaves with unexpanded sheaths 

from plants 3-4 weeks old.  An Omni TH homogenizer was utilized to homogenize the 

tissue on ice in 10% sucrose, 1% protease inhibitor cocktail for plants (Sigma), 5mM 

EDTA, 5mM EGTA and 0.3% ß-mercaptoethanol. Cell debris and large organelles 
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were removed by microcentrifugation, first at 750×g and then at 2100×g.  

Centrifuging the supernatant at 110,000×g for 40 minutes in 4°C separated the soluble 

and insoluble fractions. Tris-buffered saline (TBS) was used to resuspend the 

insoluble pellet.  After boiling in SDS loading buffer with 10mM DTT for one minute, 

10µL of samples were loaded onto 10% polyacrylamide gels and separated by SDS-

PAGE. Proteins were transferred to polyvinylidene difluoride membrane (Millipore) at 

100 volts for 1 hour, blocked in 5% BSA, probed overnight with the appropriate 

antibody (2µg/mL), washed and then incubated in anti-rabbit IgG alkaline phosphatase 

conjugate (Promega, 50 ng/ml) for 1 hour.  Protein bands were visualized with NBT 

and BCIP (Promega).  Blots were stained with 0.1% Ponceau S in 5% acetic acid to 

ensure equal protein sample loadings. 

 

A. Dot Blot 

To test for optimal antibody concentration, four different amounts (1µg, 100ng, 

10ng, 1ng) of PRONE peptide (or BRK1 as control) were dotted onto strips of 

nitrocellulose membrane (Schleicher & Schuell).  Different amounts of G5785 

PRONE and G5786 PRONE were used on each strip (Figure 7).  The methods for 

blotting mentioned above were used. 
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B. Bacterial Expression of Proteins  

BL21 cells containing RopGEF1-5::GST were grown in LB broth until O.D. 

reached 0.6-0.8.  0.1µM ITPG was added to the cultures and incubated for 3 hours at 

27°C.  Cells were spun down and resuspended in SDS loading buffer and 10mM DTT.  

Resuspensions were separated by SDS-PAGE and immunoblotted as mentioned 

previously.  Coomassie Blue stained gels were fixed in 25% isopropanol and 10% 

acetic acid for 20 minutes, stained in rapid Coomassie staining solution (50% 

methanol, 0.05% coomassie R-250, 10% acetic acid) for 5 hours, and destained 

overnight in 10% acetic acid.   

 

C. Peptide Competition  

For the peptide competition assay, blots were probed with affinity purified 

G5785 PRONE and G5786 PRONE antibodies (2µg/mL), pre-immune (1:500) and 

crude sera (non-purified) (1:500) plus a 1:500 Crude serum had been mixed with 20 

µg/mL PRONE peptide and incubated at room temperature for 10 minutes to compete 

out the antibody.  

 

Yeast two-hybrid and mating-based split-ubiquitin system (mbSUS) assays 

Yeast transformations and mbSUS techniques and assays were carried out 

following the protocols outlined in Grefen et al., 2007.   
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For yeast two-hybrid, pAS constructs containing the C terminal domain of 

PRONE RopGEFs (Table 2) were incorporated into Saccharomyces cerevisiae AH109 

which were previously transformed with a pACT plasmid containing a PAN1 insert, 

PAN2 insert, or no insert (received from M. Facette and Y. Park of the L.G. Smith 

lab).  Negative controls were made with a no insert pAS and a positive control was 

made with AD::PAN2 and BD::PAN2.  Co-transformed cells were selected for using 

CSM media plates lacking tryptophan and leucine.  Positive interactions were tested 

by spotting cells in a serial dilution (1, 1/10, 1/100, 1/1000) onto plates lacking 

tryptophan, leucine and histidine.  

For mbSUS, THY.AP5α were transformed with pNX32 constructs containing 

the C terminal domain of PRONE RopGEFs (see above) and selected for using plates 

with no tryptophan and uracil.  THY.AP4a transformed with pXN25-DEST containing 

a full-length PAN1 insert was prepared by Michelle Facette and mated with 

transformed THY.AP5α.  Successful mating was selected for on plates lacking 

tryptophan, uracil and leucine and positive interactions were tested according to 

Grefen 2007. 

 

Immunolocalization 

Immunolocalization of PRONE RopGEFs was carried out on 2 cm long x 2-5 

mm wide tissue strips excised from the basal-most 2 cm of unexpanded leaf tissue 

from 3-4 week old plants.  The segments were fixed in PHEM buffer (60mM PIPES, 
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25mM HEPES, 10mM EGTA, 4mM MgCl2) pH 6.9 with 4% formaldehyde and 0.1% 

Triton X-100 for 2 hours at room temperature, then washed 3 times in PHEM with 

0.05% Triton X-100 for ten minutes each.  Cell walls were permeabilized by digestion 

in 1% Driselase (Sigma) and 0.5% Pectolyase Y-23 (MP Biomedicals) for 15 minutes 

and then washed 3 more times.  Extraction was performed in 1% Triton X-100 and 1% 

DMSO for 1 hour, followed by three 10 minute washes in phosphate buffered saline 

(PBS) with 0.05% Triton X-100.  The tissues were blocked in PBS with 5% goat 

serum for 30 minutes and then incubated overnight in 5 µg/mL affinity purified 

primary antibodies with blocking solution.  After three 20 minute washes in PBS with 

0.05% Triton X-100, the strips were immersed for four hours in blocking solution with 

20 µg/mL Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen) and then washed three 

more times.  DNA was stained with 10mg/mL propidium iodide (Sigma) for ten 

minutes, followed by two washes.  No primary antibody was used in the negative 

control experiment.  Tissue was placed onto microscope slides using Vectashield 

mounting medium (Vector) and examined by confocal microscopy (described below).  

 

Bombardment 

The basal-most 2cm of unexpanded leaf tissue from 4-6 week old plants were 

cut into 2cm long x 2-5mm wide tissue segments which were placed in a circular 

arrangement onto MS-agar plates.  Microcarriers of GFP::RopGEF5 were made by 

coating ethanol-sterilized 3mg of 1µm gold particles (Bio-Rad) with 2µg of plasmid 

by incubating in 0.1M spermidine and 2.5M CaCl2 in room temperature for ten 



31	  
	  

 
 

minutes.  The coated gold was spun down and resuspended in 50µL cold ethanol.  

Each plate was bombarded with 8-12µL of gold-DNA resuspension using a Bio-Rad 

biolistic PDS-1000 helium system at 1100 psi according to the manufacturer’s 

protocols.  After 16-20 hours, bombarded tissues were mounted in water on 

microscope slides and scanned for transformed cells by confocal microscopy. 

 

Confocal microscopy 

A Nikon TE 2000U microscope was employed to visualize fluorescence.  The 

microscope is equipped with a Yokogawa Nipkow spinning disk confocal head, 

Chroma HQ525/50 (GFP) and HQ620/60 (Red) band pass emission filters, a Roper 

Cascade 512b EM CCD camera using on-chip gain and reading off at 5 Mhz.  Alexa 

Fluor 488 and GFP::RopGEF5 proteins were excited using an Argon laser at 488nm 

while propidium iodide stained DNA was visualized with an Argon/Krypton laser at 

568nm.  MetaMorph software V.7.0r1 was used to control the confocal system and to 

assemble Z-projections of image stacks.  Adobe Photopshop CS4 Extended V.11.0.2 

was utilized for image processing.   
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RESULTS 

 

 

Characterization of maize PRONE RopGEFs  

To investigate the possible role of RopGEFs in the LRR-RLK PAN1 pathway 

during maize stomatal development, PRONE domain proteins were identified in the 

recently sequenced genome of maize.  Analysis of eighteen PRONEs in the maize 

genome show that no singular maize homolog exists for each of the Arabidopsis 

PRONE family members (Table 3).  Therefore, to elucidate possible relationships in 

maize with PAN1, five candidate PRONEs were chosen (see Materials and Methods).  

The PRONE domain of the five selected RopGEFs is highly conserved when 

compared to AtRopGEF12, ranging from 64-68% identity.  More importantly for this 

study, the C-terminal domains (where LRR-RLKs bind) of these five are most similar 

to AtRopGEF12.  Additionally, they are all of similar size (53-60kDa) to the 

phosphorylated 52kDA protein described by Cartwright et al., 2009.  mRNA 

expression levels in basal leaf tissue, which also factored into the selection of these 

maize RopGEFs, were taken from the Brutnell Group experimental data as RPKM 

(reads per kilobase per million mapped reads) calculations (Li 2010, 

www.bar.utoronto.ca/maizeefp/cgi-bin/efpWeb.cgi).  RPKM is a measure to compare 

expression levels of different transcripts that considers exon length as well as mapped 

reads.  Because RPKM estimates (bracketed in Table 3) are not available for all the 

PRONEs, a range of 1 (low expression) – 5 (high expression) was used to denote the 
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pictorial Brutnell Group data presented at maizegdb.org.  The five chosen genes have 

the highest expression levels amongst the PRONEs that are most similar to the 

AtRopGEFs (8, 9, 11, 12, 13) mentioned in Zhang et al., 2007 (Table 3).  
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Table 3: Analysis of PRONEs identified in maize.   

The eighteen PRONE RopGEFs were identified based on homology to Arabidopsis 
PRONEs in the 5a release of the maize genome (M. Facette, personal communication).  
NCBI was used to identify the PRONE domain regions.  Molecular weight and 
percent identity to the AtRopGEF12 PRONE domain were deduced using MacVector.  
Protein expression levels were obtained from the Brutnell Group data by using two 
websites: www.bar.utoronto.ca/maizeefp/cgi-bin/efpWeb.cgi and maizegdb.org.  A 
number of 1 (low) – 5 (high) designates mRNA levels as mentioned in the text and is 
followed by RPKM calculations in brackets.  Designations for 5 selected RopGEFs are 
shown in the first column. 

 

 Accession 
Number 

PRONE 
Domain 
Position 
(aa) 

PRON
E %ID 
to 
AtRop
GEF12 

Closest 
Arabidops
is 
Relative 

MW 
kDa 

Leaf Tip 
Expressi
on 

Leaf 
Base 
Expres
sion 

Rop
GEF
1 

GRMZM2G
359664 

108-463 64 AtRopGEF1
2 

61 3[7.34] 2[1.48] 

Rop
GEF
2 

GRMZM2G
377615 

62-416 65 AtRopGEF1
2 

54 1[0.35] 0[0.09] 

Rop
GEF
3 

GRMZM2G
442148 

35-383 68 AtRopGEF1
1 

54 1[0.51] 0[0.15] 

Rop
GEF
4 

GRMZM5G
840538 

73-427 65 AtRopGEF9 58 3 0 

Rop
GEF
5 

GRMZM2G
173729 

72-421 65 AtRopGEF1
1 

58 1 0 

 GRMZM2G
020552 

1-256 43 AtRopGEF8 38 1 0 

 GRMZM2G
144504 

87-451 55 AtRopGEF7 60 4[8.97] 1[0.43] 

 GRMZM2G
065423 

72-472 55 AtRopGEF7 70 3[4.62] 0[0] 

 GRMZM2G
103412 

1-136 19 AtRopGEF7 16 2 0 

 GRMZM2G
087678 

101-462 50 AtRopGEF3 51 5[10.64] 1[0.69] 

 GRMZM2G
131275 

87-448 46 AtRopGEF3 52 2[1.52] 0[0.16] 

 GRMZM2G
071157 

108-484 52 AtRopGEF3 53 2[1.68] 0[0.12] 
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Table 3: Analysis of PRONEs identified in maize, Continued.   

 

 Accession 
Number 

PRONE 
Domain 
Position 
(aa) 

PRON
E %ID 
to 
AtRop
GEF12 

Closest 
Arabidops
is 
Relative 

MW 
kDa 

Leaf Tip 
Expressi
on 

Leaf 
Base 
Expres
sion 

 GRMZM2G
105253 

84-463 54 AtRopGEF1 61 4[8.23] 0[0.03] 

 GRMZM2G
158679 

78-456 54 AtRopGEF1 61 4[6.66] 0[0.27] 

 GRMZM2G
147780 

154-519 44 AtRopGEF1
4 

65 3[12.42] 1[3.42] 

 GRMZM2G
092749 

119-490 44 AtRopGEF1
4 

61 5[44.93] 1[0.91] 

 GRMZM2G
463449 

1-361 36 AtRopGEF7 55 1 2 

 GRMZM2G
059052 

99-451 68 AtRopGEF1
2 

59 1 0 

 

 

 

 

 

 

 

 

Figure 5: Structure of maize RopGEFs.  Maize RopGEFs have three major domains: a 
conserved PRONE domain in the middle with variable N and C termini at the ends.  
The C terminus has previously been shown to interact with LRR-RLKs and is the 
main domain of interest for these experiments. 
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Characterization of PRONE C-terminal specific antibody 

To further investigate these PRONEs in maize, an antibody was raised against 

a synthetic peptide representing a consensus among C-terminal sequences of the five 

chosen Rop-GEFs. (Figure 6, peptide sequence shown in red with matching residues 

in each PRONE domain protein also highlighted in red).  Antibodies raised in two 

different rabbits were received (G5785 PRONE and G5786 PRONE).  A dot blot was 

performed to evaluate the reactivity of these two antibodies against the immunizing 

peptide (Figure 7 and Materials and Methods).  Both affinity-purified antibodies 

recognize the PRONE peptide it was raised against and do not recognize the BRK1 

peptide (a fragment of the maize BRK1 protein) that was used as a negative control, 

illustrating peptide specificity.  Furthermore, the pre-immune serum, a negative 

control, does not detect the PRONE peptide.  While the crude serum of the PRONE 

antibodies binds to the PRONE peptide, it has a much lower affinity compared to the 

affinity-purified antibodies, indicating the successful purification of the antibody.  A 

dilution series of the affinity-purified antibody gave a range of favorable 

concentrations (10-1µg/ml).  A concentration of 2µg/ml was used in subsequent 

Western blots as previous experiments showed this as a useful concentration for 

western blotting with other anti-peptide antibodies. 
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Figure 7: Dot Blot analysis of PRONE antibodies.  G5785 PRONE (A) and G5786 
PRONE (B) antibodies were used in pre-immune, crude, and affinity-purified forms.  
The affinity-purified antibody was tested in a 1/10 dilution series (10−0.01µg/mL).  
The peptides PRONE and BRK1 (a negative control) were applied in a 1/10 dilution 
series (1−0.01µg). 
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After establishing peptide specificity and optimal concentration, the two 

antibodies were tested for recognition of the five chosen RopGEFs when bacterially 

expressed.  As mentioned previously, the peptide used to raise the antibodies 

represented a consensus of the C terminus regions of the five PRONEs, therefore it 

was important to ascertain the antibodies’ ability to recognize each of these five 

proteins. For this reason, constructs each containing one of five PRONE C terminal 

domains fused to GST were made using the pGEX system and transformed into E. coli 

strain BL21 for bacterial expression of these fusions.  Following IPTG induction, 

induced and uninduced samples of RopGEF1-5::GST plus an empty pGEX vector in 

BL21 (a negative control) were ran on SDS-PAGE gels and stained with Coomassie, 

revealing numerous induced bands (Figure 8-A).  Probing Western blots of identically 

ran protein gels with the two antibodies demonstrated that both antibodies recognize 

proteins of expected size for RopGEF2-5::GST (~34kDa) which appear induced in the 

Coomassie staining.  Only RopGEF1::GST does not display obvious induction in 

Coomassie staining, but does show a correctly sized band when probed with both 

antibodies (~43kDa).  The antibodies also detected smaller proteins which are most 

likely degradation products of the full length fusion proteins (Figure 8-B, 8-C).  These 

results demonstrated that both antibodies recognize all five selected PRONEs from 

maize and were therefore likely to be suitable for use in subsequent experiments. 
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Figure 8: Coomassie Staining and Western blots of bacterially expressed RopGEF1-
5::GST.  RopGEF1-5::GST were separated by SDS-PAGE and then stained with 
Coomassie Blue (A) or immunoblotted and probed with G5785 PRONE (B) or G5786 
PRONE (C).  U = uninduced, I = induced, red dots = induced bands seen in 
Coomassie, green dots = induced bands seen in Coomassie and recognized by 
antibodies, yellow dots = recognized by antibodies but not seen as induced in the 
Coomassie stain. 

 

 

 

 

 

 

 

 



42	  
	  

 
 

 

Probing of maize protein extracts with PRONE antibodies 

With G5785 PRONE and G5786 PRONE validated as useful antibodies, I 

assessed their ability to recognize maize proteins in tissue extracts.  To determine if a 

given band recognized by an antibody on a western blot is the target protein, it is 

desirable to test a null mutant for the target protein to see if the band disappears in the 

mutant.  However, due to a lack of mutant plants for the RopGEFs in maize, peptide 

competition was utilized as specificity control instead. In a peptide competition assay, 

the antibody is pre-incubated with the peptide prior to application to an immmunoblot, 

so that the peptide-specific antibody is bound to the peptide. Thus, maize proteins that 

are antigenically related to the peptide should be absent when probed with the peptide-

competed antibody. Soluble and insoluble protein fractions extracted from dividing 

wild-type maize leaf tissue were separated by SDS-PAGE and probed with crude 

serum, pre-immune serum, affinity-purified antibody or the peptide-competed 

antibody (Figure 9).   

G5785 PRONE and G5786 PRONE each detected different sized bands that 

were present on blots probed with crude serum and affinity-purified antibody and 

absent on blots probed with pre-immune serum and peptide-competed antibody (these 

were the expected characteristics for a maize protein containing the C-terminal domain 

closely related to the immunizing peptide).  Probing with G5785 PRONE revealed two 

bands that fall into this category in the pellet (membrane) fraction, one that is larger 

(~75kDa) than the expected sizes of any of the proteins of interest and another that is 
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approximately the right size (~56kDa).  One strong band was seen with G5786 

PRONE in both pellet and supernatant fractions, but of differing size to the ones 

recognized by G5785 PRONE (~40kDa) and smaller than expected for a PRONE 

RopGEF.  Additionally, G5785 PRONE crude serum bound to another protein 

(~65kDa) that was competed out by the peptide and undetected by pre-immune serum 

but it was not recognized by the affinity-purified antibody. Although it is unclear from 

this assay if G5786 may be suitable for detection of the selected PRONE protein 

sequences by Western blot, it was also included in subsequent experiments. The lack 

of correspondence between maize proteins recognized by the two antibodies and the 

unexpected sizes of some proteins recognized by these antibodies makes it difficult to 

conclude with certainty whether any of the proteins recognized corresponds to a bone 

fide PRONE domain protein. 
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Figure 9: Western blot analysis with anti-PRONE C-terminal peptide antibody. Wild-
type protein extracts were probed with G5785 PRONE (A) and G5786 PRONE (B) 
pre-immune, crude, affinity-purified, or peptide-competed crude antibodies.  Bands 
that were competed out are labeled with blue dots.  S = soluble proteins and P = pellet 
or insoluble proteins. 
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As mentioned previously, in Cartwright et al., 2009 a phosphorylated 52kDa 

protein was detected in wildtype protein extracts but not in the pan1 mutant and was 

reduced in the pan2 mutant. To investigate whether this phosphoprotein is a ROPGEF 

recognized by the PRONE antibodies, protein extracts from wild-type, pan1 mutant, 

and pan2 mutant were run on protein gels and probed with the PRONE antibodies to 

test for changes in PRONE levels or shifts in band sizes as might be expected for a 

differentially phosphorylated protein (FIGURE 10).  However, no difference in band 

sizes or signal intensity could be seen with either G5785 PRONE or G5786 PRONE.  

 

 

Figure 10: PRONE antibody recognition in wild-type vs mutant protein extractions.  
Protein extractions from three different genotypes (wild-type, pan1 mutant, pan2 
mutant) were probed with G5785 PRONE (A) and G5786 PRONE (B).  S = soluble 
protein and P = pellet or insoluble protein. 
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Immunostaining of maize leaf tissue  

Maize ROPs and PAN1 have previously been shown to localize together in 

polarized manner in subsidiary mother cells (SMCs) at the point of contact with the 

guard mother cell (GMC) during stomatal development (Cartwright et al., 2009; 

Humphries et al., unpublished). With the hypothesis that maize RopGEFs might be 

acting to promote ROP association with PAN1, wild-type leaf tissue with developing 

stomata was used for whole mount immunolocalization experiments with G5785 

PRONE and G5786 PRONE antibodies to examine the localization of proteins 

recognized by these antibodies.  G5785 PRONE produced punctate staining around 

the nuclei and cell periphery of all epidermal cells types including GMCs, SMCs, and 

pavement cells during various stages of stomatal development: before SMC 

polarization (Figure 11-A), during SMC polarization and after SMC division into 

subsidiary cells (Figure 11-C).  This staining was not observed to show a polarized 

distribution in SMCs. The same localization patterns were seen with G5786 PRONE 

(data not shown).  A negative control of no primary antibody displayed secondary 

antibody background, supporting the fluorescence as proteins detected by primary 

antibodies.  The identity of puncta labeled by these antibodies is unknown. 
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Figure 11: Immunostaining of maize leaf tissue with PRONE antibodies.  G5785 
PRONE antibody (A, C) and a negative control, no primary antibody, (B, D) was used 
to probe wild-type basal leaf tissue with pre-polarized SMCs (A, B), polarized SMCs 
and divided SMCs (C, D).  Propidium iodide staining is shown adjacent to 
corresponding antibody images.  Yellow dots = SMCs, blue dots = GMCs, and green 
dots = subsidiary cells.  White arrows point to protein localization.  Scale bar 
represents 10µm. 
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Bombardment of maize tissue with GFP::RopGEF5 

Tissue staining with G5785 PRONE and G5786 PRONE showed staining 

around the nucleus in various cell types (Figure 11), an unexpected result for a 

PRONE RopGEF as PAN1 and ROP both accumulate at the cell surface towards the 

GMC in polarizing SMCs.  To test PRONE localization in another manner, biolistic 

transformation with GFP::RopGEF5 (using the pBCG plasmid backbone) was carried 

out. GFP was placed at the N-terminus of the protein since fluorescent protein tags at 

this location have been used for PRONE RopGEF localization in other studies (Zhang 

et al., 2007; Riely et al., 2011).  As detailed in Materials and Methods, strips of basal 

maize leaf tissue, where stomatal divisions occur, were placed onto MS plates and 

bombarded with gold particles coated with GFP:RopGEF5 (or empty pBCG plasmid 

as a negative control).  After approximately 16 hours, the bombarded tissue was 

analyzed for transformed cells.  Excitation at 488nm was utilized for GFP 

visualization, and excitation at 586nm was used to discriminate between GFP 

fluorescence and autofluorescence.  Localization of GFP::RopGEF5 was surprisingly 

variable.  Bombarded cells all displayed cytoplasmic expression while most also 

showed an accumulation of variably sized, dot-like accumulations around the 

periphery.  Notably, localization around the periphery of the nucleus as seen with 

antibody staining was not observed.  

GFP::RopGEF5 localization was classified into five groups: cytoplasmic only, 

fine/small dots, medium dots, large dots, and combination (Figure 13).  Each cell type 

(GMCs, SMCs, interstomatal, and pavement) demonstrated nearly equal proportions 
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of cells displaying the different localization classes, illustrating that localization 

classes does not correspond to different cell types (Figure 12 and Table 4).  

Additionally, fluorescence intensity appeared to correspond with the occurrence of 

dots but in some cases, cells displaying only cytoplasmic expression were just as 

bright.  Polarization of the peripheral proteins was a stochastic occurrence, 

infrequently seen (8/63 in pavement cells) with the most demonstrated in SMCs 

(9/34), but was directionally inconsistent (Figure 15 and Table 4).  For example, in 

SMCs showing polarized localization of GFP::RopGEF5, fusion protein localization 

was sometimes polarized toward the GMC and sometimes in a different direction. 

Cells bombarded with empty pBCG vector, the negative control, displayed no 

polarization.  Most empty pBCG-bombarded cells showed only cytoplasmic GFP as 

expected (34/43) but occasionally cells demonstrated a dotty pattern (9/43) which 

appeared less uniform in size and more diffuse and also occurred with lower frequency 

than those with GFP::ROPGEF5 (Figure 14 and Table 4).  Thus, while it is not clear 

why the cytoplasmic GFP occasionally had this appearance, it was concluded that this 

localization was distinct from that typically observed for GFP::RopGEF5.  

Lastly, to determine whether the dots of GFP::RopGEF5 represent dynamic 

structures of some kind, movement of the dots was explored using a time lapse for 5 

minutes (taking pictures every 10 seconds). While movement was seen, it is still 

unknown what these dots represent (Figure 16).   
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Table 4: Quantitative analysis of GFP::RopGEF in bombarded cells.  

Dot sizes (see Figure 12-15) and polarization were recorded for each type of cell when 
bombarded with GFP::RopGEF5 or empty pBCG. 

 

GFP::RopGEF5 
DOT SIZE POLARIZATION CELL TYPE 
No 
Dots 

Fine/Small Medium Large Mix Yes No 

GMC 1 1 0 1 2 0 5 
SMC 5 7 6 7 9 9 25 
Pavement 23 10 9 13 8 8 55 
Interstomatal 0 2 1 1 1 1 4 
 

Empty pBCG Vector (GFP only, Negative Control) 
DOT SIZE CELL TYPE 
No Dots Fine/Small Medium Large Mix 

GMC 1 0 0 0 0 
SMC 6 0 1 1 0 
Pavement 27 0 1 6 0 
Interstomatal 1 0 0 0 0 
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Figure 12: Bombardment – Types of Cells.  Different cell types were bombarded with 
GFP::RopGEF5: GMC (A), Interstomatal (B), Pavement (C), and SMCs (D). Scale 
bar represents 10µm. 



52	  
	  

 
 

 

Figure 13: Bombardment – Dot Size.  Peripheral expression showed dots of varying 
sizes in cells bombarded with GFP::RopGEF5: (B) fine (C), small (D), medium (E), 
large and (F) combination. Some cytoplasmic expression was seen in all bombarded 
cells but a (A) few displayed no peripheral dots and only cytoplasmically.  Fine and 
small were co	  unted in the same category. Scale bar represents 10µm. 

 

 

 

Figure 14: Bombardment – Empty pBCG (cytoplasmic GFP control).  Negative 
control, empty pBCG vector, bombardments showed mostly (A) cytoplasmic GFP and 
rarely (B) dot-like aggregates. Scale bar represents 10µm. 
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Figure 15: Bombardment - Polarized vs Unpolarized.  SMC were most commonly 
seen as (A) unpolarized but random (B) polarization also occurred.  Pavement cells 
also showed (C) unpolarized and (D) polarized states. Scale bar represents 10µm.  
Blue dots = GMCs. 
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Figure 16: Bombardment – Time Lapse.  Images were taken every 10 seconds for a 
total of 5 minutes of a GFP::RopGEF5 bombarded cell.  Half of the images taken 
during this time period are presented in the figure above. Scale bar represents 10µm. 
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RopGEF4 shows positive interaction with PAN1 in yeast  

Previous experiments with the yeast 2-hybrid system have revealed 

interactions between certain LRR-RLKs and the C terminal domains of certain 

RopGEFs in plants (Zhang et al., 2007, Kaothien et al., 2005).  To test for a direct 

interaction between PAN1 or PAN2 and the selected maize RopGEFs, a yeast two-

hybrid analysis was performed.  In Zhang et al., 2007, the mating-based split-ubiquitin 

system (mbSUS) in yeast was utilized due to the system’s ability to test for protein-

protein interactions between insoluble integral membrane proteins, such as LRR-

RLKs.  Like classic yeast 2-hybrids, mbSUS uses the bait and prey system but instead 

of fusions with the DNA-binding domain (BD) or activation domain (AD) fragments 

of the transcription factor, the proteins of interest are fused to either the C-terminal 

ubiquitin moiety (“Cub”/bait) or the N-terminal ubiquitin moiety (“Nub”/prey).  The 

protein fused to the Cub moiety needs to be membrane bound while the one attached 

to the Nub fragment can be either soluble or insoluble.  Additionally, a transcription 

factor is fused to the Cub fragment.  If the proteins interact, the fragments unite which 

leads to the ubiquitin specific proteases cleaving off the reconstituted ubiquitin, 

allowing transcription of reporter proteins to be induced.  Therefore, constructs were 

made in an attempt to utilize this system.  However, the “cub” vector (PXN22) 

containing PAN1 was found to be self-activating (see Materials and Methods and 

Zhang et al., 2007), so this system could not be used to test interaction between PAN1 

and maize PRONE Rop-GEFs. 
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Consequently, traditional yeast 2-hybrid tests (reporting interactions taking 

place in the nucleus) were performed using pACT (GAL4 AD) and pAS (GAL4 BD) 

vectors.  The C-terminal domains of the five RopGEFs were inserted into pAS and 

regions encoding the intracellular cytoplasmic domains of pan1 and pan2 were 

inserted into pACT.  Even though RopGEFs are soluble, the entire protein was not 

used because previous yeast 2-hybrid experiments showed that LRR-RLKs interact 

with RopGEF only when C terminal fragments were used.  This is most likely due to 

role of the C terminus in autoinhibition of the PRONE domain.  After the constructs 

were created, BD::RopGEF1-5 were transformed into yeast strain AH109 already 

containing AD::PAN1, AD::PAN2.  For negative controls, BD::RopGEF1-5 were 

transformed into yeast containing empty pACT vectors and AD::PAN1 and 

AD::PAN2 were transformed into yeast with empty pAS vectors.  AD::PAN2 was also 

transformed into yeast with BD::PAN2 as a positive control because previous yeast 2-

hybrid experiments showed PAN2 interacted with itself (Y. Park, unpublished).   

Co-transformed yeast were selected for using plates lacking in tryptophan and 

leucine (-L/T).  Seven co-transformed colonies were chosen and replated on –L/T 

plates to ensure co-transformation and also on plates lacking tryptophan, leucine, and 

histidine (-L/T/H) to test for protein-protein interaction (Figure 17-A).  Progress was 

checked every day for 4 days.  Yeast transformed with BD::RopGEF4 and AD::PAN1 

grew on –L/T/H plates, demonstrating a positive interaction (Red Square in Figure 17-

A), while no interactions were detected with BD::RopGEF1 or BD::RopGEF2 in the 

presence of AD::PAN1 or AD::PAN2.  BD::RopGEF3 and BD::RopGEF5 showed 
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growth regardless of whether it was combined with AD::PAN1, AD::PAN2, or an 

empty pACT vector on –L/T/H plates presumably due to self-activation (Figure 17-A).  

As expected, negative controls showed no growth and AD::PAN2/BD::PAN2 grew on 

–L/T/H plates, validating the experiment (Figure 17-B).  In comparison, 

BD::RopGEF4/AD::PAN1 grew faster than the positive control 

AD::PAN2/BD::PAN2.  After these initial findings, three of the seven colonies 

containing BD::RopGEF4 and BD::RopGEF1 (as an example of a non-interacting 

RopGEF) were resuspended in –L/T media along with the controls, and plated in serial 

dilutions to confirm the original findings.  In each of the dilutions, 

BD::RopGEF4/AD::PAN1 showed much stronger growth than the corresponding 

negative control on –L/T/H plates, confirming the observed interaction between these 

two proteins in yeast (Figure 17-C).  
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Figure 17: Yeast 2 Hybrid Analysis to test for interactions between BD::RopGEFs 
and AD::PAN1 or AD::PAN2.  (A) Initially, seven co-transformed colonies were 
resuspended and pipetted onto -L/T plates (to confirm transformation) and –L/T/H 
plates (to test for interaction).  Two representative colonies of each combination are 
shown.  BD::RopGEF4/AD::PAN1 was the only combination to show a positive 
interaction on –L/T/H.  A red box marks this interaction.  (B) Negative controls of 
AD::PAN1 and AD::PAN2 with empty pAS vector were used while 
AD::PAN2/BD::PAN2 was used as a positive control.  (C) Serial dilutions were 
performed with 3 of the 7 colonies to confirm the interaction.  
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Figure 17: Yeast 2 hybrid analysis to test for interactions between BD::RopGEFs and 
AD::PAN1 or AD::PAN2, Continued. 
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DISCUSSION 

 

 

 PRONE RopGEFs are a unique family of plant-specific GEFs which have been 

studied in various plants but not previously in maize.  In Arabidopsis and tomato, 

LRR-RLKs and the C-terminal domain of RopGEFs have been shown to directly 

interact in yeast 2-hybrid and pull-down assays (Kaothien et al., 2005, Zhange et al., 

2007), with phoshorylation of RopGEFs also shown to be involved in this process.   

With the knowledge that a phosphorylated 52kDa maize protein that is detected in 

wild-type maize protein extracts is not detected in pan1, an LRR-RLK, mutant, and 

given the roles of PAN1 and ROPs in SMC polarization (Cartwright et al., 2009; J.A. 

Humphries et al., unpublished), it was hypothesized that a RopGEF might be the 

phosphorylated protein in this pathway. Therefore, the main focus of these 

experiments was to characterize maize RopGEFs and to test for their interactions with 

LRR-RLKs, PAN1 and PAN2.  

To help characterize RopGEFs in maize, an antibody was designed to 

recognize five RopGEFs with a high similarity in the C-terminus to AtRopGEF12.  By 

utilizing the peptide competition assay on immunoblots, it was found that the RopGEF 

C terminus antibody G5785 PRONE (crude serum and affinity-purified) detected a 

protein of appropriate size (~56kDa) which was not recognized by pre-immune serum 

or peptide-competed crude serum.  However, the same antibody from another rabbit, 

G5786 PRONE, only bound to proteins that were either too small (~40kDa) or not 
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recognized by the affinity-purified version (~65kDa).  Although the same peptide was 

used to raise the antibodies, variations between the same antibodies from different 

rabbits are not uncommon due to variable immune responses to the antigen.  Although 

the maize genome was searched for similar sequences to the peptide, there may exist 

unannotated protein sequences of different sizes that possess domains that match the 

peptide sequence which may be the reason for the bands at unexpected sizes.  

Furthermore, due to possible variations in the surface availability of the peptide-

binding region, other proteins that are not members of the RopGEF family may 

preferentially bind to this antibody.  Peptide competition is not the ideal assay to 

conclusively ascertain that the bands recognized represent the target sequence, as all 

the bands competed out are similar to the peptide and not just the protein of interest.  

Using RopGEF mutants would be the best way to deduce which recognized bands 

represent the protein of interest but no null mutants were available. 

Given the previous study supporting RopGEF phophorylation associated with 

LRR-LRK interaction (Zhange et al., 2007), protein extracts from dividing leaf tissue 

of wild-type, pan1 and pan2 mutants were probed with the two PRONE antibodies to 

test for post-translational differences in RopGEF.  Using alkaline phosphotase 

detection, no major differences in band size or signal intensity were observed between 

the three genotypes for either antibody.  It is possible that small changes may not have 

been identified as alkaline phosphatase detection is not the most sensitive method.  To 

more accurately quantify signal differences, an alternative detection method such as 
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HRP (horse radish peroxidase) could be employed, however, this detection method has 

proved unreliable in this laboratory.  

Following immunoblot experiments testing for RopGEF recognition in maize 

protein extracts, the two PRONE antibodies were used to investigate cellular 

localization in dividing leaf tissues.  As PAN1 and ROP polarize towards the GMC 

(guard mother cell) in the SMC (subsidiary mother cell), and RopGEFs are 

hypothesized to be in the same pathway, PRONE antibody staining in developing 

stomatal complexes was closely examined.  Detected protein localized around the 

nucleus of various cells. No specific localization was observed in GMC or SMC cells, 

nor was polarized localization observed.  Again, without a RopGEF mutant it is 

difficult to establish whether the detected proteins are the target RopGEFs.  However, 

another strategy such as RNAi would be most useful in generating plants with reduced 

levels of a group of closely related PRONE-domain proteins.  Such plants could be 

used to confirm results observed with the PRONE antibodies, and it would also be of 

interest to check these plants for proper subsidiary cell defects in the leaf epidermis (or 

any other defect), as well as proper polar localization of ROPs in SMCs.  

Because tissue staining revealed RopGEFs to localize around nuclei, basal leaf 

tissue was bombarded with GFP::RopGEF5 to further investigate these findings. With 

bombardment, the localization of a single RopGEF (RopGEF5 in this case) can be 

analyzed as opposed to the PRONE antibody, which is designed to target five proteins, 

making it harder to distinguish individual activity. Instead of localizing around the 

nucleus, as was observed in the immunolocalization experiment, GFP::RopGEF5 
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expresses faintly in the cytoplasm in bombarded cells but also expresses along the cell 

periphery as bright foci of various sizes in most bombarded cells. No such dot-like 

aggregates were observed in the immunolocalization with the PRONE antibody. These 

inconsistent localization results between the tissue staining and the GFP::RopGEF5 

bombardment could be due to expression of one or more of the other five selected 

PRONEs which localize differently from RopGEF5.  Analysis of the bombarded cells 

established no pattern between cell types (GMC, SMC, pavement, interstomatal) and 

the appearance or sizes of the dot-like aggregates.  Interestingly, a low fraction of 

pavement (8/63) and SMC (9/34) cells were polarized in apparently random 

directions, even though previous bombardment experiments in this laboratory have 

failed to produce polarized signals for proteins known to be expressed in a polar 

manner (ie polarization appears lost after bombardment). This random polarization of 

the RopGEF5 signal might represent a real variability in PRONE localization, or may 

simply be due to variation in cellular components and the state of the cell after 

bombardment with the gold particle. A time lapse with a duration of five minutes and 

pictures taken every 10 seconds illustrated GFP::RopGEF5 as a mobile protein.  

Although this sheds some light on the possible trafficking of RopGEF5, the specific 

mechanisms of this movement is unknown.  The irregularity observed in these particle 

bombardment results may be due to the impact of the bombardment method causing 

variable disruptions in protein assembly, migration or interaction.  The examination of 

transgenic plants expressing RopGEFs fused to a fluorescent protein would be the 

ideal method for testing localization of the RopGEFs, but this is extremely expensive 

and time-consuming in maize. 
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 Although RopGEF localization results did not show colocalization with PAN1 

and ROP, a yeast 2-hybrids analysis was performed to test for interaction between 

RopGEF1-5 and PAN1 and PAN2. Of the five RopGEF proteins, only RopGEF4 

demonstrated an interaction with PAN1, and none displayed an interaction with 

PAN2. BD::RopGEF3 and BD::RopGEF5 were self-activating (displayed growth on –

L/T/H plates when combined with empty AD vector), while BD::RopGEF1 and 

BD::RopGEF2 displayed no interaction with PAN1 or PAN2. The negative results 

observed with BD::RopGEF1 and BD::RopGEF2 do not rule out that an interaction 

occurs between these proteins and PAN1/PAN2 in maize, as false negatives could 

occur due to difference in in vivo maize environment versus that of yeast such as lack 

of chaperones leading to incorrect folding of proteins or other modifications.  Self-

activation may be due to the C-terminal domains of RopGEF3 and RopGEF5 being 

more “sticky” or being too highly expressed, thus randomly binding to proteins.  The 

only positive interaction, BD::RopGEF4 with AD::PAN1, grew significantly better 

than the empty vector control.  Additionally, when compared to the positive control 

for this experiment, AD::PAN2/BD::PAN2, BD::RopGEF4/AD::PAN1 had a faster 

growth rate on –T/L/H plates, indicating a relatively strong interaction.  It is possible 

that the interaction of BD::RopGEF4/AD::PAN1 is a false positive due to 

overexpression of proteins leading to non-specific binding or due to the yeast system 

forcing the two proteins to be in the same cell or cell compartment when they are 

never together in vivo.  
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It is somewhat surprising that one of the RopGEFs displayed an interaction, 

whereas the rest did not, given the relatively high level of sequence similarity that 

exists between the five RopGEFs.  However, when aligning the five RopGEFs C 

terminal domains, there exists a stretch of nonpolar prolines (P) (underlined with red 

line FIGURE 18) in RopGEF4 occupying a region which in the other four proteins 

contain negatively charged aspartic acids (D) and glutamic acids (E).  This region may 

influence the conformation of the protein and could provide vital clues for the 

mechanism behind a possible LRR-RLK interaction with RopGEFs. The significance 

of this variable region could be determined if we were to elucidate which specific 

sections of RopGEF4 C terminal domain are required for a PAN1 interaction through 

such methods as deletion analysis.  Confirming if the proteins that gave negative 

results in this experiment (eg. RopGEF1 and RopGEF2) were actually expressed in 

yeast would also help clarify the significance of sequence differences between 

RopGEF4 and the non-interactors.  As these constructs contain an epitope tag, protein 

could be isolated from the yeast, separated by SDS-PAGE, immunoblotted and probed 

with an epitope tag antibody to determine if the proteins were expressed.  The positive 

interaction (RopGEF4/PAN1) could be confirmed by other tests for direct interaction, 

such as bimolecular fluorescence complementation (BiFC) and pull-down assays.  

These assays were used in previous studies to confirm and further explore the 

interaction between LRR-RLKs and RopGEFs in tomato and Arabidopsis (Kaothien et 

al., 2005; Zhang et al., 2007). 
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Figure 18: Alignment of RopGEF1-5 C-terminal domain.  RopGEF4 contains a 
region of prolines that differ in sequence from the four other RopGEFs (underlined in 
red).  

 

 

PAN1 and ROPs have been shown to associate in maize extracts, although a 

direct interaction through GST pull-down experiments could not be established (J.A. 

Humphries et al., unpublished). However, these results left open the possibility of a 

“linker protein” that is involved in the association between PAN1 and ROPs.  

Additionally, the yeast 2-hybrid experiment of this study has provided evidence of an 

interaction between PAN1 and RopGEF4, suggesting RopGEF4 may play a role with 

PAN1 in recruiting or activating ROPs in the SMC at the point of contact with the 

GMC. To further investigate this hypothesis, the possible interaction of RopGEF4 

with maize ROPs could be examined through yeast 2-hybrid or pulldown assays.  The 

use of constitutively active or dominant negative forms of ROP in a yeast two-hybrid 

assay or pre-loading ROPs with GDP or GTP in pull-down experiments could also 
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help establish a preference of RopGEF4 for binding active or inactive ROPs since it 

has been shown that most RopGEFs prefer to bind GDP-bound forms of ROP (Berken 

et al., 2005; Gu et al., 2006; Duan et al., 2010).  Furthermore, Riely et al., 2011 

demonstrated that the removal of the N-terminal region of a Medicago truncatula 

RopGEF improves its ability to interact with ROPs in the yeast 2-hybrid system and 

this can also be tested for maize RopGEFs.  RopGEF4 may also be used to identify 

other members of the potential PAN1-RopGEF4 complex, expanding knowledge 

about the PAN1 pathway.  With RopGEF4 as bait, cDNA libraries could be tested for 

interactions in a yeast two-hybrid screen. Such an experiment was published recently, 

with the bait AtRopGEF1 used to identify the Arabidopsis receptor-like kinase 

FERONIA as a RopGEF interactor (Duan et al., 2010). 

In this study I have described the identification of a family of RopGEFs in 

maize with a highly conserved PRONE domain. Although localization studies through 

various methods gave inconsistent results, I have demonstrated that RopGEF4 is able 

to interact with the cytoplasmic domain of PAN1 in yeast, identifying this protein as a 

candidate to participate in the PAN1 pathway of SMC polarity.   Further work is 

required to confirm its role in the PAN1 pathway and to elucidate any function in ROP 

activation or recruitment in polarized SMCs. 
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