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INTRODUCTION 

GTP hydrolysis is an important reaction in biology and necessary to several 

processes of different cell functions, such as proteinsynthesis, cell growth and 

differentiation, sensory processes, transport processes or cytoskeleton 

rearrangement. Small G-proteins (monomer G-proteins) are 20-40 kDa  enzymes 

that hydrolyse GTP to GDP and anorganic phosphate. Small G-proteins are 

active in GTP bound form, and inactive in GDP bound form. GTP hydrolysis 

inactivates the small G-proteins, therefore they act as molecular switches. The 

small G-protein superfamily has five families: Ras, Rho, Rab, Sar1/Arf and Ran 

families, which are different in function as well as in cellular localisation.  

The GTPase cycle of the small G-proteins is regulated through several 

regulatory proteins. The active form of the small G-protein can bind to the 

effector molecule and start the cellular response. Guanine nucleotide exchange 

factors (GEF) promote the replacement of the GDP bound to the GTPase by 

GTP, which is in excess in the cytosol. GTP hydrolysis inactivates the small G-

proteins therefore inhibits their signalling. The intrinsic GTPase activity of the 

small G-proteins is much lower than the activity of heterotrimeric GTPases, but 

it can be enhanced through GTPase activating proteins (GAPs). One small G-

protein can be regulated through many GAPs and one GAP can regulate several 

G-proteins. There is also a diversity in the function of GEFs. The number of 

potential GAPs of the Rho family is more than 70, the number of GEFs is more 

than 80. The third group of regulatory proteins of small G-proteins is the group 

of guanine nucleotide dissociation inhibitor (GDI) proteins. They are able to 

sequester the GDP-bound small G-proteins and therefore inhibit the binding of 

GAPs and GEFs.  

Rho, Rac and Cdc42 proteins are members of the Rho family of small G-

proteins. They have important role in the regulation of the actin cytoskeleton, 

which is important is several cellular processes. Through regulation of the 
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cytoskeleton the Rho proteins are involved in cell migration, cell morphology, 

smooth muscle contraction, cell adhesion, vesicular trafficking, cell polarity, 

morphogenesis, neurite growth, cell cycle regulation. Spatially and temporally 

coordinated Rac and Rho activity is necessary in these processes. 

The activity of the small G-proteins can be regulated through their regulator 

proteins. The literature of the small G-proteins has started to focus on the 

investigation of the GTPase activating proteins. GAPs can be regulated through 

protein-protein and protein-lipid interaction, phosphorylation, intracellular 

translocation of the GAPs or protein degradation. Phospholipids can act either 

through a specific lipid binding domain or through electrostatic interaction. In 

the regulation of the GAPs we know more examples of specific protein-lipid 

interaction than electrostatic interaction. The serine/threonine or tyrosine 

phosphorylation of the GAPs can enhance or inhibit their enzymatic activity, 

and can change the localisation or degradation of the GAPs or the interaction 

with other proteins or phospholipids. 

p190RhoGAP is a 190 kDa GTPase activating protein of the Rho family 

small GTPases. The p190RhoGAP family includes two isoforms: 

p190RhoGAP-A and p190RhoGAP-B. Both isoforms have three important 

protein segments: an N-terminal GTP-binding domain, a long middle domain 

which contains protein-protein interaction motifs and an important tyrosine 

phosphorylation site (Y1105) and a C-terminal GAP domain. The GAP domain  

of the p190RhoGAP in vitro enhances the GTPase activity of the Rho, Rac and 

Cdc42 proteins. In vivo p190RhoGAP is able to enhance the GTP hydrolysing 

activity of the Rho small G-proteins and therefore inhibits the Rho-mediated 

cellular processes. The in vivo RacGAP activity of p190RhoGAP is not proved. 

p190RhoGAP is expressed in the nervous system, smooth muscle, sceletal 

muscle, testes, lung, spleen, liver, heart, kidney and neutrophilic granulocytes. 

The highest expression is in the brain, spinal cord and eyes. 

The first described regulation of p190RhoGAP is the Src mediated 

phosphorylation of tyrosine 1105 in fibroblasts. Phosphorylation of Y1105 
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enhances the activity of p190RhoGAP. p190RhoGAP can also be 

phosphorylated through other tyrosine kinases. 

Settleman’s group has shown that p190RhoGAP can be phosphorylated in 

vitro and in vivo through PKC, and after PKC activation p190RhoGAP 

translocates from the cytosol to the membrane where it colocalizes with actin. . 

It is not known whether this translocation occurs through direct phosphorylation 

of p190RhoGAP by PKC or PKC phosphorylates another protein which helps 

the p190RhoGAP translocation. 

Our research group described in a previous publication an interesting 

regulatory mechanism, where the substrate specificity of p190RhoGAP could be 

switched through acidic phospholipids such as PS, PI and PIP2. These 

phospholipids enhance the RacGAP activity and inhibit the RhoGAP activity of 

p190RhoGAP. The phospholipids do not change the endogenous GTPase 

activity of p190RhoGAP. 

The glycogen synthase kinase 3 (GSK-3) is a serine/threonine kinase, 

which regulates not only the glycogen metabolism, but it is also involved in the 

regulation of actin cytoskeleton, cell differentiation, cell proliferation, apoptosis, 

cell cycle and gene transcription. 

GSK-3 has an imortant role in the regulation of cell polarity and migration. 

In mammals two GSK-3 isoforms are known: GSK-3α and GSK-3β.  

GSK-3 can phosphorylate its substrate only if it was previously 

phosphorylated by another kinase. This priming recquires the phosphorylation of 

amino acids C-terminal to the GSK-3 phosphorylation site. 
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AIMS 

 
During my PhD studies my aim was to investigate the regulation of 

p190RhoGAP. Our specific questions were: 

 

1. Which part of p190RhoGAP is responsible for the lipid regulation of 

RhoGAP and RacGAP activity of the protein? 

 

2. Which amino acids can be phosphorylated by PKCα? 

 

3. Does PKCα mediated phosphorylation of p190RhoGAP influence its binding 

to phospholipids and the effect of phospholipids on the GAP activity?  

 

4. Is the cell morphology influenced by the lipid regulation or PKCα mediated 

phosphorylation of p190RhoGAP? 

 

5. Does GSK-3β mediated phosphorylation of p190RhoGAP influence the 

RhoGAP and RacGAP activity of the molecule? 
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METHODS 

Preparation of protein constructs and fragments 

The p190RhoGAP protein constructs were made by first performing PCR 

and then cloned in-frame into the EcoRI site of pGEX-4T-1 vector. The 

p190(1191) mutations were generated by sitedirected mutagenesis. The 

constructs were verified by restriction enzyme mapping and DNA sequencing. 

The p190RhoGAP fragments and the non prenylated small G-proteins were 

produced as glutathione S-transferase fusion proteins in Escherichia coli. 

Prenylated baculovirus-produced Rac1 and RhoA were isolated from the 

membrane fraction of Sf9 cells. 

 

Preparation of plasmids to the transfections 

The fluorescent labelled full length wild type and mutant p190RhoGAP 

constructs were made by first performing PCR and then subcloning the BspEI 

and EcoRI digested PCR product into EGFP-C1 or pmCherry-C1 vectors. The 

full length alanin mutant plasmids were generated by sitedirected mutagenesis.  

 

In vitro measurement of GTPase activity 

For the GAP assay the monomer G-protein was loaded with [γ-32P]GTP in 

low Mg2+ -buffer, then Mg2+ was added to fix the radioactive GTP on the small 

G-protein. The GTP hydrolysis was followed for 5 minutes at 20oC for Rac and 

15 minutes at 30oC by Rho. The mixture was filtered through nitrocellulose 

filter and washed thoroughly. The radioactivity of the membrane was measured 

in distillated water in a Beckman LS-5000TD detector.  

 
Lipid binding methods 

The lipid binding was investigated using liposome binding assay and PIP 

Strips assay. During the liposome binding assay the protein was incubated with 

multilamellar phospholipid vesicles, then the liposomes were ultracentrifuged in 
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Beckman OptimaTMTL ultracentrifuge. The amount of protein in the pellet and 

supernatant was analysed by densitometry. The protein was detected by 

Coomassie staining. NIH Image J software was used for densitometry analysis. 

During PIP Strips assay, after blocking with fat-free albumin, the investigated 

protein was added to the membrane. After thorough washing the membrane was 

developed with monoclonal anti p190A and anti-mouse antibodies.  

 

In vitro investigation of PKCα mediated phosphorylation 

p190RhoGAP protein fragments were incubated with PKCα and 

[γ-32P]ATP. PKCα was activated by low dose PS. Bisindolylmaleimide I was 

used as PKCα inhibitor. The gels were Coomassie Blue-stained, dried, and 

subjected to phosphoimager analysis on a Bio-Rad GS-525 molecular image 

system. For phosphorylation before GAP assay non radioactive ATP was used. 

 

In vitro investigation of GSK-3β mediated phosphorylation 

For priming, GST-fusion p190(1191)∆PBR protein on glutathione beads 

was incubated for 15, 30, 60 minutes with COS7 cytosol.  For GSK-3β kinase 

assay the protein was incubated with [γ-32P]ATP and GSK-3β for 15, 30, 60 

minutes at 30 oC. The detection of the phosphorylation was the same as by 

PKCα. During GAP assay 30 minutes priming and 15 minutes GSK-3β 

mediated phosphorylation were performed.  

 

Cell culture and transfection 

COS-7 cells were plated on glass coverslips and grown in DMEM with 

fetal bovine serum, penicillin, and streptomycin at 37°C in a 5% CO2 incubator. 

Transient overnight transfection with p190RhoGAP plasmids was performed 

using FuGeneHD or TurboFect reagent. The cells were investigated 24-72 hours 

after transfection. 
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Immunofluorescent experiments 

Cells plated onto glass coverslips were cultured for 3 or 4 days, fixed and 

permeabilised. After blocking with albumin, the coverslips were incubated with 

first and fluorescent labelled secondary antibody. Actin was detected using 

Phalloidin. Mowiol was used before investigating the cells in confocal 

microscope. 

 

Confocal laser microscopy 

For the confocal microscopy a Zeiss LSM510 confocal laser scanning 

microscope was used. The excitation was at 488 nm or at 543 nm. For Alexa488 

and GFP a 500–530-nm emission filter was used, whereas a 560-nm emission 

filter was used for Alexa568 and pmCherry. The optical slice was usually 1-3 

µm deep. 
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RESULTS 

Regulation of  p190RhoGAP by phospholipids and PKCα mediated phosphorylation 

Identification of the region of p190RhoGAP responsible for the lipid-

regulated GAP activity 

In our previous study, we observed that certain acidic phospholipids inhibit 

the RhoGAP activity and promote the RacGAP activity of p190RhoGAP. To 

determine the protein segment responsible for the lipid regulation we prepared 

shorter fragments of the C-terminal part of p190RhoGAP: p190(1191) and 

p190(1252). We investigated their GAP activity toward Rho and Rac and the 

effect of PS on their GAP activity by in vitro GAP assay.  Both fragments act as 

GAP. The phospholipid regulation was detected using p190(1191), but the 

p190(1252) fragment was insensitie to phospholipids. The sequence of 

p190RhoGAP contains a peptide stretch (amino acids 1213-1236) which has a 

basic character. We prepared the protein p190(1191) with a specific deletion of 

this polybasic fragment (p190(1191)∆PBR). This protein like p190(1252) was 

also insensitive to the phospholipids. We conclude that the polybasic region of 

p190RhoGAP between amino acids 1213 and 1236 is required for phospholipid 

regulation of the protein. 

 
Investigation of binding of p190RhoGAP to phospholipids 

Next, we investigated whether modification of the GAP activity of 

p190RhoGAP by PS can be ascribed to direct binding of the protein to 

phospholipids. The lipid binding was investigated using a liposome binding 

assay or PIP Strips assay.  In the liposome binding assay addition of PS or PI 

vesicles to p190(1191) resulted in almost complete redistribution of the protein 

from the supernatant into the pellet. The p190(1252) and the p190(1191)∆PBR 

fragments were not bound to the phospholipids. Using mixed vesicles lipid 

binding of p190(1191) was detectable at 25% PS content. Lipid binding was 

increased using 50% or 75% PS vesicles. Similar data were obtained when the 
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mixed liposomes contained PI. In the PIP Strips assay p190(1191) was able to 

bind to several acidic phospholipids, but the p190(1191)∆PBR was not able to 

bind any of the lipids. This suggests that the polybasic PBR sequence of 

p190RhoGAP is responsible for binding of the protein to acidic phospholipids, 

and this lipid binding occurs due to electrostatic interaction between 

p190RhoGAP and the phospholipids.  

  
Phosphorylation of p190RhoGAP by PKCα 

The PBR of p190RhoGAP contains two serines and one threonine (S1221, 

T1226, S1236), which are candidate PKC phosphorylation sites based on 

Scansite software predictions. Therefore, a potential role of these amino acids in 

PKC phosphorylation was investigated using [γ-32P]ATP. p190(1191) is 

intensely phosphorylated by PKCα in vitro, and phosphorylation is inhibited by 

the PKC inhibitor. In contrast, neither p190(1252) nor the mutant 

p190(1191)∆PBR can be detectably phosphorylated by PKCα. Thus, 

phosphorylation by PKCα, like lipid binding, also requires the PBR of 

p190RhoGAP. 

 Next, we carried out site-directed mutagenesis of each potentially 

phosphorylatable amino acid within the PBR in the p190(1191) construct. We 

investigated the PKCα mediated phosphorylation of the single, double and triple 

alanine mutants of p190(1191). All possible single mutant and double mutant 

proteins were phosphorylated, although the intensity of phosphorylation varied 

slightly among the mutants. Phosphorylation of the S1236 is lower than on the 

S1221 and T1226 amino acids. The triple mutant protein is not detectably 

phosphorylated. Thus, PKCα is able to phosphorylate all three amino acids 

(S1221, T1226, and S1236) within the PBR of p190RhoGAP. 

 
Role of the PKCα mediated phosphorylation in lipid binding and GAP 

activity of p190RhoGAP  

Phosphorylation of three amino acids within the PBR of p190RhoGAP is 

predicted to alter the charge density of this region, and consequently, it might 
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influence electrostatic interactions with the protein. Therefore, we examined the 

role of PKC-mediated phosphorylation of p190RhoGAP on lipid binding. In the 

liposome binding assay, 90% of p190(1191) was associated with PS vesicles, 

whereas binding of the phosphorylated protein to PS vesicles was reduced to 

30%. Similar results were obtained when liposomes were prepared with PI 

instead of PS. Thus, phosphorylation of p190RhoGAP by PKCα is able to 

prevent the association of the protein with phospholipids. 

 
Role of the PKCα mediated phosphorylation in lipid regulation of GAP 

activity of p190RhoGAP  

In the absence of added lipids, the state of phosphorylation did not affect 

the GAP activity of p190RhoGAP. In contrast, the effect of PS on the substrate 

specificity of p190(1191) is strongly inhibited by PKC-catalyzed 

phosphorylation. In the presence of PS, nonphosphorylated p190(1191) has 

poor RhoGAP but very good RacGAP activity whereas phosphorylation by 

PKCα enhances the RhoGAP activity and impairs the RacGAP activity of the 

protein. Reversal of RhoGAP and RacGAP activity by PKCα can be completely 

prevented both by the PKC inhibitor BIM and by omission of ATP from the 

phosphorylation reaction. We conclude that PKCα-mediated phosphorylation of 

p190RhoGAP does not affect GAP activity of the protein, but by decreasing the 

association of the protein with acidic phospholipids, it is able to modulate the 

GTPase substrate preference.  

 
Role of the different PKCα phosphorylation sites in lipid binding and 

GAP activity of p190RhoGAP 

We wanted to determine whether phosphorylation of all three PKC sites is 

required for regulation of lipid binding and substrate preference of 

p190RhoGAP or whether there is any difference in the contribution of the 

individual sites. Therefore, we examined the lipid binding properties and GAP 

activity of the different alanine mutants of the p190(1191) construct. Mutation 

of S1221 or T1226 to alanine resulted in proteins which were able to bind to PS 
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vesicles even in the phosphorylated state. In agreement with the lipid binding 

data, we did not observe any change in the GAP activity of S1221A and 

T1226A upon phosphorylation by PKCα. All of the double mutants as well as 

the triple mutant protein behaved similarly. In contrast, the S1236A mutant 

protein behaved like the wild-type protein both in the liposome binding assay 

and in the GAP assay: phosphorylation by PKCα prevented its lipid binding and 

reversed the effect of PS on its GAP activity. The significance of the three PKC 

phosphorylation sites appears to be distinct: lipid binding and GAP activity are 

only affected if phosphate groups are added both to S1221 and to T1226, 

whereas the presence or absence of the additional negative charge on S1236 has 

little influence. The S1236 was the amino acid which was less phosphorylated 

in the PKC phosphorylation assay. To show the importance of the change in the 

electrostatic interaction we generated and tested phospho-mimicking 

substitution mutants of S1221 and T1226 by replacing the phosphorylation sites 

with aspartate residues. Similar to the wild-type protein, PS also enhanced the 

RacGAP activity of these mutants. However, phosphorylation of 

p190(1191)S1221D and p190(1191)T1226D had only very weak effect on the 

GAP activity of the proteins containing the phospho-mimicking mutation.  

   
Relation of lipid binding and PKCα mediated phosphorylation of 

p190RhoGAP to cell morphology 

In order to gain information on the potential physiological significance of 

lipid binding and phosphorylation of p190RhoGAP, we carried out transfection 

experiments with both the wild-type and mutant full-length p190RhoGAP 

cDNA plasmids. In agreement with earlier observations transfection of wild-

type p190RhoGAP induced a typical morphological change: the cells rounded 

up and developed long extensions. Typically, this dendritic phenotype was seen 

in about half of the transfected cells, whereas the other half of the cells 

remained spread. When transfection was carried out with p190RhoGAP 

containing alanine at both positions 1221 and 1226, around 90% of the cells 
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showed the dendritic phenotype. In contrast, when transfection was carried out 

with the polybasic region deletion mutant, most of the cells showed the spread 

morphology. The distinct phenotype shows the significance of the regulation 

through the polybasic region of p190RhoGAP in determining cell morphology. 

 

Regulation of p190RhoGAP by GSK-3β mediated phosphorylation 

Phosphorylation of p190RhoGAP by GSK-3β 

Our collaborator has described that GSK-3β was able both in vitro and in 

vivo to phosphorylate p190RhoGAP at S1472, S1476, and T1480 amino acid 

residues. The priming was detected at S1476, T1480 and S1483 probably due to 

p38MAPK or ERK mediated phosphorylation. 

Using the p190(1191)∆PBR protein fragment I investigated the time 

dependence of the priming and phosphorylation reactions, in order to determine 

the optimal time to be used for the GAP assay (30 minutes priming followed by 

15 minutes GSK-3β mediated phosphorylation).  

 
Effect of the GSK-3β mediated phosphorylation on the GAP activity of 

p190RhoGAP 

I measured the RhoGAP and RacGAP activity of p190(1191)∆PBR after 

GSK-3β mediated phosphorylation. Whithout priming, the GSK-3β mediated 

phosphorylation did not change either the RhoGAP, or the RacGAP activity of 

the protein, but after priming both the RhoGAP and the RacGAP activity 

decreased due to GSK-3β mediated phosphorylation. The effect of the GSK-3β 

mediated phosphorylation on the p190RhoGAP activity is independent of the 

posttranslational modification of the small G-proteins: there was a decrease in 

the RacGAP activity using nonprenylated Rac as well. In contrast, the effect of 

the phospholipids was detectable only when prenylated Rac was investigated. 
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CONCLUSIONS 

In my PhD thesis I described my work on the regulation of p190RhoGAP. 

During my PhD work I investigated the regulatory effect of phospholipids and 

two serine/threonine kinases: PKCα and GSK-3β. I determined the parts of  

p190RhoGAP molecule which are involved in these regulatory processes and 

the role of these segments in the cell morphology.  

In the first part of my work I demonstrated that a small polybasic peptide 

stretch N terminal to the GAP domain of p190RhoGAP is a common site for 

both phospholipid binding and PKCα phosphorylation. I showed, that 

p190RhoGAP can be phosphorylated by PKCα at serine 1221, threonine 1226, 

and serine 1236 amino acids within the polybasic region. PKCα-mediated 

phosphorylation of S1221 and T1226 of p190RhoGAP prevents the binding and 

substrate specificity regulation by phospholipids. Transfection of COS-7 cells 

with mutant forms of p190RhoGAP either unable to bind to phospholipids or 

unable to become phosphorylated induced distinct morphological changes.  

In the second part of my work I investigated the regulation of 

p190RhoGAP through GSK-3β mediated phosphorylation. GSK-3β in vitro is 

able to phosphorylate p190RhoGAP, and this phosphorylation is dependent on 

priming. The GSK-3β mediated phosphorylation reduces both the RhoGAP and 

the RacGAP activity of p190RhoGAP.  

Our findings revealed new aspects of the complex regulation of 

p190RhoGAP. Phosphorylation by different enzymes regulates the RhoGAP and 

RacGAP activity of p190RhoGAP differently and may have important cellular 

effects.  
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