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1 Introduction     

1.1 Signal Transduction 

A molecular signal at the cellular level is processed and converted into a response by a 

series of steps known as signal transduction. The movement of signals from outside the 

cell to inside involves the binding of extracellular signaling molecules and ligands to 

receptors, which in turn causing second messengers to continue the signal inside the cell, 

and ends with a change in cell function. The number of proteins and other molecules that 

take part increases, during the process and the signal is amplified, thus a small signal can 

result in a large response (Silverthorn, 2007; Alberts and Johnson, 2008). 

Many different kinds of extracellular signaling molecules are involved in transmitting 

information between cells. This includes diverse number of small molecules and polypep-

tides that have been functionally classified as: i.e., hormones, growth factors, cytokines, 

chemokines, and neurotransmitters. Some molecules are able to cross the plasma mem-

brane and bind to intracellular receptors in the cytoplasm or nucleus, whereas most bind to 

receptors expressed on the target cell surface. Intracellular receptors are located inside 

the cell rather than on its cell membrane, and require ligands that can cross the plasma 

membrane due to their lipophilic nature. Cell surface receptors are integral transmembrane 

proteins and make up most receptors. They span the plasma membrane of the cell, with one 

part of the receptor on the outside of the cell and the other on the inside (Lodish, 2000).  

 

An example of signal transduction relating to the context of this study is G-protein-coupled 

receptor (GPCR) signaling. GPCRs form a large group of cell surface receptors which 

contain seven membrane-spanning α-helical regions with their N-terminus on the extracel-

lular side of the plasma membrane and the C-terminus in the cytosol. These receptors are 

coupled to signal-transducing trimeric G proteins (also known as guanosine nucleotide-

binding proteins) consisting of three subunits: α, β and γ. The Gα subunit is a GTPase 

protein that switches between an active state and an inactive state. In the resting (inactive) 

state, when no ligand is bound to the GPCR, the Gα subunit is attached to GDP and 

complexed with Gβγ. Binding of the ligand to the GPCR induces a cascade of conforma-

tional changes first in the receptor and then in the bound Gsubunit of the G-protein. 

These result in the release of GDP which is replaced by GTP, and then the dissociation of 

the -subunit and the -complex. The activated GTP bound -subunit as well as the -
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complex are detached from the receptor and interact with other molecules. This initiates 

signaling involving many downstream effector proteins, among those are phosphoinositide 

specific phospholipase C (PLC) enzymes. The GTP in the Gα subunit is hydrolyzed to 

GDP by the intrinsic GTPase activity. The GDP-bound Gα dissociates from its effector 

protein and reassociates with Gβγ back to its inactive state and open to another activation 

cycle (Offermanns, 2003; Hames and Hooper, 2006; Yang et al., 2006). 

 

1.2 General Function and Domain Structure of Rho GTPases  

A large group of GTP-binding proteins serve as molecular switches in signal transduction 

pathways.  These GTPase switch proteins comprise two classes: heterotrimeric G proteins, 

which, as mentioned in the previous section, are directly coupled to particular receptors, 

and the monomeric Ras proteins. Both classes of GTPases are known to induce activation 

of PLC enzymes. Rho GTPases constitute a family of small monomeric G proteins which 

belong to the superfamily of Ras-related GTPases. It can bind and hydrolyze guanosine 

triphosphate (GTP) to form guanosine diphosphate (GDP). Similar to other GTPases, they 

act as molecular switches that cycle between an active GTP-bound state and an inactive 

GDP-bound state (Figure 1). RhoGTPase activity is controlled by three proteins. First, 

guanine nucleotide exchange factors (GEFs) catalyze the exchange of GDP for GTP to 

mediate activation. Once activated, the RhoGTPase binds to various target effectors, such 

as protein and lipid kinases, adaptor and scaffold proteins, phospholipases C and D, and 

oxidases to regulate a wide range of biological functions until GTP hydrolysis returns the 

switch to the inactive state (Heasman and Ridley, 2008). Then, GTPase activating proteins 

(GAPs) stimulate the intrinsic GTPase activity to inactivate the switch. The third regula-

tors, the guanine nucleotide dissociation inhibitors (GDIs), sequester the inactive GDP-

bound RhoGTPase in the cytosol to prevent spontaneous GDP-GTP exchange (Boureux et 

al., 2007; Bustelo et al., 2007).  

Most RhoGTPases are known to control broad aspects of cellular effects such as cytoskele-

ton rearrangement, microtubule dynamics, trafficking to cellular compartments, cell cycle 

and cell shape regulation, oncogenesis gene transcription, endocytosis, enzymatic activi-

ties, cell polarity, cell growth and some have also been implicated in malignant cell 

transformation (Bourne et al., 1990; Aspenström et al., 2007; Nayak et al., 2013). Studies 

have resulted in the characterisation of a number of Rho members and it comprise to date 

of 20 family members. These 20 proteins have been subdivided into 8 subfamilies: Rho 
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(RhoA, B and C), Rnd (Rnd1, 2 and 3), Rac (Rac1, 2, 3 and RhoG), Cdc42 (Cdc42, TCL 

and TC10), RhoU/V (Wrch1 and Chp), RhoD/F (RhoD and Rif), RhoH, and RhoBTB 

(RhoBTB1 and 2), according to their sequence identity, domain structure, and function. 

Most of the functional information on Rho-family proteins, especially studies in hemato-

poietic stem cells (HSC) has come from members of Rho, Rac and Cdc42. These Rho-

members have diverse roles in the regulation of HSC. It was shown that Cdc42, Rac1, and 

RhoA control the self-renewal, and Cdc42 is necessary for cell cycle entry of quiescent 

HSCs.  Rac1 and Cdc42 regulate both proliferation and homing of HSC to the bone 

marrow microenvironment, while Rac2 and Cdc42 are required for their survival. In 

addition, the increased level of Cdc42 is associated to aged HSCs, and loss of polarity and 

self-renewal activity (Aspenström et al., 2007, Jaffe and Hall, 2005; Nayak et al., 2013). 

In terms of structure, Rho GTPases share some important domains. A feature that distin-

guishes them from other small GTPases is the so-called Rho-specific insert domain that 

binds to effectors and regulators (Walker et al., 2000). The most conserved within the Rho 

family are the GTP-binding motifs (Wennerberg and Der, 2004). In the course of transition 

of Rho GTPase from inactive to active state, their conformation changes and this structural 

change occurs primarily in two localized regions, switch I and II. The GTP-bound active 

form of Rho GTPases is determined by the formation of hydrogen bonds between the γ-

phosphate group and the amide groups of Thr37 (switch I) and Gly62 (switch II). The 

switch I and II domains are also important for the interaction with effectors and regulatory 

proteins such as RhoGEFs, RhoGAPs and RhoGDIs (Hakoshima et al., 2003). A phos-

phate binding loop is present which is essential for the GTPase activity of the protein. 

Replacement of the amino acid residues glutamine at position 61, Q61, known for intrinsic 

and GAP mediated GTPase activity located in the switch II region, and of the conserved 

glycine G12 in the phosphate binding loop, lead to loss of GTPase activity (Aspenström et 

al., 1999). Furthermore, the hypervariable C-terminus consists primarily of two domains 

called polybasic region (PBR) and Cystein–Aliphatic–Aliphatic–Any amino acid (CAAX) 

box, which are crucial for the function of RhoGTPases. PBR has multiple lysine or 

arginine residues. This region is known for its ability to bind to membranes, interact with 

proteins, and localize in subcellular compartments. The CAAX box is subjected to a series 

of posttranslational modifications in order to facilitate subcellular location and associate 

with specific membranes (Resh, 1996; Michaelson, 2001; Williams et al., 2003). The first 

modification step involved the isoprenylation at the Cysteine residue of the CAAX motif 

through transfer of a geranylgeranyl or farnesyl lipid moiety. Then, AAX tripeptide is 
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clipped off, and finally the cysteine's free carboxylate anion gets methylated. The type of 

isoprenoid lipid added is determined by the last amino acid of the CAAX sequence. If X is 

leucine, the RhoGTPases undergo geranlgeranylation. Otherwise, the protein is subject to 

farnesylation when X is methionine, serine, alanine, or glutamine (Kato et al., 1992; 

Seabra, 1998; Fueller and Schmidt, 2008; Roberts et al., 2008). 

 

 

 

 

Figure 1 The Rho GTPase activation cycle. Rho cycles between active (GTP-bound) and inactive (GDP-

bound) forms, where it is regulated by three proteins. GEFs promote GTP loading and activation of Rho-

GTPases. GAPs promote GTP hydrolysis to GDP and inactivation of Rho-GTPases. GDIs sequester inactive 

GDP-bound Rho-GTPases in the cytoplasm. In the active state, Rho GTPases interact with effectors that 

regulate specific cellular functions. 
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1.3 RhoGTPase RhoH 

Among the RhoGTPase family, RhoH is one of the members which are classified as 

atypical. RhoH is GTPase-deficient and resides always in the active form, thus its activity 

is modulated by other mechanism. RhoH, a haematopoietic-specific Rho GTPase, was first 

identified as a fusion transcript with zinc finger protein and translational repressor 

(LAZ3/BCL6) genes disrupted in non-Hodgkin lymphomas (Dalery et al., 1995; Fueller 

and Kubatzky, 2008). This protein is composed of 191 amino acids and showed a 45 % 

sequence identity with other members of the Rho family. 

 

1.3.1 Atypical Structural Features of RhoH 

RhoH has structural features which make it different from other classical Rho members. 

The essential amino acid residues of Rac1 crucial for GTP hydrolysis-Glycine at position 

12 in the phosphate binding loop and Glutamine at position 61 in the switch II region are 

replaced in RhoH by Serine and Asparagine, respectively (see Figure 2). Given that RhoH 

has different amino acids in two highly conserved positions (residues 13 and 62), studies 

demonstrated that RhoH remain only in GTP-bound activated form without hydrolysis and 

that it is GTPase deficient. Interestingly, RhoGAP did not catalyze and promote GTPase 

activity of RhoH, despite that interaction of RhoH with RhoGAP can possibly induce GTP 

hydrolysis (Li et al., 2002; Fueller and Kubatzky, 2008). The Rho family-specific insert 

consists of 13 amino acids; however it is shortened to 7 amino acids in RhoH, another 

atypical feature. Moreover, the protein has a unique immunoreceptor tyrosine-based 

activation motif (ITAM)-like sequence for tyrosine phosphorylation at positions 73 and 83.  

At the C-terminus, RhoH polybasic sequence (RRRNRRR) and CAAX box (CKIF) are 

important for the interaction with plasma membranes and localization in subcellular 

compartments. Its CKIF motif is mainly a target for farnesyl-transferase (FTase) but can 

also be modified by geranylgeranyltransferase (GGTase), where both FTase and GGTase 

are enzymes that catalyze prenylation (Fueller and Kubatzky, 2008). Indeed, cellular 

studies demonstrated that when either FTase or GGTase alone was inhibited, the perinu-

clear vesicular subcellular localization of RhoH remains unaffected. However, RhoH was 

relocalized to the cytoplasm and nucleus, when the two enzymes were both inhibited. 

Therefore, this data confirmed that RhoH is modified alternatively by either isoprenoids 

(Roberts et al., 2008). 
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Figure 2 Amino acid sequence alignment of Rho GTPases Rac1, Cdc42, RhoA, and RhoH. The common 

important domains include the phosphate binding loop, switch I and switch II region, the basic residues and 

CAAX box at the C-terminus, and the Rho-specific insert which is not present in other Ras superfamily 

members. Only RhoH has an additional ITAM-like sequence (Fueller and Kubatzky, 2008). 

 

 

1.3.2 Regulation and Expression of RhoH 

RhoH is predominantly expressed in haematopoietic cells, including bone marrow 

progenitor cells, differentiated myeloid and lymphoid cells. RhoH expression varies even 

within the cell-type, thus it is expressed at higher level in type1 T-helper cells than in the 

type 2 subpopulation. High expression levels of RhoH have been detected in lymphocytes 

(Preudhomme et al., 2000; Pasqualucci et al., 2001). This indicates a role of RhoH in 

lymphocyte development (Li et al., 2002).Unlike other Rho family members, RhoH is 

GTPase-deficient and regulated in various ways rather than through the usual GTP-GDP 

cycling process. This implies that RhoH activity depends on its expression level and 

posttranslational modifications. Evidence revealed that its activity is regulated at the level 

of transcription. The reduction of RhoH mRNA levels increases the activities of other Rho 

GTPases (Li et al., 2002). RhoH was shown to be critical for the recruitment and activation 
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of zeta-chain-associated protein kinase 70 (Zap70), necessary for T-cell receptor (TCR) 

signaling and thymocyte development. This activity of RhoH is dependent on the tyrosine 

phosphorylation of its unique ITAM-like sequence. To mention, the ITAM of RhoH is 

significant for its interaction with Zap70. Replacement of tyrosine residues of this ITAM at 

position 73 and 83 ended in reduced affinity to Zap70 and impaired thymocyte develop-

ment, thereby, phosphorylation may be considered as one mechanism by which RhoH is 

regulated (Gu et al., 2006). Another data suggest that protein lysosomal degradation can be 

an alternative way to regulate RhoH function in T cells. It was demonstrated that together 

with other proteins of the TCR complex, RhoH is degraded after TCR activation in 

lysosomes (Schmidt et al., 2010).This implies that the regulation of RhoH expression plays 

a role in the inactivation of TCR signaling. A new insight about the regulation of RhoH 

was described in recent studies. RhoH is composed of an insert domain (LFSINE) at the C-

terminal region between PBR and CAAX box, which was shown to regulate lysosomal 

RhoH uptake and degradation by chaperone mediated autophagy (CMA). A cytosolic 

accumulation of RhoH protein was observed with deleted LFSINE insert since lysosomal 

uptake is lacking with this mutant. Interestingly, this unique insert domain does not 

influence TCR function and ZAP70 interaction of RhoH, hence, a different regulatory 

element was found and can be used to modify RhoH protein level without altering crucial 

function (Troeger et al., 2013). 

 

1.3.3 Function of RhoH  

RhoH shows a number of functions different from those of other Rho family members. 

Opposite to RhoH, common RhoGTPases such as Rho, Rac, and Cdc42 are known to 

regulate reorganization of the actin cytoskeleton. It has been observed in nonhematopoietic 

cells that RhoH did not show any striking impact on the cytoskeleton or cell morphology. 

While most other Rho-related proteins are strong activators of several transcriptional 

pathways, RhoH inhibits the activation of NFκB and p38 MAPK. Hence, RhoH functions 

as an antagonist for the classical Rho GTPases like Cdc42/Rac1/RhoA. RhoH was shown 

to inhibit the RhoA, Rac1 or Cdc42-induced activation of the transcription factor NFκB (Li 

et al., 2002). 

RhoH has an important part in T-cell development by regulating TCR signaling. In vitro 

binding assays and immunoprecipitation experiments identified Zap70 as a RhoH-

interacting partner. Here, the Syk family protein tyrosine kinase, Zap70 was found to bind 
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to phosphorylated ITAM-like motifs in RhoH (Gu et al., 2006; Dorn et al., 2007). Interest-

ingly, interaction with Zap70 SH2 domains is enhanced in the presence of the Src family 

tyrosine kinase Lck after tyrosine phosphorylation of RhoH (Chae et al., 2010). Moreover, 

recruitment of Zap70 to the plasma membrane and immunological synapse is abolished in 

agonist-stimulated RhoH -/ - T cells indicating that RhoH mediates translocation of both 

Lck and Zap70 to CD3 in the immunological synapse of the T cell. Hence, owing to its 

TCR function, lack of RhoH implies T cell deficiency and impaired T cell function both in 

humans and mice (Gu et al., 2006; Crequer et al., 2012). A recent study had discovered a 

RhoH deficiency in siblings which implicates T cell defects and disease called epidermo-

dysplasia verruciformis-human papillomaviruses (EV-HPV) infection. EV-HPV is a 

genetic disorder that can be easily exposed to the betapapillomaviruses causing persistent 

cutaneous lesions. Regardless of yet vague mechanism, EV-HPVs in patients with RhoH 

deficiency are suggested to be connected with T cell phenotypes including impaired T cell 

responses, a lack of naive cells, and a smaller number of 7+ T cells. 

In addition, it has been demonstrated through mass spectrometric analysis that RhoH 

polypeptide interacts in intact cultured B and T cells with the protein tyrosine kinases Syk 

and Zap70 and with PLC2 (Matsumoto et al., 2009). Increased levels of RhoH expression 

in HSC led to an impaired activation of Rac GTPases, reduced proliferation, increased 

apoptosis, defective actin polymerization and chemotaxis. RhoH overexpression also 

resulted in defective hematopoietic reconstitution in transplantation assays. As opposite 

effects, suppression of RhoH stimulated proliferation, survival, and stromal cell-derived 

factor 1 (SDF-1) - induced migration in HSC (Gu et al., 2005). RhoH has been also 

proposed to be crucial for keeping the lymphocytes in a resting state by maintaining the 

lymphocyte function-associated antigen 1 (LFA-1) integrin in a non-adhesive and inacti-

vated conformation (Cherry et al., 2004). Not long ago, it has been postulated that RhoH 

expression represents a key molecular determinant that permits T cells to switch between 

sensing chemokine-mediated go signals and TCR-dependent stop signals, thus regulating 

recirculation and antigen presenting cells (APC) interaction (Baker et al., 2012). Most 

recent reports suggest a requirement of RhoH in ”agonist selection” of T cells where self- 

reactive T cells escape deletion and instead differentiate into natural regulatory T cells, 

NKT cells or TCRαβ CD8αα intra epithelial lymphocytes (IELs). While RhoH is not 

required for the generation of TCRαβ CD8αα IELs, a subgroup of regulatory T cells 

mediating mucosal tolerance, generation of NKT cells and regulatory T cells is reduced in 

the absence of RhoH (Oda et al., 2013).  
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Apart from the functional importance of RhoH in T cells, its role in B cells was also 

described, particularly in malignant B-cell lineages. RhoH in primary human chronic 

lymphocytic leukemia (CLL) cells displayed a much higher expression compared with 

normal B cells. . Moreover, this RhoH level was shown to be correlated with Zap70 

expression (Sanchez-Aguilera et al., 2009). Previous reports showed that Zap70 regulates 

BCR signaling in CLL (Chen et al., 2008), and that it is a negative prognostic factor in this 

disease (Crespo et al., 2003; Rassenti et al., 2004). Interestingly, analysis of genetic mouse 

model with deleted RhoH resulted in delayed accumulation of leukemic cells in peripheral 

blood and the leukemic burden in lymphoid tissues. Hence, RhoH has a function in the 

progression and development of CLL (Sanchez-Aguilera et al., 2009). Further studies 

demonstrated that deletion of RhoH prevents migration, homing, and contact of CLL cells 

to supportive cells of the microenvironment that mediate leukemia cell survival and 

proliferation.  In addition, the absence of RhoH led to the dysregulated activity and 

localization of RhoA and Rac in CLL (Troeger et al., 2012). Both RhoGTPases are known 

to be crucial for coordinated cell migration in many hematopoietic cells (del Pozo et al., 

1999; Cancelas et al., 2006), which might explain the impaired migration of RhoH-

deficient CLL cells (Troeger et al., 2012).  

 

1.4 General Function and Domain Structure of Phospholipase C 

Phosphoinositide-specific phospholipase C enzyme is an effector molecule in the signal 

transduction process for many receptors. PLC is localized mainly in the cytosol and is 

translocated to the plasma membrane in response to cell activation. Its main function is to 

hydrolyze phosphatidylinositol 4,5-bisphosphate (PIP2) to generate two second messen-

gers, diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (Berridge, 1987; Harden 

and Sondek, 2006). DAG activates several protein kinase C (PKC) isoforms, which 

phosphorylates downstream effectors to activate a range of cellular functions. Considering 

that DAG stays in the membrane, it can also be cleaved for the synthesis of arachidonic 

acid, which is another regulatory molecule. The other product, IP3 initiates the release of 

Ca2+ from intracellular stores in the endoplasmic reticulum. This leads to the increase of 

cytoplasmic concentration of Ca2+ causing again an array of signals. These branching 

processes are vital for a wide range of cellular and physiological events, such as fertiliza-

tion, proliferation, differentiation, cell division, growth, sensory transduction, modification 

of gene expression, activation, degranulation, hormone secretion and motility (Vines, 
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2012). In addition to the generation of second messengers, changes in PIP2 concentration 

arising from PLC reaction is also relevant for cell signaling. PIP2 was shown to play a 

central role in diverse cellular processes (Lee and Rhee, 1995; Fukami et al., 2010). For 

example, following PLC hydrolysis, PIP2 regulates cytoskeletal reorganization (Sechi et 

al., 2000; Yin et al., 2003), membrane trafficking (Martin, 2001), cytokinesis (Janetopou-

los et al., 2006), and gap junction in cell–cell adhesion (van Zeijl et al., 2007). In addition, 

PLC-catalyzed depletion of PIP2 directly modulates activities of more than 20 distinct ion 

channels (Kobrinsky et al., 2000; Yue et al., 2002; Zhang et al., 2003 Gamper et al., 

2004; Horowitz et al., 2005;  Suh and Hille, 2005).  Among these channel activities are 

potassium channels (Hilgemann et al., 1996) and that of calcium channels which include 

the transient receptor potential (TRP) channel (Runnels et al., 2002; Hardie et al., 2007). 

Given the importance of PIP2 signal in biological functions, imbalance of this phospho-

inositide is associated to the pathogeneses of various human diseases. For this reason, tight 

regulation of PIP2 levels by PLC is necessary.  

 

Thirteen mammalian PLC isozymes have been identified so far, and they are divided into 

six groups: PLC-β(1-4), -γ(1,2), -δ(1,3,4), -ε, -ζ and -η(1,2). Based on structural studies, 

PLC isoforms share a common domain organization aside from other domains specific for 

each family (Figure 3). The conserved core structure is composed of pleckstrin homology 

(PH) domain, a series of four EF hand domains, a split X and Y regions, and a C2 domain  

(Rebecchi et al., 2000; Rhee et al., 2001; Suh et al., 2008). An N-terminal PH domain is 

present in every family except for the ζ isoform. PH domains of some PLCs are known to 

bind to phospholipids in order to mediate membrane localization of PLC. It was shown that 

PLC1 utilizes its PH domain to bind to PIP2 in the membrane, but, the PH domain of 

PLC2 cannot bind to phosphoinositides (Yamamoto et al., 1999; Jezyk et al., 2006). In 

subsequent GPCRs activation, the C-terminal region of the PH domains of PLC and 

PLCwere also found to modulate the binding of the  subunits of G proteins to PLC 

(Touhara et al., 1994).  The structure also incorporates two modules, EF-hand motifs and a 

C2 domain. They are both Ca2+ sensitive (Cockcroft et al., 2006). EF-hands are helix-loop-

helix motifs found in several calcium-binding proteins. The studies of the crystal structure 

of PLC1 revealed the helix-loop-helix motifs which led to the discovery of EF-hand 

domains for PLC (Essen et al., 1996). Deletion mutant experiment showed that the C-

terminal part of the EF-hand domain participate in the catalytic activity of PLC1 in 

addition to the catalytic TIM barrel (Ellis et al., 1993). EF hands in PLCβ3 accelerate the 
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Gαq-GTP hydrolysis. It was proposed that the extended loop between the third and fourth 

EF hands reinforce switch residues critical for GTP hydrolysis (Waldo et al., 2010). C2 

domains are made up of about 120 amino acids. It is formed by an eight-stranded anti-

parallel -sandwich within PLC family members (Essen et al., 1996). C2 domain has been 

implicated for membrane interaction. In conjunction with PH domain, they both worked in 

engaging the PLC enzyme to the membrane. Specifically, the role of C2 domain is to drive 

the catalytic domain into a fixed orientation on the membrane (Essen et al., 1996). 

Moreover, this domain is partly responsible for the phospholipase C-and Gq complex. 

Based on its structural model, a helix-turn-helix section at the C terminus of the C2 domain 

lies within a shallow declivity on the surface of Gq (Waldo et al., 2010). The highly 

conserved X and Y regions in PLC isozymes constitute the active site, catalytic residues, 

and a Ca2+ binding site, which all contribute for the conversion of PIP2 into DAG and IP3. 

It is composed of approximately 300 amino acids formed by an alternating -helices and 

-sheets motif motif ( with a triosephosphate isomerase (TIM) barrel-like 

structure (Essen et al., 1996). This TIM barrel is obstructed by an autoinhibitory insert, 

which differs in sequence and size among PLC families. It was known that the autoinhibi-

tory region is central to regulation of its activity (Kadamur and Ross, 2013). Whereas other 

isozymes contain a short sequence of amino acids that separates the X and Y regions, 

PLCγ isozymes have a long sequence of 400 amino acids containing an additional PH 

domain that is split by the insertion of two Src homology 2 (SH2) and one Src homology 3 

(SH3) domains (Katan, 2005; Fukami et al., 2010). These domains were known to be 

involved in PLC-specific signaling pathway via growth factors stimulation like platelet 

derived growth factor (PDGF) and the epidermal growth factor (EGF), as well as in the 

regulation of their enzymatic activity through the formation of signaling network with 

other proteins (Choi et al., 2007).This unique structural feature of PLCis further dis-

cussed in section 1.5.1. There are also domains exclusive for PLC family. PLCε has both 

the guanine nucleotide exchange factor (GEF) and Ras Associating (RA) domains. These 

domains bind specifically with small GTPases such as Ras, Rap, and RhoA (Rhee, 2001; 

Song et al., 2001). PLCη and PLCβ isozymes have a long C-terminal extension (Fukami et 

al., 2010), and the crytal structure from that of PLCβ2 revealed that this long tail is made 

up entirely of three long helices forming a coiled-coil (Singer et al., 2002; Jezyk et al., 

2006). Interestingly, a PDZ-binding motif (PDZ represents the three structurally related 

proteins: Post synaptic density (PSD)-95, Drosophila disc large tumor suppressor (DlgA), 
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and Zonula occludens-1 protein (zo-1)) was found at the C-terminal tail of PLC PDZ-

binding motif is composed of short sequences at the C-terminal end which is recognized by 

PDZ domain proteins. Each PDZ gather different proteins and by that promotes the 

scaffolding of signalling complexes. PLC was shown to specifically bind to PDZ-

containing proteins which assemble PLC into the protein complexes. Several data suggest 

that GPCR mediated activation of PLCenzymes is linked to their formation of signaling 

complexes by PDZ domain proteins (Suh et al., 2001; Kim et al., 2011). 

 
 

 

 

Figure 3 Domain structure of the different PLC families. The core structure of PLC enzymes include the 

N-terminal PH domain (PH), four EF-hand motifs (EF), the catalytic TIM barrel comprised of X and Y 

regions, and a C-terminal C2 domain (C2). Unique domains found in individual family members include the 

following: the second split PH domain, two Src homology 2 (SH2) domains, and one  Src  homology  3  

(SH3)  domain  of PLCγ; the CDC25-like domain conferring RasGEF activity (RasGEF) and two Ras 

association domains (RA) of PLCε; PDZ binding motif at the C-terminus of PLC. 
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1.5 PLC Isozymes 

Two types of mammalian PLC (PLC1 and PLC2) have been identified (Katan, 2005).  

 

1.5.1 Structural Features of PLC  

The two PLC isoforms are structurally distinct from other PLC enzymes (refer to Figure 

4), in that the insert sequence between the catalytic X and Y domains contains a highly 

structured region called PLC specific array (SA) (Carpenter et al., 1999; Katan, 2005; Suh 

et al., 2008). The SA is composed of a PH domain split into an N-terminal PHn half and a 

C-terminal PHc half by an insertion of two N- or C-termini SH2 domains (nSH2-cSH2) 

and an SH3 domain (Fig. 4) (Katan et al., 2003). The SH2 domains are known to bind to 

tyrosine autophosphorylation sites in growth factor receptors. This binding of tyrosine 

kinase receptors led to tyrosine phosphorylation and stimulation of PLC enzymatic 

activityKoch et al., 1991; Rönnstrand et al., 1992). SH3 domains of PLC were suggested 

to mediate specific protein-protein interactions that have proline-rich sequences on the 

target protein, such as dynamin, phosphatidylinositol-3-kinase enhancer (PIKE), and Sos1 

(a p21Ras-specific guanine nucleotide exchange factor). The binding of dynamin was 

proposed to be important for the formation of protein complex required for the endocytic 

processing of activated tyrosine kinase receptors (Scaife et al., 1994). It has been shown 

that PLC1 serve as a guanine nucleotide exchange factor (GEF) for the nuclear GTPase 

PIKE, mediated by its SH3 domain (Ye et al., 2002). In addition, SH3 domain of PLC1 

specifically binds to Sos1 in order to enhance p21Ras activity. Its SH3 domain might be 

involved in the Sos1-mediated signaling pathway (Kim et al., 2000). 

Moreover, the SH region was thought to function as an intrinsic negative regulator of the 

basal activity of PLC. Several studies supported this idea where it was shown that the 

coexpression of the X and Y polypeptides alone in the absence of the SH region produced 

a functional enzyme and that the X:Y complex exhibited significantly more catalytic 

activity than the holo-enzyme (Horstman et al., 1996). SH region deletion or proteolysis 

demonstrated an increased activity of PLC1, while addition of recombinant SH2-SH2-SH3 

or a peptide corresponding to a region located in this domain decreased PLC activity 

(Homma et al., 1992; Horstman et al., 1999). It was further shown that elements from SA 

region contribute to the inhibition of the catalytic activity of PLC. Based on mutation 

analysis, PLC2 variants with deleted cSH2 domain and spPH domain increased their basal 
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activity. At the same time, deletion of interdomain linkers, such as the long cSH2-SH3 

linker (residues 748 to 755) and linkers connecting the spPH domain to the SH3 or the 

nSH2 domain significantly enhanced the level of activation (Everett et al., 2011). Thus, 

SA, in addition to its role as the main site of regulatory interactions, also incorporates 

elements of autoinhibition, the release of which lead to enzyme activation. Specifically, 

cSH2 domain was identified as the main determinant for this autoinhibition of PLC 

activity (DeBell et al., 2007; Gresset et al., 2010; Bunney and Katan, 2011). Using studies 

of combined structural biology and biochemical strategies, Bunney et al. demonstrated an 

overall image of how PLCenzymes are regulated. Among the four domains from the γSA 

(spPH, nSH2, cSH2 and SH3 domains), cSH2 domain is the one that interacts with the 

PLC-core forming autoinhibitory interface. Phosphorylation of PLCγ1 (in fibroblast 

growth-factor receptor signaling) results in the intramolecular binding of phospho Y783 

and surrounding amino acids to the cSH2. This interrupts the interaction of PLC core with 

the cSH2 giving access of the active site to the membrane and thereby enzyme activation 

(Bunney et al., 2012; reviewed by Gierschik et al., 2012). Recently, an additional insight 

was described which deals with the molecular mechanisms of autoinhibition and phos-

phorylation-induced activation of PLC. It was shown here that upon peptide engagement 

encompassing phosphorylated Y783, the structure of cSH2 remains the same as the 

unbound form of this domain. However, this engagement potentially causes allosteric 

rearrangement within the entire SA region preventing the cSH2 domain to interact and 

block the active site (Hajicek et al., 2013). 

Moreover, most mutations found in immune disorders of murine models (Yu et al., 2005; 

Everett et al., 2009; Abe et al., 2011) and (Ombrello et al., 2012;  Zhou et al., 2012), are 

mapped to the autoinhibitory interface involving cSH2 domain and PLC-core (Bunney et 

al., 2012). A segment of the cSH2 domain was deleted in patients with disorder termed as 

PLAID (PLC2-associated antibody deficiency and immune dysregulation). The PLAID-

PLC2 mutant disrupts autoinhibition resulting in a constitutively active phospholipase 

(Ombrello et al., 2012). Again, a point mutation was identified in the cSH2 domain 

(S707Y) of PLC2 in a family exposed to another set of immune disorder which showed 

increase basal activity (Zhou et al., 2012).  The PLC2 gain-of-function mutations found in 

murine, D993G and Y495C designated as Ali5 and Ali14, respectively (corresponding to 

D1019 and Y509 in PLC1) seem to compromise the auto-inhibitory mechanism (Everett et 

al., 2009). Ali5 is located in the PLC-core. 
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The PH domain is a protein module involved in intermolecular interactions in cellular 

signaling. PH domains of PLC have been shown to facilitate membrane targeting via 

interactions with phosphoinositide (Falasca et al., 1998) and activate enzymatic activity via 

protein-protein interactions (Chang et al., 2002). In addition to the N-terminal PH domain, 

both PLC isozymes possess a unique split PH domain. Little is known about the impor-

tance of this second PH domain. However, several studies revealed its interaction with 

other proteins. The function and structure of this domain is discussed in detail in section 

1.6. 

  

 

Figure 4 Domain organization of PLCisozymes. The four domains which includes, the PH domain, EF-

hand motifs (EF), catalytic domain (containing highly conserved X and Y regions) and the C2 domain (C2) 

are also present in most isoforms of other PLC families. The unique regions of PLCinserted through a 

flexible loop of the catalytic domains include the second split PH domain with its PHn and PHc halves 

flanking to the nSH2-cSH2-SH3 domains. 

 

1.5.2 Expression and Regulation of PLC 

PLCγ1 is ubiquitously expressed and mostly in neurons, embryonal cortical structures, 

oligodendrocytes and astrocytes. The expression of PLCγ2 is primarily limited to hemato-

poietic cells (Suh et al., 2008).  

PLC 

N C PH EF X Y C2 

Split-PH Domain PHn PHc 

SH3 SH2 SH2 
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PLC isoforms can be regulated through receptors with intrinsic tyrosine kinase activity 

(e.g. epidermal growth factor receptors) (Kim et al., 1990; Rebecchi et al., 2000; Rhee, 

2001). The receptor autophosphorylation generates high-affinity binding sites to the nSH2 

domain of PLCthat engage the enzyme to the membrane. This recruitment may promote 

phospholipase activity but is insufficient to overcome auto-inhibition (Gresset et al., 2010). 

Hence, the activity is coupled to phosphorylation of PLC at specific tyrosine sites (e.g. 

Y783 in PLC1; Y753 and Y759 in PLC2) located within the SA region by the receptor 

kinase (Wilde and Watson, 2001; Katan et al., 2003). This phosphorylation leads to 

intramolecular interaction of cSH2 and phosphorylated peptide, also located within the SA. 

The intramolecular binding interferes with the interaction of cSH2 to the catalytic core (X 

and Y TIM barrel) that could result in conformational change and consequently free the 

active site for substrate access and therefore enzyme activation (Poulin et al., 2005; 

Bunney et al., 2012).  

One of the critical steps in the activation of PLC is the membrane localization with 

tyrosine kinases. This is uncomplicated in the case of receptor tyrosine kinase being an 

integral part of the transmembrane receptor that binds PLC. However, receptors such as B 

and T-cell antigen receptor (BCR and TCR) that are linked to the activation of non-

receptor tyrosine kinases require the recruitment of cytoplasmic kinases and PLC into a 

signaling complex at the membrane. This signaling network involves the receptor complex, 

adaptor proteins, and tyrosine kinases. In haematopoietic systems, most of the receptors 

that activate PLC via nonreceptor tyrosine kinases are accompanied to membrane proteins 

consisting of immunoreceptor tyrosine-based activation motif (ITAMs). The two tyrosines 

within the ITAM are phosphorylated by Src tyrosine kinases creating docking sites 

available for the tandem SH2 domains of Spleen Tyrosine Kinase (Syk) family tyrosine 

kinases resulting in its phosphorylation and activation. The Syk family kinases in turn, 

phosphorylate the target adaptor proteins leading to the recruitment of PLC to this 

membrane complex via its SH2 domains, tyrosine phosphorylation, and its activation 

(Wilde and Watson, 2001). 

In addition to the regulatory mechanisms dependent on tyrosine phosphorylation, the small 

GTPase Rac2 has been specifically implicated in activation of PLC2. However, in a 

similar way to stimulation via tyrosine kinase-linked receptors, Rac2 also leads to mem-

brane translocation of PLC2 (Piechulek et al., 2005). This Rac-mediated activation of 

PLC2 is discussed in more details in section 1.9.  
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Furthermore, the production of phosphatidylinositol 3, 4, 5-trisphosphate (PIP3) by 

phosphoinositide 3-kinase (P13K) activity was described to additonally contribute to the 

activation of PLC1. It has been shown that following EGF stimulation, both PLC1 and 

P13K are recruited to the plasma membrane through interaction of their SH2 domains to 

specific phosphotyrosine residues in activated growth factor receptors (EGFR). This 

interaction leads to tyrosine phosphorylation and activation of PLC1. At the same time, 

P13K is activated to generate PIP3. The PH domain of PLC1 in turn interacts with PIP3 to 

further stabilize the PLC1 membrane association, which is important in maintaining its 

phospholipase activity (Falasca et al., 1998; Wang et al., 2003; Maffuci et al., 2007). 

 

1.5.3 Functions of PLCisozymes 

Mainly, PLC1 has essential role in embryonic development while PLC2 is required for 

development and function of hematopoietic cells which to some extent reflect their 

expression patterns. Mice with disrupted PLCgenes have been used to examine the in 

vivo biological function of this protein. PLC1 deficient mice die by embryonic day 9 

highlighting the extensive importance of this enzyme in intact embryo whose absence is 

not compensated by other PLC isozyme genes or other signaling pathways (Ji et al., 1997). 

On the other hand, PLC2 null mice are viable but displayed a defect in the function of B 

cells, including, among others, a decrease numbers of mature conventional B cells and 

peritoneal B1 cells, and a block in pro-B cell differentiation. The ability of platelets to 

aggregate upon collagen induction was found defective in PLC2-deficient platelets 

implicating the requirement of this enzyme in signal transduction via collagen receptors 

that require the Fc receptor  (FcR chain for signaling. It was further demonstrated that 

function of other Fc receptors similarly requires PLC2. The FcR function on mast cells 

and the FcRIII function on NK cells are both affected by the absence of PLC2 which 

results in impaired degranulation and antibody-dependent cell cytotoxicity (ADCC), 

respectively (Hashimoto et al., 2000; Wang et al., 2000). 

PLC1 was suggested in having some roles in the brain which may be linked to regulation 

of ion channel function, as many ion channels are markedly sensitive to the levels of 

membrane PIP2 (Suh et al., 2005). As PLC1 is expressed in neuronal cell in the brain and 

participate in its functions mediated by neurotrophins, a new findings in abnormal 

expression and activation of PLC1 become evident in various brain disorders such as 
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epilepsy, depression, Huntington's and Alzheimer's disease. Thus, PLC1 has been 

implicated in brain functions as well as related brain disorders (Jang et al., 2013).  PLC1 

has also been shown to regulate agonist-induced calcium entry through plasma membrane 

channels of the canonical transient receptor potential (TRP) family (Patterson et al., 2002; 

Clapham et al., 2003). This function is independent of PLC1’s lipase activity but depends 

on the direct interaction of PLCenzyme and TRPC3 (Patterson et al., 2002).  

 

PLC is a critical component of BCR signaling pathways and is required to promote B cell 

development (Hashimoto et al., 2000). It was shown to play a role in the regulation of 

immune response (Marshall et al., 2000). In fact, absence of PLC2 signaling in human B 

cells underlies the immunodeficiency X-linked agammaglobulinemia (XLA) disorder. 

XLA is caused by mutation in Bruton’s tyrosine kinase (Btk) and characterized by a severe 

block in B cell development at the pre-B stage. Btk signaling regulates B cell development 

and function by activating multiple pathways, which includes BCR-induced Ca2+ flux of 

PLC2 (Takata and Kurosaki, 1996; Satterthwaite et al., 1998). Moreover, point mutations 

in the murine PLC2 gene have been associated to inflammatory and autoimmune re-

sponses through PLC2 hyperactivation in cells of both the innate and acquired immune 

system (Yu et al., 2005; Abe et al., 2011). Recent genetic studies of patients and their 

families have identified PLC2 gene deletions in individuals exhibiting a distinct inflamma-

tory disease indicated by cold-induced urticaria and immune dysregulation (Ombrello 

et al., 2012), and a point mutation in PLCγ2 was found in a family characterized with 

another set of immune disorder manifestations (Zhou et al., 2012). 

 

1.6 Split-PH Domain of PLC 

The split PH domain is classified in the PH superfamily from the amino acid sequence 

homology. It is important to establish the functional reassembly of the split PH domain as 

means to find out the role of this domain and confirm the postulation that split PH domain 

could reconstitute in a stable PH superfold. In one report, the structurally well-

characterized PH domain of PLC1 was dissected by fastening coiled coil oligopeptides to 

each C- terminal and N-terminal portion forming a split PH domain. The reassembly of 

each PH subunit is then observed when the N-terminal and C-terminal halves are brought 

into close proximity. The results demonstrated that the dissected PH subunits of PLC1 

fold into a functional structure and selectively binds IP3. Therefore, this suggests that the 
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native split PH domains, such as found in PLC and other proteins would possibly fold in a 

stable domain when both split subunits are brought into complex and exert a distinctive 

function upon reassembly (Sugimoto et al., 2003). This notion was confirmed by other 

groups where it has been shown that the PHn and PHc fragments of PLCγ isozymes 

associate with each other to form a canonical and intramolecular PH domain fold, with or 

without their respective domain insertions (Wen et al., 2006; Walliser et al., 2008).  

In the three-dimensional structures, as predicted, the PLC2 split PH structure conforms 

well to the canonical PH domain architecture with seven -strands and one -helix (Figure 

5). The PHn consists of 1, 2, and 3 strands while 4, 5, 6, 7 strands, and 1 helix 

are located within the PHc. As can be seen in the PLC2 split PH model, the loop between 

3 and 4 in a typical PH domain was omitted. Alternately, this loop is replaced mainly by 

an SH linker (nSH2-cSH2-SH3) between the split halves, and a small number of appar-

ently flexible residues at the N and C termini. The secondary structure elements of the split 

PHs from PLC1 and PLC2 align reasonably well despite that the sequence identity (29%) 

of the two spPHs is considerably low (Walliser et al., 2008; Bunney et al., 2009). 

The split PH domain of PLC isozymes have been the subject of several investigations, 

where its ability to form intermolecular interaction with other proteins was recognized. To 

mention, β-tubulin and elongation factor-1α (EF-1α) have been previously found as 

interaction partners of split PH domain of PLC1 (Chang et al., 2002; Chang et al., 2005). 

The N-terminal half of the split PH domain of PLC1 was shown to specifically bind EF-

1α, where it plays a direct role in phosphoinositide metabolism of cellular signaling by 

regulating PLC1 activity via a split PH domain. It is also the case with β-tubulin, known to 

associate with PHn half of PLC1. This PLC1 -tubulin interaction was shown to have two 

biological impacts. β-tubulin promotes PLC1 activity by possibly mediating the phospho-

inositide-binding affinity of PLC1 in the membrane, while PLC1 is involved in tubulin 

polymerization since a high concentration of  PLC1 is found in mitotic spindle fiber. 

In our group, it was shown that the small GTPase Rac2 interacts with PLC2 required for 

activation of this specific PLC isoform. Furthermore, as depicted in Figure 1-5, the 

specific mode of interaction with PLC2 was found to reside at the C-terminal region (β-

strand 5 and the α-helix) of the split PH domain (Walliser et al., 2008; Bunney et al., 

2009).These findings suggest a novel mode of protein regulation through the intermolecu-

lar association of split PH domains. Interestingly, split PH domains have been implicated 
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in interactions with ‘invisible’ partial PH domain potentially present in a protein (Lemmon 

et al., 2005). A previous report by the Patterson group showed that PLCγ1 is necessary for 

agonist-induced entry of Ca2+ through plasma membrane channels. In this case, its catalytic 

activity is not responsible for the observed regulation of Ca2+ entry. Instead PLCγ1 has a 

conformational role, and that a protein interacting domain of PLCγ1 is crucial for this 

requirement. They found that PLCγ1 can directly interact with TRPC3 ion channels to 

mediate channel activation (Patterson et al., 2002). Then, van Rossum et al. have further 

revealed that TRPC3 binding seems to be specific for PLC1-PHc, and that the binding 

segment in TRPC3 represents a complementary partial PH domain (equivalent to PHn). 

The PHc of PLC1 associates with the PH-like half domain in TRPC3 forming a complete 

PH domain which can bind to specific lipids, important for the expression of TRPC3 

channel at the cell surface. This provides an explanation for the PLC requirement in 

agonist-induced Ca2+ entry (van Rossum et al., 2005). Additionally, the interaction of 

TFII-I with PLC1 has also been described in which TFII-I antagonized PLC1 in the 

agonist-induced calcium entry, as well as TRPC3 surface accumulation. Importantly, it was 

shown that this negative regulation involves the TFII-I PHn like domain that binds the PHc 

of PLC1 and TFII-I phosphotyrosine residues that bind PLC1 through its SH2 domain. As 

a result of these multiple interactions, TFII-I inhibits Ca2+ entry by probably competing 

with TRPC3 for binding to PLC1 (Caraveo et al., 2006) 

Considering that the two halves of a split PH domain of PLC can fold together to form an 

intact PH domain when expressed as a fusion protein (Wen et al., 2006; Walliser et al., 

2008), it is conceivable that PHn and PHc fragments are stabilized by intramolecular 

interactions with one another (Patterson et al., 2002). Like the catalytic subdomains (X and 

Y) of PLC enzyme that necessarily fold into a functional unit to be catalytically active, 

there is a possibility that the split PH domain associate intramolecularly in the context of 

the full-length PLCγ molecules. Whether the folded PHn and PHc could exist as independ-

ent structural units half in the full-length enzyme and whether they exist in an open and 

closed state are not known. Promoted perhaps by interactions with the intervening 

regulatory proteins, either the PHn or PHc of the full length PLC might be displaced from 

such an intramolecular association by the complementary half hidden in its interaction 

partner to form an intermolecular PH domain. 
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Figure 5 Crystal structure of PLC2 split PH domain. Ribbon representation of the joined PHn half and 

PHc half comprising of seven strands and one-helix. 1, 2, 3 strands are from the PHn subdomain in 

pink; 4, 5, 6 7, and 1 are from the PHc subdomain in gray. The important amino acid residues of 

PLC2 split PH domain for Rac2 interaction reside in 5-strand and the -helix region as shown in blue 

(Walliser et al., 2008; Bunney et al., 2009).  

 

1.7 PLC Isozymes 

PLCis a member of a large family of PLC enzymes and includes four isoforms that range 

in size; PLC1 (150 kDa), PLC2 (140 kDa), PLC3 (152 kDa), and PLC4 (130 kDa) 

(Vines, 2012).  PLC isozymes share several functional domains present in other members 

of the PLC family, such as the conserved catalytic X and Y domains and the two mem-

brane-phospholipid binding regions, the PH and C2 domains. However, PLCisozymes 

are structurally characterized by the presence of a unique elongated C-terminus (CT) 

consisting of about ~450 residues.  CT domain is polybasic and is relevant for membrane 

association. The crystal structure of the CT region from an avian PLCreveals three long 

-helices packed together forming a coiled-coil likely important for dimerization. But, the 

significant function of this dimerization remains unclear. GTP-bound subunits of the Gq 
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family of G subunits directly activate PLCisozymes. Its stimulation by Gq requires 

the CT domain of PLC(Ilkaeva et al., 2002; Singer et al., 2002).  

1.7.1 Expression and Regulation of PLC 

The four PLCβ isozymes differ in their distribution in tissues. PLCβ1 is highly expressed in 

the cerebral cortex and hippocampus of the brain (Homma et al., 1989), while PLCβ2 is 

almost exclusively found in hematopoietic cells (Park et al., 1992). PLCβ3 is broadly 

distributed extending from the brain, liver, and parotid gland (Jhon et al., 1993). PLCβ4 

expression is present in the cerebellum and the retina (Adamski et al., 1999).  

PLCisozymes act as effectors for heterotrimeric G-proteins downstream of GPCR 

belonging to the rhodopsin superfamily of seven transmembrane receptors. These isozymes 

are activated by Gα-subunits of the Gq subfamily (Smrcka et al., 1991; Taylor et al., 1991; 

Waldo et al., 1991). There exist four different Gα-subunits (Gαq, Gα11, Gα14, and Gα16) 

of Gq family with closely related sequence (Hepler and Gilman, 1992). All four of these G 

proteins markedly activate PLCβ isozymes in intact cells and with purified components 

using phospholipid vesicles. To compare the responsiveness of PLCβ to Gαq, there is 

selectivity for activation of PLCβ1 and -β3 over PLCβ2 (Paterson et al., 1995; Smrcka and 

Sternweis 1993).  As was mentioned above, the interface between Gαq and PLCβ isoforms 

was shown to occur within the isozyme-specific CT domain (Ilkaeva et al., 2002; Singer et 

al., 2002), but the CT domain of PLCβ3 is not necessary for binding of Gαq. In all three 

isoforms, the helical motif of CT region interacts with switch 2 and α3 from Gαq and is 

necessary and sufficient to confer Gαq binding (Waldo et al., 2010). In similar case with 

the PH domain in PLCisoforms, the polybasic CT domain of PLCisoforms possibly 

provides an anchor point for interaction with the plasma membrane and certainly works in 

coordination with G-protein binding to orient the active site for efficient enzymatic 

activity.  

PLC isozymes are also activated by Gdimers through direct binding to PLC, with the 

exception of PLC4 (Boyer et al., 1992; Camps et al., 1992; Smrcka and Sternweis 1993). 

The G activation of PLC isozymes differs from that to Gq subunits, in which the 

stimulation effect for PLCβ2 and PLCβ3 is more prominent than with PLCβ1. It was shown 

that G dimer interacts with PLC1, 2, and 3, but only exhibits strong affinity for 

PLC2 (Runnels and Scarlata, 1999). The N-terminal PH domain of PLCwas reported to 

be responsible not only for its membrane binding behavior, but also for the G-dependent 
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activation of PLC. Replacement of the PH domain of PLC1 with that of PLC caused 

the membrane binding properties of PLC1 to become similar to PLC; and importantly 

resulted in a G-regulated enzyme implicating the role of PH domain in mediating 

regulatory signals (Wang et al., 2000). Although it has not been firmly established, PLC 

was reported to contain additional determinants that confer binding to G. Studies from a 

series of fragments from PLC has provided evidence that apart from the fragment 

encompassing the N-terminal PH domain, part of the catalytic TIM barrel particularly 

regions derived from the X-box displayed their ability to interact with G G-protein (Barr 

et al., 2000). Interestingly, previous studies demonstrated the synergistic activation of 

PLC isoforms including PLCβ2 and PLCβ3, by combined stimulation with Gαq and Gβγ. 

Purified PLCβ3 protein responded synergistically in the presence of activated Gαq and 

Gβγ, which led to a supra-additive activation that can exceed ten times the sum of the 

responses to the individual G protein subunits. These studies further showed that the 

combined action of Gαq and Gβγ on PLCβ3 enhances conversion of the enzyme to the 

active state when both ligands are bound rather than merely enhancing ligand affinity 

(Philip et al., 2010; Rebres et al., 2011).  

A role for the regulation of PLC activity by autoinhibitory elements within the linker of 

the two subdomain of the catalytic TIM, also called X/Y linker, has been suggested. 

Limited protease digestion of PLC2 (Schnabel and Camps, 1998) within X/Y-linker target 

resulted in PLC enzyme that showed increase enzymatic activity. Then as well, individu-

ally expressed polypeptides- N-terminal to the X-domain and the Y-domain to the C-

terminal of PLC2 (Zhang and Neer, 2001) lacking X/Y-linker regions, reassemble 

together as functional isozymes which displayed higher basal activity than the holoen-

zymes. 

 Moreover, the crystal structures that featured the interactions between a small part of the 

X/Y-linker and the active site of PLCisozyme, supports a regulatory model for the 

autoinhibition of the X/Y-linker (Hicks et al., 2008; Jezyk et al., 2006; Waldo et al., 2010). 

Inspection of PLCβ2 structure reveals that the active site is occluded by a portion of the 

linker connecting the highly conserved X and Y boxes that makes extensive direct 

hydrogen-bond contacts with the phospholipase active site residues. 

Members of the Rac subfamily of smallGTPases are also known activators of PLCβ 

isoforms, potentially with PLCβ2 and PLCβ3. However, no detectable binding is observed 
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with PLCβ1 or PLCβ4 (Illenberger et al., 1998; Illenberger et al., 2003a; Snyder et al., 

2003). See section 1.9 for more details. 

1.7.2 Functions of PLCisozymes 

PLCβ isoforms function as a GAP for heterotrimeric G proteins, among these isozymes, 

PLCβ1 was the first identified GAP. It was shown that PLCβ1 increased the rate of 

hydrolysis of Gq-bound GTP in m1 muscarinic cholinergic receptor-PLCβ1 signaling 

(Berstein et al., 1992; Biddlecome et al., 1996). This GTPase-stimulating activity result in 

rapid turn-off of Gαq-promoted signaling once agonist-dependent stimulation of GPCR is 

terminated. Hence, the receptor and PLCβ1 coordinately regulate the amplitude of the PLC 

signal and the rates of signal initiation and termination. PLC2 has been found only in 

hematopoietic tissues, and this isoform plays a vital role in the activation of platelets. A 

reduced amount of PLCβ2 in platelets of a unique patient is linked with bleeding disorders, 

abnormal platelet aggregation and secretion, reduced IP3-formation, Ca2+ mobilization and 

PLCβ2 activity. It was further demonstrated that patient with platelet PLCβ2 deficiency has 

a normal PLCβ2 cDNA sequence, but reduced amount of PLCβ2 mRNA was detected. This 

suggests a defect in the regulation of PLCβ2 expression (Mao et al., 2002). In addition, 

expression of PLC2 represents a marker during the course of granulocytic differentiation 

of leukemic myeloid progenitor cells. NB4 cell line is a stable in vitro model for the study 

of acute promyelocytic leukemia (APL) that respond to pharmacological doses of all-trans 

retinoic acid (ATRA) by differentiating in a neutrophil-like manner. When compared to 

untreated NB4 cells, PLC2 isoform shows a striking increase after ATRA-induced 

granulocytic differentiation. Remarkably, PLC2 level is correlated to the granulocytic 

differentiation of primary APL blasts obtained from ATRA-responsive patients. Moreover, 

this up-regulation of PLC2 characterized a more general event also occurring during the 

cytokine-induced granulocytic differentiation of CD34+ normal hematopoietic progenitors 

(Bertagnolo et al., 2002). 

PLCβ1-null mice experienced epileptic seizures that caused sudden death of the mice. This 

phenotype resembled responses observed with GABAA receptor antagonists, blocking the 

inhibitory neuronal pathway. This result suggests that PLCβ1 is important for the normal 

functioning of inhibitory neuronal circuitry (Kim et al., 1997). A mouse line that lacks 

PLCβ2 did not affect hematopoiesis and showed no apparent phenotypes at the systemic 

and cellular levels. However, PLCβ2 deficiency exhibits an impaired chemoattractant-

mediated PLC activity in neutrophils. This led to decrease intracellular calcium release, 
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superoxide production and cell surface expression of MAC-1, implicating that PLCβ2 is 

critical for chemoattractant-elicited signals in leukocytes (Jiang et al., 1997). PLCβ3-null 

mice demonstrated increased sensitivity to morphine in the antinociceptive tests compared 

with the wild type mice, implicating that PLCβ3 is significant negative modulator for 

opioid response. The coupling of opioid receptors to PLCβ3 in neurons may provide a 

mechanism by which PLCβ3 pathways affected opioid-mediated analgesia (Xie et al., 

1999). PLCβ3 deficiency also leads to premature death in mice, accompanied with 

lymphomas and other tumors. The mutant mice also develop myeloproliferative disease 

due to the loss of Stat5 regulation by a PLCβ3-SHP-1 complex (Xiao et al., 2009). The 

mice lacking PLCβ4 had motor defects, broadly defined as ataxia. PLCβ4 appears to be 

essential for transducing mGluR1-mediated signals in cerebellum, which accounts for the 

defect seen in PLC4
-/- mice (Kim et al., 1997).  

 

1.8 PLC regulation by small GTPases 

The insight of historically considered regulation of PLCisozymes by tyrosine kinases and 

activation of PLC isozymes by Gq- and Gβ-subunits of heterotrimeric G proteins, have 

been well-recognized. However, studies in recent years ended up at the realization that 

certain mammalian phospholipase C isozymes are also directly activated by members of 

the Ras superfamily of small GTPases. This suggests a remarkably diverse regulation of 

PLC signaling than initially viewed. A prominent regulation of PLC isozymes (particularly 

PLC and PLC) by several members of RhoGTPases (Cdc42, Rac1, and Rac2) was 

identified which expanded the potential biological functions accomplished by these PLC 

signaling proteins (Harden and Sondek, 2006; Harden et al., 2009). 

In our research group, who were working on the regulation of phospholipases C, Illenber-

ger et al. first described a role for small GTPases in inositol lipid signaling. In this 

groundbreaking work, PLC2 could be purified from cytosol of neutrophils in complex 

with a Rho-family of GTPases. In this cytosolic preparation, PLC2 was shown to be 

activated by Rho GTPases in a GTPγS-dependent manner. Moreover, the PLCβ2 stimulat-

ing activity did not require its C-terminal domain necessary for Gαq-dependent activation 

of the isozyme suggesting a new mode of regulation (Illenberger et al., 1997; Illenberger et 

al., 1998). Guanine nucleotide-dependent activation of purified PLCβ2 was observed with 

recombinant Rac2, Rac1, and Cdc42, although Cdc42 was the least potent of these 

GTPases. Conversely, purified RhoA was inactive. The most potent GTPase Rac2 
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activated PLCβ isozymes with the rank order of PLC2 >PLC3 > PLC1 (Illenberger et al., 

2003a). The same conclusion was attained by the Snyder group in studies of protein-

protein interactions using surface plasmon resonance. As a result, Rac1, Rac2, and Rac3 

bound PLCβ2 in a GTP-dependent fashion. The Rac GTPases displayed a specific binding 

for PLC2 with higher affinity than PLC3, and no interaction with PLC1 was detected. 

This binding trend resembles that of the observed pattern on Rac-stimulation of PLC 

isoforms (Snyder et al., 2003). Furthermore, with the aim of gaining knowledge into the 

structural requirements for Rac-dependent regulation of PLCβ2, Illenberger and colleagues 

constructed chimeric PLC enzymes carrying portions from an isoform that nearly lacks 

the Rac-regulated activity. Replacement of the N-terminal PH domain of PLCβ2 with the 

PH domain from PLCβ1 resulted in loss of Rac2-stimulated activity. This effect was also 

observed in PLCβ2 chimera in which the PH domain and the four EF-hand motifs are 

substituted with the analogous regions of PLCβ1. For the first time, their work showed that 

Rac-dependent PLCβ2 activation critically requires its N-terminal PH domain (Illenberger 

et al., 2003a). The ability of PLCβ2 truncated fragments to bind Rac GTPases was 

examined via surface plasmon resonance. It was shown that isolated N-terminal PH 

domain and a fragment lacking the C-terminus (spanning PH-C2 only) both bind to Rac 

GTPases with similar affinity as the full-length PLCβ2. On the other hand, the C-terminal 

fragment of β2 did not show any binding. The specificity of this interaction was also 

verified by presenting that whereas the PH domain of PLCβ2 interacts with Rac, there was 

no observed binding of activated Rac with the PH domain of PLCδ1 or of G protein 

receptor kinase 2 (Snyder et al., 2003). These data further suggest that the PH domain of 

PLCβ2 is an effector site for Rac GTPases. Hereafter, a crystal structure of GTP-dependent 

complex of Rac1 and PLCβ2 extensively illustrated that the Rac/PLCβ2 interface is a result 

by the direct interaction of switch regions of Rac with the N-terminal PH domain involving 

1-strand and loop regions in structural proximity to 1 strand. In addition, the PH domain 

of PLCβ2 cannot bind phosphoinositides in contrast to PLC, thereby eliminating this 

mode of regulation (Jezyk et al., 2006). Nonetheless, the action of Rac GTPases in 

engaging the PH domain of PLCβ isozymes may recruit the enzyme to membrane surfaces. 

Studies in live cells that  co-expressed  green fluorescent protein (GFP)-tagged PLCβ2 

together with a GTPase-deficient mutant of Rac2 (Ra2G12V) caused a markedly increased 

enzymatic activity and membrane localization of the phospholipase (Illenberger et al., 

2003b). Moreover, It was shown that the active site of the lipase observed in a structure of 

PLCβ2 alone (Hicks et al., 2008) is superimposable with that of Rac2-bound isozyme 
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(Jezyk et al., 2006) implicating that Rac-dependent activation of PLCβ2 may take place 

through recruitment to the plasma membrane.  

The understanding of the regulation of PLCs by small GTPases continues to expand and 

progress. Again in our group, Piechulek and his coworkers discovered a marked increase in 

inositol phosphate formation as a consequence of coexpression of PLCγ2 with GTPase-

deficient mutants of Rac members (Rac1, Rac2, or Rac3), but not Cdc42 (Piechulek et al., 

2005). Its isozyme counterpart PLC1 is not activated by any of these GTPases. The Rac2 

stimulation of PLC2 activity in intact cells coincides with the translocation of PLC2 from 

the soluble to the particulate fraction which suggests membrane translocation of PLC2 

(Piechulek et al., 2005). Mutational studies and NMR spectroscopy uncovered the interface 

of Rac binding with PLCγ2. The interaction sites reside at the C-terminal half of the split 

PH domain primarily involving 5-strand and the -helix region (Walliser et al., 2008). 

This site apparently differs from that of Rac2 binding at the N-terminal PH domain of 

PLC2 as illustrated in Figure 6. The SA region containing the spPH domain was described 

as a “hinged lid” that can adopt either a closed or open state, in that way blocking or 

exposing the active site depending upon the occupancy of the various ligand binding sites 

(Katan et al., 2003). Additionally, Rac2 does not only promote activation of PLC2 by 

merely forming a complex with its C-terminal half of the split PH domain (Walliser et al., 

2008). Findings from the Everett group showed that Rac2 binding did not cause any 

substantial conformational changes of PLC2 and that Rac2 without the presence of lipid 

surfaces is not able to activate PLC2. Thus, the consequence wherein PLC2 is in the 

vicinity of the membrane after stable Rac2-mediated membrane translocation has probably 

a role in the release of inhibitory regions and exposure of the active site (Everett et al., 

2011).  

Briefly, mentioning other PLC isoforms and their control by small GTPases, PLCε was 

found to be regulated by specific Ras and Rho family GTPases (Kelley et al., 2001; Song 

et al., 2001; Wing et al., 2003). The interaction between PLCδ1 isoform and Ral GTPases 

has also been described, resulting in subsequent activation (Sidhu et al., 2005). Additional 

studies indicate the small GTPase Ral joined the angiotensin II type 1 receptor (AT1R) to 

the activation of PLCδ1. AT1R activation leads to the plasma membrane translocation of 

RalGDS, which is required for the Ral-dependent activation of PLCδ1 (Godin et al. 2010). 

Recently, remarkable findings in our group revealed that the atypical Rho GTPase RhoH 

acts as a negative regulator in phospholipase C-mediated signaling pathways. RhoH 
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antagonizes the function of the Rho GTPase Rac2 by inhibiting Rac2G12V-mediated 

stimulation of PLCβ2 and PLCγ2 enzymes. This discovery is further investigated in this 

thesis. 

 

Figure 6 Domain structures of PLCs and their activation by Rac GTPase. The sites of interaction 

between Rac and PLCs are indicated as the N-terminal PH domain for PLC2 and the internal split PH for 

PLC2. Individual domains were discussed in section 1.4 and section 1.5.1. 

 

1.9 Objective of the Study 

Diverse modes of controlling activities of PLC isozymes have been uncovered in several 

studies that advance our understanding of the molecular and biological facets of 

PLCsplit PH domain exists in both PLC isozymes in which its isolated N-terminal 

half (PHn) and the C-terminal half (PHc) assemble and fold into a complete PH domain 

structure. The PHn and PHc fragments have been implicated to interact directly with other 

proteins that play crucial roles. It appears that certain other events of PLCmay be subject 

to intra or intermolecular interactions of the split PH domain. The first objective of this 

thesis was to examine the dynamic process of the split PH domain of PLC isozymes. 

There is also emerging evidence of the control of PLC isozymes by the RhoGTPase RhoH. 

Findings in our group have shown that RhoH markedly inhibits the activity of PLC2 and 

PLC2, however, the molecular mechanisms of RhoH-mediated inhibition are not yet 
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defined. The second objective of this study was to investigate the structural requirements 

of the inhibitory function of RhoH in phospholipase C-mediated signaling pathways. 
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2 Materials and Methods          

2.1 Materials 

2.1.1 Chemicals 

Acrylamide 4K 30 % (w/v) (37.5:1 mix)        AppliChem, Darmstadt 

Agar                 Serva, Heidelberg 

Agarose                Sigma, Deisenhofen 

AgarPlaquePlus Agarose            Pharmingen, Heidelberg 

Alexa Fluor® 647                                                                       Invitrogen, Karlsruhe 

Ammonium formate             Fluka, Taufkirchen 

Ammonium persulphate            Serva, Heidelberg 

Amphotericin B (Fungizone®)          Gibco, Karlsruhe 

Ampicillin, sodium salt   Sigma, Deisenhofen 

Aprotinine (Trasylol®)   Bayer, Leverkusen 

Atto 655 dye                                                                                      Atto-Tec GmbH, Siegen 

L-Arginine   Sigma, Deisenhofen 

Bacto Trypton Becton   Dickinson, Heidelberg 

Benzamidine   Sigma, Deisenhofen 

Bovine serum albumin, fraction V   Serva, Heidelberg 

Bovine serum albumin, fatty acid free   Sigma, Deisenhofen 

Bromphenol blue   Serva, Heidelberg 

Cellfectin Transfection reagent   Invitrogen, Karlsruhe 

Chloramphenicol   Roth, Karlsruhe 

Coomassie Brilliant Blue G 250   Serva, Heidelberg 

Coomassie Brilliant Blue R 250   Serva, Heidelberg 

Crystal violet   Sigma, Deisenhofen 

Dithiothreitol (DTT)   Serva, Heidelberg 
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DMEM Medium   Gibco, Karlsruhe 

Deoxynucleoside triphosphate (dNTP) mix MBI  Fermentas, St. Leon-Rot 

Dimethylformamide (DMF)   Roth, Karlsruhe 

Dimethyl sulfoxide (DMSO)   Roth, Karlsruhe 

Dowex resin (1x8, 100-200 mesh, Cl- form)  Sigma, Deisenhofen 

Dulbecco’s phosphate buffered saline (PBS)                                 Sigma, Deisenhofen 

ECL™ Western Blotting Detection Reagent  Amersham, Freiburg 

Ethylene diamine tetraacetic acid (EDTA), 

disodium salt   Merck, Darmstadt 

Ethylene glycol tetraacetic acid (EGTA)   Sigma, Deisenhofen 

Ethidium bromide (EtBr)   Boehringer, Mannheim 

Fetal calf serum (FCS, used in mammalian culture)  Gibco, Karlsruhe 

Fetal calf serum (used in insect cell culture)  Sigma, Deisenhofen 

Formaldehyde   Merck, Darmstadt 

Gentamicine   PAA, Cölbe 

D(+)-Glucose   Merck, Darmstadt 

L-Glutamine   Sigma, Deisenhofen 

Glutathione   Sigma, Deisenhofen 

Glycerine   Roth, Karlsruhe 

Glycine   AppliChem, Darmstadt 

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES)    Sigma, Deisenhofen 

HEPES (for cell culture)   PAA, Cölbe 

High molecular weight protein marker (HMW)  Sigma, Deisenhofen 

Hygromicin B   Calbiochem-

Novabiochem, 

   Bad Soden 
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Ink   Pelikan, Hannover 

Kanamycin   Serva, Heidelberg 

Lambda DNA/EcoRI+HindIII Marker, 3 MBI  Fermentas, St. Leon-Rot 

Leupeptine    Serva, Heidelberg 

Low molecular weight protein marker (LMW)  Sigma, Deisenhofen 

LipofectamineTM 2000 Transfection reagent   Invitrogen, Karlsruhe 

β-Mercaptoethanol   Roth, Karlsruhe 

Milk powder   Roth, Karlsruhe 

Neutral Red   Sigma, Deisenhofen 

Ni-NTA   Agarose Qiagen, Hilden 

OptiMEM I Medium   Gibco, Karlsruhe 

Penicillin/Streptomycin   PAA, Cölbe 

Pepstatin A   Serva, Heidelberg 

Phenol   Sigma, Deisenhofen 

Pluronic®
 F-68   Invitrogen, Karlsruhe 

Phenylmethylsulphonyl fluoride (PMSF)   Sigma, Deisenhofen 

Poly (L-lysine)-graft-poly (ethylene glycol) co-polymer                  SuSoS AG, Switzerland 

Polyoxyethylene-sorbitan monolaurate 

(Tween 20)   Sigma, Deisenhofen 

Protein standard (Bovine IgG)   BioRad, Munich 

Pyronin Y   Sigma, Deisenhofen 

Quicksafe A Scintillation Fluid   Zinsser, Frankfurt 

RTU 60 Developer   Adefo, Dietzenbach 

RTU 60 Fixer   Adefo, Dietzenbach 

Sodium chloride   AppliChem, Darmstadt 

Sodium cholate   Sigma, Deisenhofen 
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Sodium dihydrogen phosphate monohydrate  AppliChem, Darmstadt 

Sodiumdodecyl sulfate (SDS)   Roth, Karlsruhe 

Sodium phosphate dibasic dihydrate   Sigma, Deisenhofen 

Sodium pyruvate   PAA, Cölbe 

Sodium tetraborate decahydrate (Borax)   Sigma, Deisenhofen 

Soy trypsin inhibitor (STI)      Fluka, Neu-Ulm 

N,N,N',N'-Tetramethyl-ethane-1,2-diamine 

(TEMED)      Serva, Heidelberg 

Thiomersal      Sigma, Deisenhofen 

TNM-FH Insect Medium     PAN, Aidenbach 

TNM-FH Insect Medium    Sigma, Deisenhofen 

Triton X-100    Sigma, Deisenhofen 

Trishydroxymethylaminomethane (Tris)                   Roth, Karlsruhe 

Trypan blue      Merck, Darmstadt 

Trypsin-EDTA solution      PAA, Cölbe 

Tween 20                   Sigma, Deisenhofen 

Yeast Extract Servabacter                   Serva, Heidelberg 

Zirconia/Silica Beads                                                       Roth, Karlsruhe 

 

All chemicals and reagents used but not listed were obtained in p.a. quality from the 

following companies: Merck (Darmstadt), Riedel-de Haen (Seelze), or Roth (Karlsruhe). 

 

2.1.2 Radiochemicals 

myo-[2-3H(N)]-Inositol  Hartmann Analytic, Braunschweig 
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2.1.3 Enzymes, Antibodies and Kits 

Antarctic Phosphatase New England Biolabs, Frankfurt 

Anti-Mouse IgG-Peroxidase (#A5278) Sigma-Aldrich, Taufkirchen 

Anti-MBP (#2396, 8G1)                                        Cell Signaling Technology, 

 Danvers 

Anti-Rabbit IgG-Peroxidase (#A6154) Sigma-Aldrich, Taufkirchen 

Anti-RhoH (AP01238PU-N) Acris, San Diego, USA 

Anti-Penta-His (#34660) Qiagen, Hilden 

Anti-PLC2 Serum 404 Peter J. Parker, London, UK 

DpnI (500402) Agilent Technologies, Böblingen 

ECL Advance Western Blotting Detection Kit Amersham Biosciences, Freiburg 

EcoRI (#ER0271) MBI Fermentas, St. Leon-Rot 

Myc-Tag (#2276, 9B11)   Cell Signaling Technology 

 Danvers 

Nucleobond AX PC-100 Kit Macherey-Nagel, Düren 

Nucleospin Plasmid Kit Macherey-Nagel, Düren 

PfuUltra High-Fidelity DNA Polymerase Agilent Technologies, Böblingen 

(600380) 

QIAquick Gel Extraction Kit Qiagen, Hilden 

QuikChange II XL Site-Directed Mutagenesis Kit Agilent Technologies, Böblingen 

SacII                                                                    New England Biolabs, Frankfurt 

T4-DNA-Ligase (#EL0011) MBI Fermentas, St. Leon-Rot 

XhoI (#ER0691) MBI Fermentas, St. Leon-Rot 

 

2.1.4 Consumables 

12-well-plate                    Renner, Dannstadt 
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AGFA Cronex 5, Medical X-Ray Film     AGFA, Mortsel, Belgium 

Cell culture dish, 100 mm           Renner, Dannstadt 

Cell culture flask, 75 cm2 and 150 cm2     Renner, Dannstadt 

Cell scraper 25 cm            Sarstedt, Nümbrecht 

Chromatography paper 3MM Chr            Schleicher & Schuell, Dassel 

Hypodermic needle, 100 Sterican 

(0.45 25 mm, 26 G 1", Gr. 18)            Braun, Melsungen 

Micro tube (1.5 ml, PP)                                Sarstedt, Nümbrecht 

Petri dish (100 mm)        Sarstedt, Nümbrecht 

Protran® Nitrocellulose transfer membrane      Schleicher & Schuell, Dassel 

Scalpel blade                                             Aesculap, Tuttlingen 

Scintillation tube (20 ml)                                Sarstedt, Nümbrecht 

Syringe (1 ml, 5 ml, 20 ml)                          Becton Dickinson, Heidelberg 

Syringe filter MILLEX®GP (0.22 μm)              Millipore, Bedford, USA 

Tube (15 ml, 120x17 mm, PP)                      Sarstedt, Nümbrecht 

Tube (50 ml, 114x28 mm, PP)                         Sarstedt, Nümbrecht 

 

2.1.5 Chromatography Columns 

Amylose resin                                                        New England Biolabs, Frankfurt 

HiTrapTM
 Heparin resin                                           GE Healthcare, Munich 

Micro Bio-Spin Chromatography columns                Bio-Rad, Munich 

MonoQ/ResourceQ anion-exchange                         GE Healthcare, Munich 

Ni Sepharose™ 6 Fast Flow resin                            GE Healthcare, Munich 

StrepTactin MacroPrep resin                                    IBA, Göttingen 

SuperdexTM 75 Hiload 26/60                                     GE Healthcare, Munich 
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2.1.6 Bacterial and Mammalian Cells 

African green monkey kidney (COS-7) cells       American Type Culture 

                                                                    Collection, Rockville, USA                                                                  

Escherichia coli DH5α                       Clontech, Heidelberg 

Escherichia coli Rosetta™ 2 (DE3)                         Merck Chemicals, Darmstadt 

 

2.1.7 Baculoviruses and Insect Cells 

Human PLC1-myc and PLC2-myc       C. Walliser  

Spodoptera frugiperda (Sf9) cells   Invitrogen, Karlsruhe 

 

2.1.8 Plasmids 

2.1.8.1 Commercial Plasmids 

pcDNA3.1(+) Invitrogen, Karlsruhe 

pcDNA3.1(–)                                                        Invitrogen, Karlsruhe 

pCR®-Blunt                                                       Invitrogen, Karlsruhe 

pVL1392                                           Invitrogen, Karlsruhe 

pVL1393                                                         Invitrogen, Karlsruhe 

pASK-IBA43(+)                                       IBA, Göttingen 

 

2.1.8.2 Recombinant Obtained Plasmids 

hRac2G12V -pcDNA3.1(+)                  C. Walliser, Ulm 

hPLC1-myc-pcDNA3.1(-) C. Walliser, Ulm 

hPLC1PCI-myc-pcDNA3.1(+) C.Walliser, Ulm 

hPLC2-myc-pcDNA3.1(+) C. Walliser, Ulm 

hPLC2SA-myc-pcDNA3.1(+) A. Bühler, Ulm  

hPLC2PCI-myc-pcDNA3.1(+) L. Becker, Ulm 



2  Materials and Methods                 37 

 

hPLC2-pcDNA3.1(-) B. Möpps, Ulm 

hPLC220-pcDNA3.1(-) C. Walliser, Ulm 

hPLC1-211-myc-pcDNA3.1(+) C. Walliser, Ulm 

hPLC2-122-myc-pcDNA3.1(+) C. Walliser, Ulm 

hPLC1-122-myc-pcDNA3.1(+) M. Retlich, Ulm 

RhoH-pcDNA3.1(+)  UMR cDNA Resource Center, Rolla,USA 

RhoHC188S-pcDNA3.1(+) Y. Löschmann, Ulm 

Rac2C189S-pcDNA3.1(+) P. Vatter, Ulm 

Rac2G12V/C189S-pcDNA3.1(+) P. Vatter, Ulm 

Rac2G12V/L191Y-pcDNA3.1(+)                                  C. Walliser, Ulm 

Rac2G12V/L192S -pcDNA3.1(+)                                  C. Walliser, Ulm 

GST-pLIC                                              S. Bottomley, Australia 

MBP-pLIC                       S. Bottomley, Australia 

NusA-pLIC                                            S. Bottomley, Australia 

PHn1-pASK-IBA43(+)                        M. Retlich, Ulm           

PHn2-pASK-IBA43(+)                           M. Retlich, Ulm    

PHn1PHc1-pASK-IBA43(+)                     M. Retlich, Ulm  

       

2.1.9 Oligonucleotides 

All oligonucleotides used for polymerase chain reactions or for sequencing purposes were 

synthesised by Thermo Fisher Scientific, Ulm. 

2.1.9.1. Plasmid Sequencing Primers 

T7 Promotor (for sequencing the 5´-ends of pcDNA3.1 inserts) 

5´-TAA TAC GAC TCA CTA TAG GGA GA-3´ 

BGH Reverse Primer (for sequencing the 3´-ends of pcDNA3.1 inserts) 

5´-TAG AAG GCA CAG TCG AGG-3´ 



2  Materials and Methods                 38 

 

Reverse Primer (for sequencing the 5´-ends of pCR®-Blunt inserts) 

5´-CAG GAA ACA GCT ATG AC-3´ 

Universal Primer (for sequencing the 3´-ends of pCR®-Blunt inserts) 

5´-GTA AAA CGA CGG CCA G-3´ 

2.1.9.2 Human PLC1 cDNA Sequencing Primers 

hPLCg1_S1      5´-TCT ACT CCA AGA AGT CGC-3´ 

hPLCg1_S2      5´-GAT ACA TTG CAG GCA CCC AC-3´ 

hPLCg1_S3      5´-ATG TAC AGC GCC CAG AAG-3´ 

hPLCg1_S4      5´-GAC ACC ATG AAC AAC CCT C-3´ 

hPLCg1_S5      5´-CAG AGA AAC ATG GCC CAA TAC-3´ 

hPLCg1_S6      5´-ACC AGC AGC AAG ATC TAC-3´ 

hPLCg1_S6b    5´-CAA CGA GGA TGA GGA GGA G-3´ 

hPLCg1_S7      5´-CCC CAA GTT CTT CTT GAC AGA C-3´ 

hPLCg1_S8      5´-CAG ACA GTG ATG CTA GGG AAC-3´ 

hPLCg1_S9      5´-CCA GAA TGT GGA GAA GCA AG-3´ 

hPLCg1_S10    5´-GTG AAA AAG ATC CGT GAA G-3´ 

hPLCg1_S11    5´-TTG TGG CCC TCA ACT TCC-3´ 

hPLCg1_S12    5´-GAG TTT GTG GTG GAC AAT GG-3´ 

 

2.1.9.3 Human PLC2 cDNA Sequencing Primers 

PLCg2_S1       5´-GGG CTT CTT GGA TAT CAT GG-3´ 

PLCg2_S2       5´-CTC CGA GAG TTG AAG ACC ATC-3´ 

PLCg2_S3       5´-TGA ACA AAG TCC GTG AGC-3´ 

PLCg2_S4b     5´-CAT TGA ACT GGA CTG CTG-3´ 

PLCg2_S5       5´-ATG TCA ACA TGG AGG ACA AG-3´ 

PLCg2_S5b     5´-CCA GCT GCG GGA GAA GAT C-3´ 
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PLCg2_S6       5´-AGA CCT TCC CCA ATG ACT ACA C-3´ 

PLCg2_S7       5´-ATG CTG ATG AGG ATT CCC-3´ 

PLCg2_S8       5´-GAT CCC AGT GAA ATC AAT CCG-3´ 

PLCg2_S9c     5´-AGT TTG CCA CAG ACA GGG TG-3´ 

PLCg2_S10     5´-CTG ACA GCA TCA TCA GAC-3´ 

PLCg2_S11     5´-TCA AGG TTC TCG GTG CTC-3´ 

 

2.1.9.4 PCR Primers for generation of PHc of PLCIsozymes

2.1.9.4.1 PHc1 amplification 

ZR001_sense   5´-CCGCGGAACCCCGTGGCCCTGGAGC-3´ 

ZR002_antisense  5´-CCGCGGTTACTTCCTCCGTTCCATTATCTTCC-3´ 

 

2.1.9.4.2 PHc2 amplification 

ZR003_sense   5´-CCGCGGACTGCAGACTTCGAGGAGCTAG-3´ 

ZR004_antisense  5´-CCGCGGTTACTGGTTCTTCTCCCAGTACTTC-3´ 

 

2.1.9.4.3 PHc1 reading frame correction by mutagenesis 

ZR005_sense       5´-GTATTTCCAGGGAGCAGCCGCGAACCCCGTG-3´    

ZR006_antisense  5´-CACGGGGTTCGCGGCTGCTCCCTGGAAATAC-3´ 

 

2.1.9.4.4 PHc2 reading frame correction by mutagenesis  

ZR007_sense   5´-GTATTTCCAGGGAGCAGCCGCGACTGCAGAC-3´ 

ZR008_antisense      5´-GTCTGCAGTCGCGGCTGCTCCCTGGAAATAC-3´ 
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2.1.9.4.4 PCR Primers for generation of RhoH and Rac2 Mutants 

RhoH188-191_sense 

5´-CTCTTCTCCATCAATGAGTAGTGATGCAAGATCTTCTAACTCG-3´     

RhoH188-191_antisense 

5´-CGA GTT AGA AGA TCT TGC ATC ACT ACT CAT TGA TGG AGA AGA G-3´ 

RhoH175-191_sense 

5´-GCCGTCAACCAGGCCTAGTGAAGGAGACGAAACAGAAGG-3´ 

RhoH175-191_antisense 

5´-CCTTCTGTTTCGTCTCCTTCACTAGGCCTGGTTGACGGC-3´ 

RhoHF191S_sense 

5´-CAATGAGTGCAAGATCTCCTAACTCGAGTCTAGAG-3´ 

RhoHF191S_antisense 

5´-CTCTAGACTCGAGTTAGGAGATCTTGCACTCATTG-3´ 

RhoHF191L_sense 

5´-CAATGAGTGCAAGATCTTGTAACTCGAGTCTAGAGG-3´ 

RhoHF191L_antisense 

5´-CCTCTAGACTCGAGTTACAAGATCTTGCACTCATTG-3´ 

RhoHI190Y_sense 

5´-CTCCATCAATGAGTGCAAGTACTTCTAACTCGAGTCTAGAG-3´ 

RhoHI190Y_antisense 

5´-CTCTAGACTCGAGTTAGAAGTACTTGCACTCATTGATGGAG-3´ 

RhoHPBR(R→Q)_sense 

5´-GCCGTCAACCAGGCCCAGCAACAAAACCAACAGCAGCTCTTCTCCATCAAT 

GAG-3´ 

RhoHPBR(R→Q)_antisense 

5´-CTCATTGATGGAGAAGAGCTGCTGTTGGTTTTGTTGCTGGGCCTGGTTGAC 

GGC-3´ 
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RhoHT36A_sense:  

5´-GGCCTACAAGCCCGCCGTGTACGAGAACAC-3´      

RhoHT36A_antisense:  

5´-GTGTTCTCGTACACGGCGGGCTTGTAGGCC-3´ 

 

Rac2T35A_sense 

5´-GGAGAGTACATCCCCGCCGTGTTTGACAAC-3´ 

Rac2T35A_antisense 

5´-GTTGTCAAACACGGCGGGGATGTACTCTCC-3´ 

Rac2G12V/T35A_sense 

5´-GGAGAGTACATCCCCGCCGTGTTTGACAAC-3´ 

Rac2G12V/T35A _antisense 

5´-GTTGTCAAACACGGCGGGGATGTACTCTCC-3´ 

 

2.1.10 Instruments 

ABI Prism™ 310 Genetic Analyzer  Perkin-Elmer, Weiterstadt 

ÄKTA Explorer 100              Amersham Pharmacia, Freiburg 

Autoclave Certomat BS-1                                    Braun, Melsungen 

Axiovert 25 Microscope                 Zeiss, Oberkochen 

Beadbeater                                                         Roth, Karlsruhe 

Bench centrifuge (5415 C, 5415 D, 5417 R)     Eppendorf, Hamburg 

Centrifuge Allegra X-15 R                                  Beckman Coulter, Krefeld       

Centrifuge Sigma 3K 30                                     Sigma Centrifuges, Osterode 

Concentrator 5301 (speed vac)                  Eppendorf, Hamburg 

Electrophoresis chamber (DNA)                             MBT, Giessen 

Electrophoresis chamber (big) (SDS-PAGE)      Amersham Pharmacia, Freiburg 

Electrophoresis chamber (small) (SDS-PAGE)    Sigma, Deisenhofen 
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Electrophoresis Power Supply EPS 301            Amersham, Freiburg 

Electrophoresis Power Supply EPS 600         Amersham, Freiburg 

Elix® 5                                                   Millipore, Eschborn 

HERA Safe Laminar Flow Workbench            Heraeus, Fellbach 

Immunoblot Transfer Chamber                            Renner GmbH, Darmstadt 

IMT-2-Microscope                                             Olympus, Hamburg 

Incubator CB 210                                          Binder, Tuttlingen 

Incubator Certomat BS-1                             Braun, Melsungen 

Incubator Certomat H                                    Braun, Melsungen 

Incubator Kelvitron®T                                        Heraeus, Fellbach 

J2-HS Centrifuge                                            Beckman Instruments, München 

Liquid Scintillator Analyzer, 1600 TR               Packard, Canberra 

Magnetic hot plate stirrer                                RCTbasic IKA, Staufen 

Milli-Q®
                Millipore, Eschborn 

Minifuge GL                                Heraeus Christ, Osterode 

Optima™ TLX Ultracentrifuge                   Beckman Instruments, München 

Orbital Shaker Unimax 2010                          Heidolph, Kehlheim 

PTC 200 Peltier Thermal Cycler            MJ Research, Oldendorf 

Rotixa-Centrifuge                                        Hettich, Tuttlingen 

Scanner Pixma MP 150                       Canon, Krefeld 

Shaker Thermomixer comfort                       Eppendorf, Hamburg 

Shaker Thermomixer compact                     Eppendorf, Hamburg 

Shaker Titramax 100                                  Heidolph, Kehlheim 

SMART System/µPeak System                             Amersham Pharmacia, Freiburg 

Sorvall Ultracentrifuge OTD50B                   Du Pont Instruments, Bad Nauheim 

Spectrophotometer Cary 50 Bio UV-Vis               Varian, Willich 

Spectrophotometer DU 640                                 Beckman Instruments, München 
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Spectrophotometer GeneQuant Pro           Amersham, Freiburg 

Ultrasonic Bath Sonorex R4 102 Transistor        Bandelin electronic, Berlin 

Videodocumentation system CF8/1 DX         Kappa, Gleichen 

Vortex mixer Reax 2000                                 Heidolph, Kelheim 

Vortex mixer Reax control                     Heidolph, Kelheim 

2.1.11 Software 

Adobe Photoshop CS3                                    Adobe Systems Inc., San Jose, USA 

Chromas Version 2.33                            Technelysium Pty Ltd, Tewantin,  

                                                                     Australia 

GraphPad Prism 4                                   GraphPad Software, USA 

Micrografx Designer 9.0                              Micrografx Inc., Munchen 

Microsoft Office 2010                                   Microsoft Corp., Washington, USA 

Omiga 2.0                                                  Oxford Molecular Ltd, Oxford,  

                                          England 

 

2.2 Microbiology and Molecular Biology 

2.2.1 Preparation of Luria-Bertani (LB) Medium and Agar Plates 

LB medium was autoclaved and then stored at room temperature (RT). E. coli bacteria 

were grown in LB medium. Appropriate antibiotics were added, in order to select bacteria 

that harbor the plasmid with the antibiotic resistance gene. Ampicillin, kanamycin and 

chloramphenicol were prepared as stock solutions and diluted 1:1000 in LB medium. 

LB agar plates were prepared by supplementing the liquid medium with 1.5 % agar before 

autoclaving. The solution was allowed to cool to hand-warm temperature and appropriate 

antibiotics were added. The medium was poured in sterile Petri dishes and allowed to 

solidify at RT. The plates were stored at 4 °C. 

LB medium:                      1 % (w/v) Bacto Trypton,  

                                       0.5 % (w/v) Yeast Extract Servabacter,  

                                       1 % (w/v) NaCl 
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Ampicillin stock solution: 50 mg/ml in ddH2O, sterile filtered through a nitrocellulose 

                                             membrane disc filter (0.22 μm pore size) 

 
Kanamycin stock solution: 30 mg/ml in ddH2O, sterile filtered through a nitrocellulose 

                                              membrane disc filter (0.22 μm pore size) 

Chloramphenicol stock solution: 25 mg/ml in ethanol 

 

LB-Agar: 1.5 % (w/v) Agar in LB-Medium 

 

2.2.2 Transformation of Competent Bacteria 

An aliquot of competentbacteria was thawed on ice. The appropriate plasmid (10 ng in a 

volume ≤2 μl for DH5 bacteria), ligation reaction (2 μl), or PCR reaction (2 μl) was 

added to 50 μl of bacteria suspension in a micro tube (1.5 ml) and incubated on ice for 30 

min, followed by heat-shocking in a water bath at 42 °C for 90 s. The suspension was then 

placed on ice for 2 min, supplemented with 500 μl of LB medium pre-warmed to 37 °C, 

and then incubated at 37 °C for 1 h on a rotary shaker (220 rpm). 400 μl of suspension was 

plated onto an LB agar plate containing appropriate antibiotics and incubated at 37 °C 

overnight. 

2.2.3 Plasmid DNA Preparation 

A single colony was picked from LB agar plates and cultures (3 ml for small scale, 50 ml 

for medium scale preparations) were incubated overnight at 37 ºC in LB medium, with an 

appropriate amount of antibiotic. For small and medium scale preparation Nucleospin® Kit 

and Nucleobond® PC-Kit-100 were used, respectively. The preparations were processed 

according to the manufacturer’s protocols. DNA was eluted in ddH2O and stored at -20 °C. 

 

2.2.4 Photometric Quantification of DNA 

Nucleic acids absorb UV light with an absorption peak at 260 nm. This property was used 

to measure DNA concentration photometrically. The Beer Lambert Law, A = ε l c, 

with A, absorbance, ε, molar extinction coefficient, l, path length, c, concentration, was 

used to relate the amount of light absorbed at 260 nm to the concentration of DNA. The 

average molar extinction coefficient for double-stranded DNA is ~50 (μg/ml)-1
 cm-1

 at 260 
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nm. The purityof the DNA solution was determined by measuring the ratio of the absorb-

ance at 260 nm and 280 nm (OD260/280). Pure DNA solutions resulted in values between 1.8 

and 2.0. Lower values indicate contaminations with proteins or phenol. 

 

2.2.5 DNA Restriction Digest 

Restriction endonucleases cut double-stranded DNA within a specific nucleotide sequence 

called restriction site. They serve as tools to analyse DNA, or to prepare isolated DNA 

fragments of interest. DNA digests were performed for 1 h with the buffers and tempera-

tures suggested by the manufacturers. For typical analytical or preparative gel electropho-

resis of DNA, the following reactions were prepared: 

                                     Analytical Preparative 

Plasmid-DNA                    1.0 μg               8.0 μg 

Restriction  buffer (10x)                1.5 μl                       5.0 μl 

Restriction endonuclease (10 U/μl)      0.5 μl                         2.5 μl 

H2O                                               Add to  15 μl                 50 μl 

 

The digests were then mixed with DNA-sample buffer. The digest mixtures and a DNA 

marker containing DNA fragments of known size (marker III, Lambda DNA/EcoRI + 

HindIII marker) were each loaded on the agarose gel and separated electrophoretically. 

 

2.2.6 Agarose Gel Electrophoresis 

Agarose gel electrophoresis is a method used to separate DNA molecules by size (e.g. 

length in base pairs) for visualization and purification. The negatively charged nucleic acid 

molecules migrate through an agarose matrix when an electric field is applied. Shorter 

DNA move faster and migrate farther than longer ones because shorter molecules migrate 

more easily through the pores of the gel. Thus, you can accurately determine the length of 

a DNA segment by running it on an agarose gel alongside a DNA ladder (a collection of 

DNA fragments of known lengths). 

1 % or 2 % (w/v) agarose in TAE buffer was dissolved and boiled in a microwave oven. 

The solution was allowed to cool to ~50 °C before pouring into a gel rack. DNA samples 
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were mixed with DNA-sample buffer in the ration 5:1 (v/v), and the mixture was loaded in 

the agarose gel wells. The separation of DNA fragments was carried out at 100 V for 1 h. 

The gel was stained with ~0.0003 % (w/v) ethidium bromide in TAE buffer for 5 min, and 

then destained (~1 min) with H2O. The stained DNA was visualized on a UV transillumi-

nator and images obtained were printed out for documentation.  

Alternatively, for gentle purification of DNA to be ligated, crystal violet staining was 

employed. Thirty μl of crystal violet solution (10 mg/ml (w/v)) were added to 30 ml of 

dissolved, cooled agarose before pouring the gel. Crystal violet results in DNA staining 

that can be visualized directly under ambient light, thus rendering DNA-damaging UV 

visualization unnecessary, at the cost of decreased sensitivity. Subsequent ethidium 

bromide staining is possible. The DNA samples were mixed with crystal violet sample 

buffer instead of DNA sample buffer when crystal violet staining was employed. 

 

1x TAE buffer:                  40 mM Tris/HCl (pH 8.0) 

                                        1.0 mM EDTA 

                                            0.1 % (v/v) acetic acid 

 

6 x DNA sample buffer:                60 % (v/v) glycerine 

                                            0.25 % (w/v) bromphenol blue 

                                           60 mM EDTA (pH 8.0) 

 

6 x crystal violet sample buffer:    30 % (v/v) glycerine 

                                                0.3 mg/ml crystal violet 

 

2.2.7 Gel Purification of DNA Fragments 

The desired DNA fragments were cut out of the agarose gel with a sterile scalpel, after 

separation by gel electrophoresis. The DNA was isolated and purified from the agarose gel 

using the QIAquick® Gel Extraction Kit (Qiagen, Hilden) according to the manufacturer’s 

protocol except that the DNA was eluted in 30 μl of ddH2O. 
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2.2.8 Dephosphorylation of DNA Fragments 

To prevent recircularisation of a linearised DNA vector in a subsequent ligation, dephos-

phorylation of vector cut at a single restriction site was performed. Antarctic phosphatase 

(NEB) was used to remove the 5´ phosphate groups of DNA molecules according to the 

manufacturer’s protocol, thereby preventing re-ligation. Products from preparative 

restriction digests were directly used for dephosphorylation after agarose gel electrophore-

sis and gel purification of the desired DNA fragments. After heat inactivation of antarctic 

phosphatase according to the manufacturer’s protocol the DNA molecules were directly 

used for ligation reaction, omitting any purification step. 

 

2.2.9 DNA Ligation 

In ligation, DNA fragments (inserts) were inserted into linearized plasmid vectors to 

generate recombinant plasmids. T4 DNA ligase links the 3´ hydroxyl ends of one nucleo-

tide with the 5´ phosphate end of another nucleotide to form a phosphodiester bond. 

Ligation reaction: 

Insert DNA                     5-fold molar excess of Vector DNA used 

Vector DNA                              25 ng 

T4 DNA ligase buffer (10x)        1.5 μl 

T4 DNA Ligase (5 U/μl)               1.5 μl 

H2O                                          Add to  15 μl 

 

The ligation reaction was incubated for 1 h at 22 °C prior to transformation of competent 

bacteria. The rest of the ligation mixture was then further incubated overnight at 16 °C to 

be used for second transformation, if the first transformation failed. 

 

2.2.10 Polymerase Chain Reaction (PCR) 

The polymerase chain reaction is a technique widely used in molecular biology to specifi-

cally amplify defined DNA sequences by several orders of magnitude. A heatstable DNA 

polymerase is used to assemble a new DNA strand from nucleotides, using single-stranded 

DNA as template and DNA oligonucleotides called primers for initiation of DNA synthe-

sis. The selectivity of PCR is primarily due to designing primers that are highly comple-
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mentary to the DNA region targeted for amplification, and to the thermal cycling condi-

tions used.  

The following 50 μl standard PCR reaction mix and cycling conditions were used: 

 

Standard PCR mix: 

5x Phusion HF buffer                           10 μl 

dNTP mix (2.5 mM each dNTP)            4 μl 

Forward primer (10 μM)                       1 μl 

Reverse primer (10 μM)                         1 μl 

Template (50 ng /μl plasmid DNA)           1 μl 

Phusion High-Fidelity DNA polymerase      0.5 μl 

H2O                                             Add to  50 μl 

 

Standard PCR cycling conditions: 

Initial denaturation                                 98 °C, 2 min, 1 cycle 

Denaturation                                      98 °C, 20 s, 30 cycles                                

Annealing                                                 X °C, 20 s, 30 cycles                                

Extension                                                 72 °C, 30 s/kb, 30 cycles                                

Final Extension                                         72 °C, 7 min, 1 cycle 

End                                                           4 °C, ∞

 

Annealing temperatures used were equal to the melting temperature (Tm) of the lower Tm 

primer as calculated with the nearest-neighbor method (Breslauer et al., 1986) or 60 °C, 

whichever was lower. 

 

2.2.11 Site-Directed Mutagenesis 

The QuikChange® II XL Site-Directed mutagenesis kit is used to make point mutations, 

switch amino acids, and delete or insert single or multiple amino acids in plasmid DNA. 

The steps involved amplification of plasmid in several cycles by PCR using mutagenic 

primers. The DpnI endonuclease, which is specific for methylated DNA, is then used to 

digest the parental DNA template. DNA isolated from bacteria is methylated and suscepti-
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ble to DpnI digestion. The DNA incorporating the desired mutations, which is not methy-

lated and resistant to digestion, is directly introduced into competent bacteria.   

The following 50 μl mutagenesis PCR reaction mix and cycling conditions were used: 

Mutagenesis PCR mix: 

10 x Pfu Ultra Reaction buffer                  5 μl 

dNTP mix (10 mM each dNTP)                       1 μl 

QuikSolution                                   3 μl 

Forward primer (100 ng/µl)                            1.25 μl 

Reverse- Primer (100 ng/µl)                      1.25 μl 

Template DNA (50 ng/µl)                          2 μl 

PfuUltra High Fidelity DNA  

polymerase (2.5 U/μl)                1 μl             

H2O                                             Add to  50 μl 

 

PCR cycling conditions: 

Initial denaturation                             95 °C, 1 min, 1 cycle 

Denaturation                                          95 °C, 50 s, 18 cycles                               

Annealing                                           40-60 °C, 50 s, 18 cycles 

Extension                                          68 °C, 1 min/kb, 18 cycles 

Final Extension                                       68 °C, 7 min, 1 cycle 

End                                                      4°C, ∞

 

2.2.12 DNA Sequencing 

DNA sequences were either determined by the company GATC Biotech, Konstanz, or by 

using the ABI PRISM® BigDyeTM Terminator Cycle Sequencing Ready Reaction Kits, 

version 2.0 (Applied Biosystems). In the latter case, the analysis of fluorescently labeled 

DNA was carried out on an ABI PRISM® 310 Genetic Analyzer from Applied Biosystems. 
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The DNA sequences were then evaluated in both cases with the programs Chromas, 

version 2.22, and OmigaTM 2.0. 

 

2.3 Construction of Vectors 

The coding regions of cDNAs derived from PCR techniques were fully sequence-verified 

and cDNAs ligated into vectors were sequenced at their 5´ and 3´ ends. 

2.3.1 PHn of PLCIsozymes  

The genes encoding PHn1 for PLC1 and PHn2 for PLC were previously constructed by 

a former PhD student in our group. The schematic diagram of the expression vector is 

shown in Figure 7. 

 

 

Figure 7 The design of PHn pASK-IBA43+ constructs. The vector consists of a sequence encoding a strep 

tag at the N-terminal end and hexa-histidine tag at the C-terminal end facilitating the purification of PHn 

protein by affinity chromatography.   

 

2.3.2 GST, NusA, or MBP-PHc of PLCIsozymes  

The genes encoding PHc1 (PLC1) and PHc2 (PLC were amplified using PCR tech-

niques and each of the PCR products were cloned into pCR-Blunt. The genes of interests 

were subjected to digestion with SacII followed by gel purification. The purified PHc1 and 

PHc2 were then ligated into pLIC expression vectors encoding various solubility tags 

including GST, NusA, or MBP (Cabrita et al., 2006); with the use of the restriction site 

SacII (Fig. 8). 
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Figure 8 Design of fusion proteins. Schematic representation of fusion proteins with three different 

solubility tags: GST, NusA, and MBP. All of these vectors consist of a sequence encoding a hexa-histidine 

tag facilitating the purification of the fusion protein by immobilised metal affinity chromatography. A TEV 

(tobacco etch virus) protease recognition sequence was incorporated next to the solubility tag allowing highly 

specific cleavage of the fusion protein to yield native protein.   

 

2.3.2 RhoH and Rac2 Mutants 

RhoH188-191, RhoH175-191, RhoHF191S, RhoHF191L, RhoHI190Y, RhoHPBR(R→Q), 

RhoHT36A 

RhoH mutations were introduced into RhoH-pcDNA3.1(+) template  using the Quik-

Change®
 II XL Site-Directed Mutagenesis technique (refer section 2.2.11). The RhoH-

pcDNA3.1(+) plasmid was amplified  using mutagenic primers (see section 2.1.8.5) so that 

the desired sequences are incorporated. These includes deletion of PBR (residues 188-191) 

or the entire PBR and CA1A2X box (residues 175-191), substitution of X residue (F191S 

and F191L), substitution of A2 (I190Y), and replacement of PBR by a stretch of Q residues 

PBR(R→Q). The final PCR products were digested with EcoRI and XhoI, gel purified 

using Qiagen gel extraction kit. The mutated fragments were then ligated into the original 

pcDNA3.1(+) vector using the restriction sites EcoRI/XhoI, to exclude PCR-generated 

mutations within the vector backbone.  

 

Rac2T35A and Rac2G12V/T35A 

The T35A mutation was introduced both into Rac2-pcDNA3.1(+) and Rac2G12V-

pcDNA3.1(+) templates using the Quik-Change®
 II XL Site-Directed Mutagenesis method, 

with the primers listed in section 2.1.8.5. The mutated PCR products were digested, 
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purified and then ligated into the original pcDNA3.1(+) vector. The restrictions sites used 

were BamHI/EcoRI. 

                   

2.3.3 PLCPCI Mutants 

2.3.3.1 Generation of myc-PLC2/PLC1PCI (1-211PCI) 

For construction of 1-211PCI mutant, two chimeric constructs, including PLC1PCI and 

PLC2/PLC1 or termed as 1-211-pcDNA3.1(+), were joined together. In this study, the 

numbering of chimera 1-211 refers to PLC1 isoform backbone, 1; with the amino-terminal 

PH domain from PLC2, 2; the PHn half from PLC1, 1; and the PHc half from PLC1, 1. 

The cDNA of C-terminally c-myc epitope tagged 1-211-pcDNA3.1(+) was subjected to 

digestion with BamHI and BsrGI. After digestion, the resulting cDNA fragments were 

separated by running it on an agarose gel (1%) electrophoresis, which separates DNA by 

their length in base pairs. 

Following electrophoresis, DNA band (640 bp), incorporating the amino-terminal PH 

domain  of PLC2 (aa 1-133), was excised out of the agarose gel. Then, the desired DNA 

was isolated and purified which is done with a commercial gel purification kit, such as 

Qiagen gel extraction kit (according to manufacturer's instructions). At the same time, 

PLC1PCI-pcDNA3.1(+) vector encoding a constitutively active  version of PLC1 

lacking  the inhibitory octapeptide (aa 746-755), was digested using the restriction 

enzymes BamHI and BsrGI. To isolate DNA fragment (8623 bp) with deleted inhibitory 

peptide sequence (PCI) of PLC1, agarose gel electrophoresis and gel purification were 

also performed as described above. The obtained two fragments were then ligated, 

resulting in a 1-211PCI-pcDNA3.1(+) mutant. 

 

2.3.3.2 Generation of myc-PLC1/PLC2PCI (2-122PCI) 

For construction of 2-122PCI mutant, two chimeric constructs, including PLC2PCI and 

PLC1/PLC2 or termed as 2-122-pcDNA3.1(+), were joined together. The numbering of 

chimera 2-122 refers to PLC2 isoform backbone, 2; with the amino-terminal PH domain 

from PLC1, 1; the PHn half from PLC2, 2; and the PHc half from PLC2, 2. The cDNA 

of C-terminally c-myc epitope tagged 2-122-pcDNA3.1(+) was subjected to digestion with 

HindIII. Then, cDNA fragments were separated by running it on an agarose gel (1%) 
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electrophoresis. DNA band (1152 bp), incorporating the amino-terminal PH domain of 

PLC1 (aa 1-144), was cut out of the agarose gel. Then, the desired DNA was isolated and 

purified using a commercial gel purification kit, such as Qiagen gel extraction kit (accord-

ing to manufacturer's instructions). At the same time, PLC2PCI-pcDNA3.1(+) vector 

encoding a constitutively active  version of PLC2 lacking the inhibitory octapeptide (aa 

726-733), was digested using the restriction enzyme HindIII. Products from preparative 

restriction digests were directly dephosphorylated to prevent recirculation of cDNA. To 

isolate DNA fragment (8128 bp) with deleted inhibitory peptide sequence (PCI) of 

PLC2, agarose gel electrophoresis and gel purification were also performed as described 

above. The obtained two fragments were then ligated, resulting in a 2-122PCI-

pcDNA3.1(+) mutant. 

 

2.4 Cell Culture, DNA Transfection, and Viral Infection 

2.4.1 Cell Counting 

To determine the number of cells, 60 μl of trypan blue solution (0.5 % (w/v) trypan blue, 

0.85 % (w/v) NaCl) was added to 20 μl of cell suspension. Viable cells were then counted 

in a Neubauer counting chamber under a microscope. The number of cells in one of the big 

quadrates with the volume of 0.1 mm³ or 1 x 10-4
 ml was calculated by the following 

formula: 

Cell number x 104
 = cell number per ml medium 

2.4.2 COS-7 Cell Culture 

The COS-7 cell line is an established fibroblast cell line, which was recovered from kidney 

tissue of African green monkey. The cells were cultured in cell culture dishes (100 mm) 

as adherent culture at 37 ºC in a humidified atmosphere of 90 % air and 10 % CO2, in 10 ml 

of Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 % (v/v) Gibco®  

fetal calf serum (FCS), 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml streptomycin. 

Before reaching confluence (every three or four days), cells were passaged. For this, the 

medium was aspirated and the cells were washed once with 5 ml of phosphate-buffered 

saline (PBS). To detach the adherent cells from the culture dish, they were incubated for 10 

min with 2 ml of trypsin/EDTA at 37 ºC in the cell culture incubator. Then, 5 ml of 

medium was added and the cells were dispersed by gently pipetting up and down to give a 



2  Materials and Methods                 54 

 

single cell suspension.  The cell suspension was centrifuged for 5 min at 300  g, and the 

cell pellet was resuspended with 7 ml medium. For further cultivation, the resulting cell 

suspension was diluted 1:10 and seeded in a new culture dish. 

 

PBS buffer, pH 7.4:   140 mM NaCl 

                                     2.7 mM KCl 

                                    10 mM Na2HPO4 

                                    1.8 mM KH2PO4 

 

2.4.3 COS-7 Transfection 

For transient transfection of COS-7 cells, the cells were seeded into 12-well plates at 

densities of 0.13-0.20 106
 cells per well, and grown for 24 h in 1 ml/well of medium. 1 h 

before transfection, the medium was replaced with 1 ml/well of fresh medium. In transfec-

tion of COS-7 cells, first every 1 μg DNA/well was diluted with 100 μl serum-reduced 

Opti-MEM® I-Medium. The total amount of DNA was kept constant to 1 μg within the 

different samples of an assay by adding an empty vector. Then, 2 μl LipofectamineTM 2000 

reagent was mixed with 100 μl Opti-MEM® I-Medium and incubated for 5 min. The DNA-

Medium and LipofectamineTM 2000-Medium solutions were then combined together and 

incubated for 20 min at RT. After incubation, 200 μl of the combined solutions were 

carefully added to the dishes, the cells were incubated for 24 h at 37 °C, 10 % CO2. 

 

2.4.4 Sf9 Cell Culture 

Sf9 cells are derived from the ovary of Spodoptera frugiperda, a moth. The cells were 

cultured in 75 cm2 cell culture flasks  at 27 ºC in 15 ml of TNM-FH Insect Medium 

(Sigma) supplemented with 10 % (v/v) heat-inactivated (56 °C, 30 min) FCS (Sigma) and 

50 μg/ml gentamicin. Before reaching confluence (every two or three days), cells were 

passaged. The medium was replaced and the cells were detached with a cell scraper and 

diluted by a factor of two or three with medium for subculture. For Sf9 suspension cell 

culture, the cells were grown in TNM-FH Medium (PAN Biotech) supplemented with 50 

μg/ml gentamicin, 0.2 % (v/v) Pluronic F-68, and 2.5 μg/ml Fungizone. 



2  Materials and Methods                 55 

 

2.4.5 Baculovirus Amplification 

To increase viral titers, two to three amplification steps were carried out. Sf9 cells were 

seeded in 75 cm2 cell culture flasks to half-confluence and allowed to attach for 20 min at 

27 °C. The medium was aspirated and replaced with 2 ml of viral supernatant from the 

initial baculovirus generation or a previous amplification step, followed by incubation for 1 

h at 27 °C. Then, 8 ml of medium were added to the cells with the viral supernatant, and 

incubated for 4 days at 27 °C. The supernatant was then harvested and cellular debris was 

removed by centrifugation (5 min, 300 g) before storage at 4 °C. If titers were not 

sufficient to detect significant expression in an infection after three amplification steps, 

single baculovirus clones were isolated by plaque purification. 

 

2.4.6 Infection of Adherent Sf9 Cultures with Baculovirus 

A test infection of adherent Sf9 culture is performed in order to determine the optimum 

amount of baculovirus to be used for the large scale protein expression in Sf9 cells. Cells 

were seeded in 75 cm2
 flasks to be 80 % confluent and allowed to attach for 20 min at 27 

°C. The medium was then aspirated, and various amounts of recombinant baculovirus (100 

μl, 200 μl, 400 μl) that was diluted in 2 ml of fresh medium, were added to the cells and 

incubated for 1 h at 27 °C. After the incubation, the viral supernatant was supplemented 

with 8 ml of medium and the cells were incubated for 3 days at 27 °C. The cells were then 

harvested by centrifugation (5 min, 300  g). The resulting pellet was suspended in ice-

cold hypotonic buffer and lysed with 26 G needle ten times (see section 2.5.1). 

 

2.4.7 Infection of Sf9 Suspension Cultures with Baculovirus 

For the production of large amounts of protein, expression was performed in a suspension 

culture using 1800 ml Fernbach flask containing TNM-FH Medium (PAN Biotech) 

supplemented with 50 μg/ml gentamicin, 0.2 % (v/v) Pluronic F-68, 2.5 μg/ml Fungizone, 

and 10 % (v/v) heat-inactivated (56 °C, 30 min) FCS. For the preparation of suspension 

culture, 1.6 108 cells were incubated in 250 ml of medium for 3 days at 27 ºC and 80 

rpm. After incubation, cells were counted and the entire culture was transferred into 50 ml 

tubes for centrifugation (5 min, 300  g) and resuspended in 50 ml of virus appropiately 

diluted in suspension culture medium (typically 300–500 μl of viral supernatant per 3 107 

cells). The cells were then incubated for 1 h at 27 °C in a 50 ml tube with occasional gentle 
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agitation. After the incubation, suspension culture medium was added to 400 ml and the 

cells were incubated in a Fernbach flask for 3 days at 27 ºC at 80 rpm on a rotary shaker. 

The cells were then harvested by centrifugation (5 min, 300  g). The resulting pellet was 

suspended in ice-cold hypotonic buffer and lysed with 26 G needle ten times (see section 

2.5.1). 

 

2.5 Protein Expression, Purification, and Biochemistry 

2.5.1 Cell Lysis of Baculovirus-Infected Sf9 Cells Expressing PLC Proteins 

Pelleted Sf9 cells expressing recombinant PLC were washed once with PBS (1 ml per 75 

cm2
 flask or 100 ml per 109

 intact cells from suspension culture), suspended in ice-cold 

hypotonic buffer (20 mM Tris/HCl pH 7.5, 2 mM EDTA, 2 μg/ml STI, 3 mM ben-

zamidine, 1 μM pepstatin, 1 μM leupeptin, 1 μg/ml aprotinin, 0.1 mM PMSF) (100 μl per 

75 cm2 flask or 6 ml per 109 cells from suspension culture) and passed through a 26 G 

needle ten times for lysis. Soluble and particulate fractions were separated by ultracentri-

fugation at 100,000 × g for 1 h at 4 °C and total protein concentration in both fractions was 

determined in a Bradford assay. Protein expression was analyzed by Coomassie staining 

and western blot with appropiate antibodies.  

 

2.5.2 Expression of PHn or PHnPHc of PLCIsozymes  

Competent E. coli Rosetta cells were transformed with cDNA encoding His-PHn-Strep or 

His-PHnPHc-Strep and streaked onto plates. A single colony was picked and 30 ml LB 

medium (supplemented with 1:1000 dilutions of Ampicillin and Chloramphenicol) was 

inoculated. The bacterial suspension was grown overnight in an incubator (37 °C, 200 

rpm). The 30 ml overnight culture was added to antibiotic-containing (Ampicillin and 

Chloramphenicol) 1000 ml LB medium and grown at 37 °C, 200 rpm until it reached an 

OD600 value of 0.5-0.6. The protein production was induced with 100 μl of AHTC 

(2mg/ml) and the culture was grown for 3 h at 37 °C (PHn) or overnight at 16 °C 

(PHnPHc). The bacterial cells were harvested by centrifugation at 4000 × g for 50 min at 4 

°C. The resulting bacterial pellet was snap frozen at -20 °C or directly resuspended in 10 

ml buffer containing 100 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA.  Then 10 μl 

of 1 M DTT (1 mM final concentration), 100 μl of 100x protease inhibitor cocktail (1x 

final concentration) and 100 μl of 100 mg/ml lysozyme (1mg/ml final concentration) were 
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also added and the suspension was incubated for 90 min on ice. The cells were lyzed by 

sonication (maximum power of 50 w).  To prevent excessive heating, ultrasonic treatment 

is applied in 4 short bursts for 30 sec to the sample immersed in an ice bath with interval of 

few seconds between ultrasonic steps. The cell lysate was ultracentrifuged for 60 min at 

100,000 x g at 4 °C, and the supernatant was kept at -80 °C. 

1 x protease inhibitor cocktail: 

10 µM  leupeptin  

2 µM  pepstatin  

2 µg/ml  STI  

1 µg/ml  aprotinin  

3 mM  benzamidine  

1 mM  DTT 

 

2.5.3 Expression of GST-PHc, MBP-PHc, or NusA-PHc of PLCIsozymes  

 

E. coli Rosetta strain was transformed with plasmids by the heat-shock procedure. The 

optimum conditions for GST-PHc, MBP-PHc, and NusA-PHc expression were determined 

with various temperatures and induction times. Fusion protein with MBP tag exhibited 

excellent solubility and was used for big scale production. The optimum conditions for 

expression were as follows: Two single colonies were picked and each colony was 

inoculated into 50 ml LB medium and grown overnight at 37 °C. To produce a main 

culture, this overnight pre-culture (approximately 15 ml) was inoculated at a 1 to 100 

dilution into 1500 ml fresh medium (containing 1 to 1000 dilutions of Ampicillin and 

Chloramphenicol). Six main cultures were prepared as described to have a total of 9 L 

culture, and each were grown at 37 °C to reach a cell density of about 0.7-0.8 at OD600. 

Then IPTG was added to every culture medium (0.4 mM final concentration) and protein 

expression was induced overnight at 37 °C before harvesting. The bacterial cells were 

harvested by centrifugation at 5250 × g for 20 min at 4 °C. Total cells were collected and 

then homogenized in a beadbeater (Biospec) with the use of 454 g of 0.1 mm Zirco-

nia/Silica Beads (Biospec) and appropriate buffer (300 ml). This homogenization proce-

dure involves cell 'cracking' action rather than high shear, and disrupt over 90 % of the 

cells in about 2-5 minutes of operation. Beadbeater was run for about 3 min with the ice 
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water jacket installed to minimize heating. The homogenate was allowed to sit for 5 min in 

every run, and this cycle was repeated twice to complete lysis. Then the homogenate was 

centrifuged at 22,000 × g for 30 min at 4 °C. The supernatant and the pellet were used to 

evaluate the expression level and solubility of PHc fusion proteins. 

Buffers used: MBP-PHc1 (50 mM Na2HPO4, pH 7.4, 300 mM NaCl, 1mM EDTA)  

                       MBP-PHc2 (50 mM Na2HPO4, pH 8.0, and 500 mM NaCl) 

 

2.5.4 Purification of PLC Proteins 

PLC isozymes were purified from the soluble fraction of baculovirus-infected insect cells 

by sequential chromatography on HiTrapTM
 Heparin affinity and MonoQ/ResourceQ 

anion-exchange (GE Healthcare) columns on an ÄKTA explorer fast protein liquid 

chromatography.   

 

HiTrapTM
 Heparin affinity chromatography  is designed for the purification of biological 

molecules that bind to heparin, such as coagulation factors, growth factors, lipoproteins. 

The bound protein can be eluted with linear gradient of salt. The proteins contained in the 

supernatant were bound at a flow rate of 1 ml/min to the matrix. Then the column was 

washed with 5 column volumes of buffer A. The protein bound to the matrix was eluted by 

a linear gradient of 0-1 M NaCl over 5 column volumes and 0.5 ml eluant fractions were 

collected. The eluted protein was further purified using ion-exhange chromatography, but 

prior to application; the protein solution was diluted 1:10 with buffer A in order to reduce 

the NaCl concentration to such an extent that proteins are capable of binding to the matrix. 

The lipases were bound at a flow rate of 0.5 ml/min to the matrix. Non-specifically bound 

proteins were washed with five column volumes of buffer A. Elution of protein interacting 

with the matrix was performed with a linear gradient of 0-1 M NaCl over 20 column 

volumes and 0.5 ml eluant fractions were collected.  

 

Ion-exchange chromatography is a process that allows the separation of ions and polar 

molecules based on their affinity to the ion exchanger. It can be used for almost any kind 

of charged molecule including large proteins, small nucleotides and amino acids. Ion-

exchange separates large proteins, small nucleotides, and amino acids on the basis of their 

charge. Ion-exchange media have charged functional groups that bind molecules with an 
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opposite charge. Bound molecules are eluted from the medium by displacement, via the 

application of an increasing concentration of a similarly charged molecule. Proteins have 

numerous functional groups that can have either positive or negative charges. By adjusting 

the pH or the ionic concentration of the mobile phase, proteins can be separated. The 

elution buffer containing NaCl gradient breaks that interaction and allows the protein to 

flow out. MonoQ/ResourceQ is a strong anion exchanger with positively charged beads 

and elutes protein with high salt. 

Buffers used were the following: 

Heparin Buffers: 

Buffer A (20 mM Tris/HCl, pH 8.0, 1 mM EDTA) 

Buffer B (1 M NaCl in buffer A) 

 

MonoQ/ResourceQ Buffers: 

Buffer A (20 mM Tris/HCl, pH 7.5, 1 mM EDTA, 1 mM DTT) 

Buffer B (1 M NaCl in buffer A) 

 

2.5.5 Purification of PHn or PHnPHc of PLC Isozymes 

PHn and PHnPHc proteins were purified by fast protein liquid chromatography (ÄKTA 

explorer, Amersham Pharmacia Biotech) from the 100,000 × g supernatant with two 

chromatographic procedures, including StrepTactin MacroPrep resin affinity (IBA) and 

SuperdexTM 75 Hiload 26/60 size-exclusion (GE Healthcare) chromatography. 

 

The protein solution was first applied into Strep-Tactin column. After washing the matrix 

with 5 column volumes of buffer A, the elution of PHn or PHnPHc was carried out with d-

desthiobiotin in buffer B. The flow rate was 1 ml/min and 1.0 ml fractions were collected. 

The Strep-tag system is a method which allows the purification of proteins by affinity 

chromatography. The Strep-tag is a synthetic peptide consisting of eight amino acids (Trp-

Ser-His-Pro-Gln-Phe-Glu-Lys). This peptide sequence exhibits intrinsic affinity to-

wards Strep-Tactin, a specifically engineered streptavidin and can be N- or C- terminally 

fused to recombinant proteins. Streptavidin is a tetrameric protein expressed 

in Streptomyces avidinii that has a high affinity for the vitamin, d-biotin. The puri-

fied Strep-tag fusion protein is eluted with d-desthiobiotin, which specifically competes for 

the biotin binding pocket.  By exploiting the highly specific interaction, Strep-tagged 



2  Materials and Methods                 60 

 

proteins can be isolated in one step from crude cell lysates. In this study, the joined 

PHnPHc was purified with StrepTactin affinity column only. Next to the first purification 

step, the eluant was then loaded to gel-filtration matrix. The flow rate was 1 ml/min and 3 

ml fractions were collected. Size-exculsion chromatography (SEC), also called gel-

filtration chromatography, uses porous particles to separate molecules of different sizes. It 

is generally used to separate biological molecules based on size. Molecules that are smaller 

than the pore size can enter the particles and therefore have a longer path and longer transit 

time than larger molecules. Molecules larger than the pore size can not enter the pores and 

elute together as the first peak in the chromatogram. Molecules that can enter the pores will 

have an average residence time in the particles that depends on the molecules size and 

shape. Molecules that are smaller than the pore size can enter all pores, and have the 

longest residence time on the column and elute together as the last peak in the chroma-

togram. Different molecules therefore have different total transit times through the column.  

Buffers used: 

StrepTactin Buffers: 

Buffer A (100 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA) 

Buffer B (1 M Desthiobiotin in buffer A) 

 

Superdex Buffers: 

Buffer A/ Buffer B (100 mM Tris/HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA) 

 

2.5.6 Purification of MBP-PHc1 and MBP-PHc2  

MBP-PHc vectors consist of a sequence encoding a hexa-histidine tag facilitating the 

purification of the fusion protein by immobilised metal affinity chromatography. In 

addition, MBP can also be utilized as affinity tags for recombinant protein purification. To 

this end, different affinity columns were tested for the purification of MBP-PHc fusion 

proteins comprising both His and MBP tags.  

MBP-PHc1 was successfully purified to near homogeneity using an amylose resin high 

flow affinity column (New England Biolabs) but not with Ni2+-affinity column. Amylose is 

an affinity matrix used for the isolation of proteins fused to maltose-binding protein. It is a 

composite amylose/agarose bead. The bacterial cell supernatant (50 ml) was loaded onto 

an Amylose packed resin (New England BioLab). The column was washed with 10 column 

volumes of amylose resin washing buffer (50 mM Na2HPO4, pH 7.4, 300 mM NaCl, 1mM 
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EDTA) and then eluted with 30 column volumes of elution buffer (10 mM maltose in 

washing buffer).  MBP has an affinity for maltose, thus, excess maltose is used to displace 

the tagged protein during elution. 

In contrast, Ni2+-affinity chromatography was able to remove nearly all the contaminants 

of the MBP-PHc2 fusion protein. Ni2+-affinity column uses the ability of His to bind 

nickel. Six histidine amino acids at the end of a protein (either N or C terminus) are known 

as a 6x His tag. The MBP-PHc2 crude extract (50 ml) was passed over Ni Sepharose™ 6 

Fast Flow affinity resin (GE Healthcare). The column was washed with 150 ml of buffer 

containing 50 mM Na2HPO4, pH 8.0, and 500 mM NaCl. The bound protein was eluted 

with 50 ml elution buffer (washing buffer with 50,100, or 200 mM imidazole). For elution, 

an excess amount of a compound able to act as a metal ion ligand, such as imidazole, is 

used. Different imidazole concentrations were tested and applied for elution to ensure the 

best balance of high purity (low binding of unwanted proteins) and high yield (binding of 

all of the histidine-tagged protein). The concentration of imidazole that will give optimal 

purification results is protein-dependent. 

 

2.5.7 Protein Quantification 

The concentration of protein from cell lysate extracts was determined with Bradford 

method (Bradford, 1976). The Bradford is used especially for determining protein content 

of cell fractions and assessing protein concentrations for gel electrophoresis. A standard 

curve was prepared by adding water to 0, 10, 20, 30, 40, or 50 μl of the protein standard 

(0.34 mg/ml bovine IgG) to a total volume of 800 μl. An appropriate volume (30 to 50 μl) 

of the diluted sample was added to separate tubes and supplemented with H2O to 800 μl. 

After addition of 200 μl of Bradford reagent, the tubes were vortexed and the absorbance 

measured at 595 nm. The concentration of samples was then determined from the standard 

curve using the PG Prot program. 

The concentration of protein produced after chromatographic purification, such as PHn, 

PHc, and PLC isozymes, were determined by absorption spectroscopy with Cary 50 Bio 

UV-Vis Spectrophotometer. These purified proteins are further used in binding studies; 

therefore it is important to measure their concentration accurately. In this technique, the 

absorbance of the aromatic residues at 280 nm is measured photometrically and the 

concentration of protein is calculated using the Beer Lambert law, A = ε l c, with A, 
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absorbance, ε, molar extinction coefficient, l, path length, c, concentration. The molar 

extinction coefficient of each protein was calculated with the Omiga software. 

Bradford reagent:  0.04 % (w/v) Coomassie Brilliant Blue G 250 

                              21 % ethanol  

                               42.5 % (v/v) phosphoric acid 

 

2.5.8 Gel Filtration for Determination of Protein Aggregates 

Size-exclusion chromatography has been employed to analyze whether the protein reside 

in their monomeric and/or aggregated multimeric form. In SEC, proteins and their 

aggregate complexes is separated based on differing extent of permeation into the pores of 

the stationary phase.  Large molecules in a mixture elute rapidly, while smaller molecules 

with greater access to pores elute more slowly. The separation of purified protein was 

performed with SMART System/µPeak Micro-Purification System (Pharmacia). The 

sample (50-100 μl) was injected into a SuperdexTM 75 (GE Healthcare) column at a flow 

rate of 1 ml/min. The fractions (1ml) corresponding to the chromatographic peak were 

collected and SDS-PAGE (see section 2.5.9) was carried out to recognize the protein found 

in the peak.       

 

2.5.9 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE is a method to separate denatured proteins according to their approximate 

molecular weight and was carried out according to the Laemmli method (Laemmli, 1970). 

The running gel was poured carefully either between two large (18 × 16 cm) or two small 

glass plates (8 × 10 cm), covered with water and allowed to polymerize so that a vertical 

gel is formed. After removing the water, a stacking gel was poured on top of the running 

gel which helps in achieving a sharper band separation. Appropiate comb was inserted 

after addition of stacking gel. Protein samples as well as the protein marker solutions were 

mixed with an equal volume of (+)-sample buffer (125 mM Tris/HCl pH 6.8, 4 % (w/v) 

SDS, 20 % (v/v) glycerol, 10 % (v/v) β-mercaptoethanol, 0.002 % (m/v) pyronineY), and 

boiled for 5 min at 95 °C. The samples were then loaded and the gel was run in tank buffer 

(25 mM Tris/HCl pH 8.6, 190 mM glycine, 0.1% (w/v) SDS) at 45 mA (large gel) or at a 

constant voltage of 100 V (small gel), until the marker reached the end of the gel. Lanes 
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without protein were loaded with a mix of equal volumes of (−)-sample buffer (125 mM 

Tris/HCl pH 6.8, 4 % (w/v) SDS, 20 % (v/v) glycerol, 10 % (v/v) β-mercaptoethanol) and 

water. 

 

 SDS-PAGE Gel Preparation 

Running Gel Stacking Gel 
 

15 % 12.5 % 10 % 6 % 

30 % (w/v) Acrylamide/bisacrylamide (37.5:1) 15 ml 12.5 ml 10 ml 2 ml 

Running buffer (1.5 M Tris/HCl pH 8.8) 7.5 ml 7.5 ml 7.5 ml  

Stacking buffer (0.5 M Tris/HCl pH 6.8)    2.5 ml 

H2O 7 ml 9.5 ml 12 ml 5.3 ml 

10 % (w/v) SDS 300 µl 300 µl 300 µl 100 µl 

10 % (w/v) APS 150 µl 150 µl 150 µl 50 µl 

TEMED 10 µl 10 µl 10 µl 5 µl 

 

2.5.10 Coomassie Staining of SDS-Polyacrylamide Gels 

After gel electrophoresis, separating gel was incubated overnight on the rocking table with 

200 ml Coomassie brilliant blue staining solution. The staining solution was then removed 

and the gel was washed with destaining solution. The decolorizer was changed several 

times until the protein bands were clearly visible. 

Staining solution:  

0.14 % (w/v) Coomassie Brilliant Blue R 250  

50 % (v/v) methanol  

10 % (v/v) acetic acid  

 

Destaining solution:  

10 % (v/v) methanol  

10 % (v/v) acetic acid  
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The staining and destaining of the gel was carried out at 60 ° C in a water bath in order to 

accelerate the process. A more concentrated staining solution can also be used as an 

alternative. 

 

Concentrated staining solution:  

0.25 % (w/v) Coomassie Brilliant Blue G 250  

45.4 % (v/v) methanol  

9.2 % (v/v) acetic acid 

                       

2.5.11 Western Blotting of SDS-Polyacrylamide Gels 

The gel and a piece of nitrocellulose membrane (Protran®) soaked in transfer buffer (25 

mM Tris/HCl pH 8.6, 190 mM glycine, 20 % (v/v) methanol) were sandwiched between 

two sponge layers in a blot chamber filled with transfer buffer and electroblotted with a 

current of 125 mA for 12 h for small proteins, e.g. Rho GTPases, or 18 h for large proteins, 

e.g. PLCs. After blotting, the marker lane was separately stained with ink (3.3 % (v/v) blue 

ink, 0.3 % (v/v) Tween-20). The nitrocellulose membrane was blocked with 5 % (w/v) 

dried milk in PBS-T (80 mM Na2HPO4, 20 mM NaH2PO4, pH 7.5, 100 mM NaCl, 0.05 % 

(v/v) Tween-20) for 1 h. After blocking, the membrane was incubated with primary 

antibody diluted in PBS-T for 2 h. The membrane was then washed 3 times for 10 min 

with PBS-T and incubated with the horseradish peroxidase-labelled secondary antibody 

diluted 1:1000 in PBS-T for 30 min. After washing as described above and briefly rinsing 

with H2O, immunoreactive proteins were visualized using the ECL Western blotting 

detection system according to the manufacturer’s instructions. The nitrocellulose was 

covered with plastic wrap and exposed for an appropriate time to X-ray film, which was 

subsequently developed. 

 

2.5.12 Subcellular Fractionation  

COS-7 cells (2.5 x 106) were grown on 100-mm dishes. After 24 h, the cells were tran-

siently transfected with DNA vectors using Lipofectamine™ 2000. The total DNA was 

maintained constant (24 µg of DNA) in each transfection by adding empty vector 

(pcDNA3.1(+)). Twenty-four hours after transfection, fresh DMEM-medium (10 ml) was 
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added. Then, Forty-eight hours after transfection, the cells were scraped into 8 ml of PBS 

buffer. After a centrifugation step (250  g, 5 min, RT), the cells were lysed in 70 µl of ice-

cold hypotonic buffer (20 mM Tris/HCl, pH 7.5, 2 mM EDTA, 3 mM benzamidine, 0.1 

mM phenylmethylsulfonyl fluoride, 1 µM pepstatin, 1 µM leupeptin, 1 µg/ml aprotinin, 2 

µg/ml soybean trypsin inhibitor) by freezing in liquid nitrogen and thawing, followed by 

homogenization, forcing the suspension ten times through a 0.40- x 20-mm syringe needle. 

After removal of unbroken cells and nuclei (300  g, 10 min, 4 °C), particulate (P) and 

soluble (S) fractions were separated by centrifugation at 100,000  g for 60 min at 4 °C. 

The P fraction was washed once with 100 µl of hypotonic buffer and resuspended in 40 µl 

of hypotonic buffer. The total protein concentration of S and P fractions was determined in 

a Bradford assay. One hundred µg or 200 µg of protein of S and P fractions were analyzed 

by SDS-PAGE and immunoblotting using appropriate antibodies. G(heterotrimeric G 

protein subunit) was used as a marker protein for the particulate fraction containing plasma 

membranes and Rho-GDI as a marker protein for the soluble fraction, respectively.  

 

2.6 Phospholipase C Activity Assays 

2.6.1 Analysis of Inositol Phosphate Formation in Intact COS-7 Cells 

Twenty-four h after transfection, the cells were washed once with 0.5 ml/well of PBS and 

then supplied with 0.4 ml per well of DMEM with supplements as specified in section 

2.4.2, 2.5 Ci/ml myo-[2-3H]inositol, and 10 mM LiCl. The cells were incubated in this 

medium for 20 h, washed once with 0.4 ml/well of PBS, and then lyzed by addition of 0.2 

ml per well of 10 mM ice-cold formic acid as described in (Offermanns and Simon, 1995). 

After keeping the samples on ice for 30 min, 0.3 ml per well of 10 mM NH4OH was added 

for neutralization and the sample was centrifuged for 5 min at 15,000 × g. The supernatant 

was loaded onto a column containing 0.25 ml of Dowex18-200 ion exchange resin that 

had been converted to the formate form and equilibrated with H2O as described (Camps et 

al., 1990). The columns were washed once with 3 ml of H2O and then twice with 3.5 ml of 

60 mM sodium formate and 5 mM sodium tetraborate, and inositol phosphates were eluted 

with 3 ml of 1 M ammonium formate and 100 mM formic acid. The eluate was supple-

mented with 15 ml of scintillation fluid and the radioactivity was quantified by liquid 

scintillation counting. The columns were reused after regeneration as described (Camps et 

al., 1990). 
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2.7 Fluorescence Correlation Spectroscopy (FCS) 

2.7.1 Principle of FCS 

FCS is a correlation analysis of fluctuation of the fluorescence intensity. In this applica-

tion, a laser beam is reflected into a microscope objective by a dichroic mirror (Fig. 9). The 

laser beam is focused in the sample, which contains fluorescent molecules in such high 

dilution, that only a few are within the focal observation volume. When the particles cross 

the focal volume, they fluoresce. This emitted light from a fluorescent molecule is 

collected by the same objective and passes the dichroic mirror and a pinhole (defining the 

confocal geometry) before reaching a detector. The resulting electronic signal is stored as 

intensity versus time where the measured fluorescence intensity fluctuations (due to 

diffusion, physical or chemical reactions, aggregation, etc.) are analyzed using autocorrela-

tion function. The autocorrelation function describes the self-similarity of the fluorescence 

signal at different points in time and, thus providing information about the time scale of the 

dynamic processes involved. The rate of decay of the correlation over time describes a 

physical phenomenon, such as diffusion. The longer the correlation persists, the slower the 

diffusion. Correlation persists longer for slowly diffusing particles and decays quickly for 

rapidly diffusing particles. The binding of a fluorescently labeled ligand to a template with 

lower mobility can be studied by means of FCS using differences in diffusion times. 

 



2  Materials and Methods                 67 

 

 

 

Figure 9 Schematic drawing of an FCS setup. The excitation light from laser is shaded in green and the 

emission light in red. The "in-focus" volume within a sample is magnified inside the blue dotted circle. 

The FCS curve by itself only represents a time-spectrum. Conclusions on physical 

phenomena have to be extracted from there with appropriate models. The parameters of 

interest are found after fitting a model function to the measured autocorrelation curve. 

 

FCS for the study of ligand binding 

Consider the binding of a fluorescently labeled ligand to a macromolecule 
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(kon) is the association rate; (koff) is the dissociation rate. . The concentrations of free 

macromolecules or ligands are referred to as M and L, the concentration of the bound 

complexes is ML (1 per macromolecule binding site). 
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the stationary equilibrium is: MLkLMk offon   

The equilibrium constant (dissociation constant) is given as: 

on

off

d
k
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If we designate the fraction of bound ligand with xLML 0  where ( LMLL 0 : total 

concentration of the ligand), we find in the fluorescence autocorrelation function for the 

two diffusing species (2D model without reaction term): 
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with the diffusion time L and ML   for the free and the bound ligand. 

It was assumed that absorption and fluorescence of the fluorescent-labeled ligands in the 

binding remains unchanged. 

If these two diffusion correlation times differ only slightly (<Factor 3), then a good 

approximation with a 1-species diffusion model is to be used: 
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The mean diffusion correlation time arises here as a weighted average: 

xxx LMLLLMLD  )()1(      equation 3 

The bound fraction x of the ligand can be expressed by: 
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                                                     equation 4 

The mean diffusion correlation time follows a titration curve whose half saturation is 

reached when the free concentration of the macromolecule is equal to the dissociation 

constant (Maiti et al., 1997; Haustein et al., 2003; Rieger et al., 2005). 
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2.7.2 Intra or Intermolecular PH domain formation 

In this work, the interaction of PHn fragment to PHc, PHnPHc or full-length PLC were 

investigated. The smaller PHn fragment is the fluorescently labeled protein. 

The fluorescence fluctuations signal is autocorrelated (Fig. 10A) to obtain the diffusion 

parameters. Since the diffusion is directly dependent on the particle's mass, any increase in 

the mass of a biomolecule, e.g. as a result of an interaction of fluorescently labeled PHn 

with a second molecule- B, is readily detected as an increase in the particle's diffusion 

correlation time. 

Thus, by gradually adding more and more B molecule and monitoring the increasing 

fraction of bound protein (which is observed in increasing correlation time), a binding 

curve is constructed (Figure 10B), whose half saturation is reached when the free concen-

tration of the B molecule is equal to the dissociation constant. 

 

 

Figure 10 Determination of binding affinities with FCS. A, Example of autocorrelation decays. A smaller 

PHn molecule (green curve) will have faster autocorrelation decay because it diffuses more quickly through 

the confocal volume. A large molecule-PHn+B (red curve) will have slower autocorrelation decay because it 

diffuses more slowly. B, Correlation time is plotted against the concentration of [B] until reaching saturation 

point, and a binding curve fitting is performed according to equation 4. 
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2.7.3 Instrumentation 

The experiments were performed on a home-built confocal setup based on an inverted epi-

fluorescence microscope (Zeiss Axiovert 135 TV). The 633-nm excitation light from a 

HeNe laser (HNL050, Thorlabs) was delivered to the back port of the microscope by a 

single-mode optical fibre (QSMJ, OZ Optics). The emitted light was collected by a water 

immersion objective (UPLSAPO 60/1.2w, Olympus), passed through a dichroic mirror 

(AHF z532/633) and a band pass filter (Semrock Em01-R442/647-25) and focused onto a 

62.5-µm diameter gradient index fibre (Thorlabs), which acted as the confocal pinhole. 

The fluorescence signal was detected by an avalanche photodiode (SPCM-CD3017, Perkin 

Elmer), fed into a counter/timer card (PCI-6602, National Instruments) and further 

processed by a homemade software correlator (Rieger et al., 2005). Correlation functions 

were analyzed using a custom-written MATLAB program. 

 

2.7.4 Dye Labeling of Protein 

Protein PHn was labeled with Alexa Fluor® 647 Carboxylic Acid, Succinimidyl Ester 

(Molecular Probes, Invitrogen). Prior to labeling, PHn was transferred in Dulbecco’s 

phosphate-buffered saline (PBS, pH 7.4) using Micro Bio-Spin Gel Chromatography 

columns (Bio-Rad Laboratories GmbH), and the resulting PHn solution was diluted to a 

concentration of around 200 M. A 10 mM stock solution of Alexa Fluor® 647 NHS ester 

dye was prepared in dimethylsulfoxide (DMSO) and then added to the 200 M PHn 

solution to a final molar ratio of 1:1 (dye/protein). The protein-dye solution was incubated 

in the dark at room temperature for a minimum of 1 h and unreacted free dye was removed 

by two times gel filtration using PBS equilibrated Micro Bio-Spin Chromatography 

columns (Bio-Rad Laboratories GmbH). The absorption spectra of PHn protein and dye 

were both measured at 280 nm and 647 nm, respectively, using Cary 50 Bio UV-Vis 

Spectrophotometer, and their concentration were then determined with Beer Lambert law, 

A = ε l c, with A, absorbance, ε, molar extinction coefficient, d, path length, c, 

concentration. The ratio of dye molecule to protein molecule (labelling efficiency) was 

determined using the equation: 

c(prot) = (A280 -AdyeCF280)/(280(prot)d) 

c(dye) = Adye/(dye(dye)d) 
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A final formula would be,  

  

Where and  are the measured absorbances at the two characteristic wave-

lengths,  and  are the extinction coefficients for protein and dye and 

 is the correction factor due to 280 nm absorbance of the dye. 

 

2.7.5 Preparation of Sample and Measurement 

Each sample of a dilution series of the bigger protein partner in the experiment (usually 

PLC1) was mixed with around 10 nM labeled protein (PHn1 or PHn2). The mixed sample 

was transferred to a sample holder, approximately 3 mm wide channel between two 

standard cover slips separated by adhesive tape. The channel was coated prior experiments 

by applying 0.5 mg/ml poly (L-lysine)-graft-poly (ethylene glycol) co-polymer solution 

(SuSoS AG) for 30 min at RT followed by 10 times washing with PBS buffer. Sample 

solutions to be measured were sequentially exchanged in an order of increasing protein 

concentration throughout one measurement series, and the same sample holder was used 

for all measurements. Each concentration was measured three times and twelve independ-

ent autocorrelation functions were recorded for each measurement. The data sets affected 

by aggregates were excluded. FCS measurements were performed in PBS buffer (Dul-

becco’s PBS without Ca2+ and Mg2+). Reference measurements to control the stability of 

the experimental set up and to adjust measurement parameters were performed using Atto 

655 dye (Atto-Tec GmbH) in PBS buffer. 
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3 Results 

3.1 Production of Recombinant Proteins used for the intermolecular    

      PH domain study 

Recombinant proteins were expressed and purified for the assessment of intra and/or inter 

molecular PH domain formation of PLC. The set of proteins produced were PHn and PHc 

of the two PLCisozymes, joined PHnPHc, the full-length PLC1 and PLC2.  

3.1.1    Solubility of PHc of PLC isozymes fused to various tags  

In many cases the expressed protein is insoluble and accumulates in the so-called inclusion 

bodies. This is especially true under conditions of high level expression. Previously, the 

PHn fragments of the two PLC isozymes were expressed and purified. Competent E. coli 

Rosetta cells were transformed with cDNA encoding His-PHn-Strep, and as a result, high 

amount of soluble PHn of PLC1 (PHn1) and PHn of PLC2 (PHn2) were produced. This 

His-PHn-Strep fusion protein was successfully purified by subsequent injection into an 

ÄKTA FPLC system with affinity and size-exclusion columns. The challenging work was 

on isolating the insoluble PHc half from both PLC1 and PLC2. Several strategies are 

available to improve the solubility of the expressed protein. To speed up protein produc-

tion, we have adopted a strategy of parallel expression of a protein from a variety of 

vectors containing different solubility tags. 

A set of E. coli expression vectors encoding fusion proteins with either GST, MBP, or 

NusA solubility tags was created (Cabrita et al., 2006). The cDNAs encoding PHc of 

PLC1 (PHc1) or PLC2 (PHc2) were amplified and introduced into each of the three 

vectors. We have effectively generated the fusion protein constructs of PHc of the two 

PLC isozymes incorporating the GST, NusA and MBP tags. The fusion protein constructs 

of GST-PHc, NusA-PHc and MBP-PHc from both PLC1 and PLC2 were transferred into 

the E. coli host and the expression was optimized to achieve soluble protein expression at 

high yields.   

Figure 11 confirmed that all of the constructs were successfully expressed based on the 

presence of respective protein bands at the predicted molecular weights (GST-PHc with 38 

kDa, NusA-PHc with 67 kDa, and MBP-PHc with 55 kDa). PHc1 and PHc2 expressed as 

GST fusion proteins were shown to be extensively degraded and the majority of both GST-

PHc were found in the pellet. We found that significant amounts of NusA-PHc2 accumu-
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lated in the soluble fraction but have slightly elevated proportions of soluble material with 

NusA-PHc1.The soluble expression of MBP-PHc was particularly interesting, as a protein 

band with the predicted molecular mass of 55 kDa could be readily detected in the 

supernatant on Coomassie blue-stained gels. There were fractions obtained in the pellet; 

nonetheless, soluble fractions were produced in high yields.  A similar expression trend 

was observed both for MBP-PHc1 and MBP-PHc2.  

The solubility tags have differing effects on the expression of PHc from the two PLC 

isozymes. In this instance, MBP was found to be the most efficient in improving the 

soluble expression, whereas Nus-A was expressed well with significant solubility and GST 

had a very little additional benefit. 

 

Figure 11 Expression of PHc1 and PHc2 fusion proteins. The supernatant (S) and pellet (P) of cell lysate 

were prepared from E. coli. Cells containing either A, GST-PHc, B, NusA–PHc, or C, MBP-PHc expression 

plasmids. The expression of fusion proteins were induced overnight at 37 °C as described in Materials and 

methods and then analyzed by SDS–PAGE.  
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3.1.2 Purification of MBP fusion proteins  

 

In particular, a substantial amount of MBP-PHc1 and MBP-PHc2 soluble proteins were 

obtained and nearly no aggregate was observed. PHc materials fused to MBP were 

preferably used and subjected for further purification.  

Different affinity columns were tested for the purification of the fusion protein comprising 

both His and MBP affinity tags. As can be seen in Figure 12A, the MBP-PHc1 (55 kDa) 

was successfully purified to near homogeneity using an amylose resin affinity column but 

not with Ni2+-nitrilotriacetic (NTA) affinity column. In contrast, Ni2+-NTA affinity 

chromatography (Figure 12B) was able to remove nearly all the contaminants of the MBP-

PHc2 (55 kDa) fusion protein although some of the eluted fractions also contained other 

proteins. Fractions 3, 4, and 5 obtained from MBP-PHc1 and fractions 10-17 from MBP-

PHc2 were collected and chosen for FCS experiments because of their higher purity. 

  

 

Figure 12 Purification of MBP-PHc fusion proteins. Aliquots of purified fusion proteins from the 

supernatant of bacterial cell extract were analyzed by SDS-PAGE. A, MBP-PHc1 was purified using an 

amylose-resin affinity column, and B, MBP-PHc2 was passed over Ni Sepharose™ 6 Fast Flow affinity 

resin. The molecular weight standards (M), flow through (FT), and the eluted fractions of each of the fusion 

proteins were shown in the Coomassie blue stained gel. 
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3.1.3 Isolation of the soluble PHn half of PLC isozymes   

Previously, PHn of PLC1 (PHn1) and PHn of PLC2 (PHn2) were already expressed and 

purified successfully in our group. However, greater quantities of PHn2 materials were 

required in this study. 

PHn2 with a molecular mass of 11 kDa was purified by subsequent injection into an 

ÄKTA FPLC system with affinity and size-exclusion columns. As shown in Figure 13A, a 

StrepTactin affinity FPLC chromatography was first run and a significant amount of 

protein was eluted. The fractions D5-D12 (Figure 13B) were collected and subjected to the 

second Superdex size-exclusion column. The chromatogram showed that the relevant 

fractions were A12, B1 to B7 (Figure 13C) and the SDS gel confirmed that these fractions 

appeared to be pure (Figure 13D). Fractions B1-B4 obtained after the second purification 

steps as shown in Figure 13C were collected and used for further experiments. 
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Figure 13 Purification of PHn2 fragment. Recombinant PHn2 protein was purified by fast protein liquid 

chromatography from the soluble fraction of bacterial cell extract with two chromatographic procedures. 

Initially A, StrepTactin affinity chromatography was performed and B, aliquots of the indicated elution 

fractions (D1-D12) were analyzed by SDS-PAGE. PHn2 was further purified by C, Superdex size-exclusion 

chromatography. D, SDS analysis of the eluted fractions (A12, B1-B7) obtained from the second chromatog-

raphy. Molecular weight standards (M), flow through (FT), supernatant (S), Streptactin pooled fraction (SF). 
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3.1.4 Isolation of  soluble PHn1PHc1 from PLC1   

The joined two halves of the split PH domain of PLC1 (so called PHn1PHc1) were also 

produced in this thesis. PHn1PHc1 was detected as an abundant protein band on western 

blot with a molecular mass of 23 kDa (Fig. 14A), reflecting a high level of protein 

expression. A comparison of the supernatant and pellet protein fractions indicated that 

PHn1PHc1 is distributed both in the soluble and insoluble fractions. The purification 

profile by affinity chromatography in panel B showed significant protein eluting in the 

second broad peak at about 60 ml. SDS-PAGE of the fractions B9–B14, Panel C, indicated 

that only three fractions (12, 13, and 14) contained significant amounts of PHn1PHc1. In 

fractions 13 and 14, only light contaminant protein bands were observed.  

 

Figure 14 Expression and Purification of PHn1PHc1 fragment. A, PHn1PHc1 protein was expressed at 

16°C in E. coli.Aliquots of the soluble (S) and particulate (P) fractions were subjected to SDS-PAGE, and 

immunoblotting was performed using an antibody reactive against strep-tag PHn1PHc1. The soluble fraction 

of bacterial cell extract was purified by B, StrepTactin affinity chromatography and C, aliquots of the 

indicated elution fractions (B9-B14) were analyzed by SDS-PAGE.  
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3.1.5   Isolation and Purification of PLC isozymes   

The two PLC isozyme proteins were purified from soluble fraction of baculovirus-

infected insect cells using the ÄKTA FPLC system. PLC1 (149 kDa) was first run on 

Heparin affinity chromatography. The protein was bound to the column and was success-

fully eluted using the appropriate elution buffer. The significant fractions were shown in 

the chromatogram (Figure 15A). The fractions B14 to B15 and C1 to C3 as can be seen in 

Figure 15B were collected and subjected to the second purification step. 

The fractions within the double peak as marked in the chromatogram (Fig. 15C) were 

subjected to SDS-PAGE, and showed that anion exchange FPLC with a gradient of NaCl 

in the buffer was successful in removing the contaminant proteins found in solution after 

affinity chromatography. Figure 15D, indicated that only four fractions (A15, B1, B2, B3) 

contained significant amounts of PLC1 and lighter contaminant protein bands were 

observed. 
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Figure 15 Purification of PLC1. Recombinant PLC1 from the soluble fraction of baculovirus-infected 

insect cells was purified by sequential fast protein liquid chromatography on A, HiTrapTM Heparin affinity 

and C, Resource Q anion-exchange columns. The peak fractions eluted from Heparin B, and Resource Q 

columns D, respectively, were subjected to SDS-PAGE and detected by Coomassie blue gel staining. The 

molecular weight standards (M) are indicated. 
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The supernatant of PLC2 (148 kDa) was initially injected into an FPLC system containing 

Heparin affinity column. The chromatogram revealed relevant fractions that were collected 

(Figure 16A). The SDS gel revealed that the purity of this protein was not yet high (Figure 

16B), therefore, fractions B12 to B15 and C1 were further purified using anion exchange 

chromatography. The additional protein bands observed in the first run were removed after 

anion exchange FPLC. Figure 16 C and D illustrates the FPLC profile of anion exchange 

chromatography and SDS gel confirming the high purity of the protein. Protein fractions 

(A12, A13, A14, A15, and B1) containing purified PLC2 were used for FCS study. 
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Figure 16 Purification of PLC2. Recombinant PLC2 from the soluble fraction of baculovirus-infected 

insect cells was purified by sequential fast protein liquid chromatography on A, HiTrapTM Heparin affinity 

and C, Mono Q anion-exchange columns. The peak fractions eluted from Heparin B, and Resource Q 

columns D, respectively, were subjected to SDS-PAGE and detected by Coomassie blue gel staining. The 

molecular weight standards (M) are indicated. 
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3.2 Evaluation of the aggregation of MBP-PHc and PHn1PHc1  

 

There are reports describing that a soluble preparation of a fusion protein does not always 

correlate with proper folding. These preparations contain multimeric soluble aggregates 

that co-purify with the proper form of the fusion protein. Soluble inclusion bodies are 

different from solid aggregates which are normally formed by unfused misfolded proteins 

overexpressed in bacteria (Nomine et al., 2001). 

Protein aggregation can be a nuisance factor in the in vitro FCS studies of proteins. To this 

end, the purified MBP-PHc1 and MBP-PHc2 proteins were analyzed by size exclusion 

chromatography (SEC) with Superdex 200 column in order to verify whether MBP-PHc 

fusion proteins contain aggregates. 

Figure 17 shows the aggregation analysis of the MBP fusion protein preparations. Panel A 

corresponds with the SEC result of MBP-PHc1, whereas panel B shows the MBP-PHc2 

chromatogram. The separation of standard protein mixture on Superdex SEC is shown in 

Figure 17C. It can be seen from the figure that the column shows excellent separation of 

proteins based on their size. Transferrin which is approximately 80 kDa elutes first, 

followed by ovalbumin (43 kDa), myoglobin (17 kDa), RNase (13.7 kDa), and aprotinin 

(6.5 kDa). The MBP-PHc1 displayed a sharp peak, and basing on the calibration curve it 

corresponds to the multimeric form of the sample. The purified MBP-PHc1 comprise 

mainly of soluble aggregates which elute earlier because of their larger size (Figure 17A). 

SEC separation of MBP-PHc2 sample showed two peaks comprising of multimeric and 

degraded form (Figure 17B). Monomeric form of MBP-PHc which has a mass of 55 kDa is 

expected to elute between peak fraction 5 and 6, as compared to the standard run of 

proteins with known molecular masses (Fgure 17 C). As shown in Panel D, SDS gel 

confirmed the presence of multimeric form of MBP-PHc1 in fraction 2 and 3; MBP-PHc2 

in fraction 3 and 4, fraction 6 contained the degraded form.  
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Figure 17 Size exclusion chromatography of purified MBP-PHc. A, An aliquot of purified MBP-PHc1 and 

B, MBP-PHc2 were subjected to size exclusion chromatography. C, A size exclusion chromatography 

standard run on a Superdex75 column comprising a mixture of proteins with known molecular masses - 

transferrin (80 kDa), ovalbumin (43 kDa), myoglobin (17 kDa), RNase (13.7 kDa), and aprotinin (6.5 kDa) 

used for calibration. D, Proteins contained in peak fractions 2, 3 from MBP-PHc1 and fractions 3, 4, 6 from 

MBP-PHc2 were subjected to SDS-PAGE and detected by Coomassie blue gel staining. 
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PHn1PHc1 which ran at a size of about 23 kDa from the Superdex75 column was resolved 

into one sharp peak in fraction 5 as can be seen in Figure 18A. Based on the calibration 

curve (Figure 17C), this size corresponds to the PHn1PHc1 monomer. The SDS gel in 

Figure 18B showed that the other fraction peaks contained undesired proteins which 

appeared in insignificant amounts. 

 

 

 

Figure 18 Size exclusion chromatography of purified PHn1PHc1. A, An aliquot of purified (P) PHn1PHc1 

was subjected to size exclusion chromatography. B, Proteins contained in peak fractions 3, 4, 5, 11, and 12 

were subjected to SDS-PAGE and detected by Coomassie blue gel staining. 
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3.3 Analysis of intra and intermolecular PH domain formation 

 

The intermolecular PH domain formation was analysed by using chiefly the fluorescence 

correlation spectroscopy (FCS) technique. Initially, we determined whether there is 

interaction between PHn and PHc half.  Then, the interaction between the isolated split PH 

domain fragments (PHn) or the joined PH halves (PHnPHc) and the full length PLC 

enzyme was investigated.   

Several sets of FCS experiments were carried out in this work. The binding of PHn to 

MBP-PHc was first studied. The overall results demonstrate that PHn does interact with 

MBP-PHc (data not shown), although a variation in every measurement was observed.  

The binding of PHn1 to the full-length PLC1 was also analyzed. In this experiment, 

fluorescent labeled PHn1 at 10 nM concentration is added to different concentrations of 

nonlabeled PLC1 varying from 4.45 nM up to 36.45 µM and the fluorescence fluctuations 

are observed. The autocorrelation function of this signal is analyzed and the diffusion times 

are determined. A typical binding curve obtained at different protein concentrations is 

displayed in Figure 19. As described in Materials and Methods, titration curves can be 

obtained from the FCS curves by fitting a one species model with diffusion times to the 

correlation functions. Here, average equilibrium dissociation constant is estimated to be 3.3 

µM for binding of PLC1 to PHn1. The FCS titration at 36.45 µM PLC1 presented in 

Figure 19 did not lead to complete saturation. 
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Figure 19 Interaction of PHn1 with PLC1 observed by FCS. Titration curves derived from the correlation 

functions. The curve shows the fit according to 1-species diffusion model (equation 4, section 2.7.1). Increase 

in correlation time corresponds to a biomolecular association with Kd ~ 3.3 µM. Data are presented as mean 

s ± SD of triplicates.  

 

 

A study from Gresset et al. (2010) described dimerization of PLC1; we therefore per-

formed FCS experiments in order to verify this self-association tendency. The result of 

titrating labeled PLC1 with PLC1 showed a progressive shift toward longer mean 

diffusion times (increase correlation time) with higher PLC1 concentration (Fig. 20), as 

expected with the proposed binding. 
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Figure 20 Interaction of PLC1 with PLC1 observed by FCS.  Fluorescently labeled PLC1 is titrated up 

to 42.3 µM of PLC1. Data are presented as means ± SD of triplicates.  

 

FCS titration showed the increase in the mean diffusion (transit) time of a fluorescently 

labeled-PHn1PHc1 on the addition of PLC1 up to 45 µM, which suggests intermolecular 

binding. Although, it seems that the concentration is not high enough to reach saturation 

(Figure 21). Alcohol dehydrogenase (ADH) that serves as a negative control did not show 

an increase in correlation time, suggesting that ADH cannot bind to PHn1PHc1 and this 

interaction appeared to be specific with PLC1. 
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Figure 21 Interaction of PHn1PHc1 with PLC1 observed by FCS. PHn1PHc1 was titrated with an 

increasing amount of PLC1 (PLC1, ■), and 50 µM of negative control, alcohol dehydrogenase (ADH, ●). 

Data are presented as mean s ± SD of triplicates.  
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3.4 Study of the regulation of PLC isozymes by RhoH 
 

Recent analysis has reported that RhoH interacts with PLC2 in B cells. In our group, we 

were able to show that the atypical Rho GTPase RhoH inhibits the activity of Rac2-

mediated stimulation of PLC enzymes, PLC2 and PLC2. Furthermore, we found that 

RhoH also inhibits the constitutively active variants PLCγ2PCI and PLCβ220 which is 

independent of the activity of Rac2, suggesting that RhoH exerts a direct inhibitory effect 

on these enzymes. In PLCγ2PCI, the inhibitory octapeptide (aa 726-733) located at the C-

terminal SH2 domain in the X / Y-linker was removed (equivalent to aa 746-755 for 

PLCγ1PCI). This phospholipase C inhibitor (PCI) is involved in the autoinhibitory 

regulation of PLCγ enzymes (Hommas and Takenawa, 1992; Everett et al., 2011). And in 

terms of PLCβ220, the eicosapeptide (aa 516-535) in the linker region between the 

catalytic X and Y subdomains was taken out, which is responsible for the autoinhibitory 

regulation of PLCβ2 (Hicks et al., 2008). 

 

In order to examine the mechanism of PLC isozyme regulation by RhoH, it is first 

important to understand its molecular details, in particular in this work with regard to the 

interaction sites on PLC2 and RhoH. For this, we have constructed several PLC2 and 

RhoH mutants and performed functional analysis in transfected COS-7 cells coexpressing 

either wild-type or mutant PLC2 and RhoH, followed by radiolabeling of cells with [3H] 

inositol and determination of [3H]inositol phosphate formation as basis for PLC activity.  

 

3.4.1 Analysis whether the N-terminal or the internal split PH domain of PLC 

is the site interacting with RhoH 

Previous studies revealed that PH domain of PLC isozymes takes part in the activation by 

Rho GTPases. It was shown that the N-terminal PH domain of PLC2 corresponds to the 

site interacting with Rac/Cdc42 (Jezyk et al., 2006) while the site of interaction between 

PLC2 and Rac2 is the internal split PH domain of PLC2 (Walliser et al., 2008), rather 

than the second, continuous PH domain located at the N-terminus. In order to map the 

domain(s) of PLCγ involved in RhoH inhibitory interaction, the N-terminal or the split PH 

domains present in PLC was investigated as a potential effector site for RhoH. 
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Moreover, the two PLC isozymes are completely different in their sensitivity to Rho 

GTPases. PLC2 can be activated by Rac1, Rac2, Rac3, whereas PLC1 is resistant to 

stimulation by Rac. The same holds true for the inhibitory effect of RhoH. We previously 

found that PLC2 is markedly inhibited by RhoH whereas the activity of PLC1 is only 

slightly affected in the presence of RhoH. This difference in the effect of RhoH inhibition 

between the two PLC activities may be caused by specific interaction of RhoH to their 

respective domains. We have first examined the importance of PH domains of both PLC1 

and PLC2 for enzyme inhibition by RhoH by utilizing the previously prepared chimeric 

mutants of the two human PLCisozymes (Walliser et al., 2008). In these proteins, either 

the N-terminal or the split PH domain of PLC1 and PLC2 were switched with the 

respective PH domain of the corresponding isozyme. For example, ‘1-211’ refers to PLCγ1 

with N-terminal PH domain replaced by the corresponding sequences of PLCγ2, ‘1-122’ 

refers to PLCγ1 with its split PH domain replaced by that of PLC2, and ‘2-122’ pertains to 

PLCγ2 with N-terminal PH domain replaced by the corresponding sequences of PLCγ1. 

Another variant called PLC2SA was also analyzed which lacks the split PH domain by 

deletion of the SA region. 2-122 was not constitutively active, in contrast to the constructs 

1-122, PLC2SA and 1-211 which showed increased activity. However, 1-211 showed a 

considerably low elevated basal activity. Since the purpose was to examine the direct 

inhibitory effect of RhoH to these PLC variants, hence, we intended to generate constitu-

tively active 1-211PCI and 2-122PCI variants in our work. 

First, the newly generated 1-211PCI and 2-122PCI variants were validated for their 

activity in transfected COS-7 cells (Figure 22A). Compared with the other chimeric 

proteins, 1-211PCI was found to be constitutively active in the same way as PLCγ1PCI 

and PLCγ2PCI. The activity increased with increasing amounts of vector used for the 

transfection. Interestingly, no increase in basal activity was observed for 2-122PCI (with 

swapping of N-terminal PH domain) in spite of the absence of phospholipase C inhibitory 

elements.  As formerly shown, 1-211 and 2-122 showed a little or no increase in activity 

compared to the PLC wt. To compensate for the different PLC activities in transfected 

COS-7 cells, the basal activities of the PLC variants were normalized by adjusting the 

amounts of PLC-encoding vectors. 

The expression of the proteins was analyzed by performing an immunochemical analysis 

of the whole cell lysates (Figure 22B). The expression of all recombinant proteins was 
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detected, although at low amounts of transfected DNA, weaker expression of 2-122PCI 

construct was observed. This weak expression of 2-122PCI, however does not correlate 

with its low increase in basal activities, since at 1000 ng of tranfected DNA this construct 

was strongly expressed. The size of the protein bands on immunoblots correspond to the 

expected molecular mass of the proteins ( PLC1 with 149 kDa, PLC1PCI with 148 kDa, 

1-211 with 149 kDa, 1-211PCI with 147 kDa,  PLC2 with 148 kDa, PLC2PCI with 

148 kDa, 2-122 with 150 kDa, and 2-122∆PCI with 149 kDa). 
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          A 

 

          B 

 

Figure 22 Activity of PLC1PCI, PLC2PCI, 1-211PCI and 2-122PCI. A, COS-7 cells were 

transfected as indicated at the abscissa with either 1000 ng of empty vector (Control), 1000 ng of vector 

encoding PLC1, increasing amounts (10 ng, 30 ng, and 100 ng) of vector encoding PLC1PCI, 1000 ng of 

vector encoding 1-211, increasing amounts (3 ng, 10 ng, 30 ng, 100 ng, 300 ng, and 1000 ng) of vector 

encoding 1-211PCI, 1000 ng of vector encoding PLC2, increasing amounts (100 ng, 300 ng, and 1000 ng) 
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of vector encoding PLC2PCI, 1000 ng of vector encoding  2-122, or increasing amounts (3 ng, 10 ng, 30 

ng, 100 ng, 300 ng, and 1000 ng)  of vector encoding 2-122PCI. The total amount of DNA was maintained 

constant at 1000 ng by adding empty vector. Twenty four hours after transfection, the cells were incubated 

for 20 h in the presence of myo-[2-3H]inositol (2.5 μCi/ml) and 10 mM LiCl, and the levels of inositol 

phosphates were then determined. Data are presented as means ± SD of triplicates.  B, COS-7 cells were 

transfected as described above, and cells from one well were lysed in 200 μl of SDS-PAGE sample buffer. 

An aliquot of the lysate was subjected to SDS-PAGE, and immunoblotting was performed using an antibody 

reactive against the c-myc epitope. 

 

Figure 23 depicts the results of the investigation of the direct effect of RhoH on the 

constitutively active chimeric PLCproteins (1-122, 1-211PCI, and PLC2SA) as well 

as on PLC1PCI and PLC2PCI. COS-7 cells were transfected with cDNA encoding 

each of these constructs together with RhoH-DNA to measure inositol phosphate produc-

tion in an intact cell setting. RhoH displayed inhibitory effect on the two constitutively 

active PLC isoforms, PLC1PCI and PLC2PCI. Using 300 and 1000 ng of RhoH 

DNA, the activity of the constitutively active PLC2PCI was inhibited by RhoH by 39 % 

and 85 %, respectively. RhoH had no significant inhibitory effect (13 %) on PLC1PCI 

activity when 300 ng of DNA was used. In the presence of 1000 ng of DNA, RhoH exerted 

a 45 % inhibition on PLC1PCI. Unlike the significant RhoH inhibition of PLC2 active 

variant, PLC1 was only slightly affected by RhoH. These results showed again the 

completely different sensitivity of the PLC isoforms to RhoH-mediated inhibition. The 

sensitivity of PLC1 to RhoH was not changed when introducing either the N-terminal PH 

domain or the split PH domain halves of PLC2. RhoH exerted a 14 % and 36 % inhibitory 

effect on 1-211PCI and 13 % and 40 % inhibitory effect on 1-122. These results indicate 

that neither the N-terminal PH domain nor the split PH domain of PLC2 is sufficient to 

mediate the inhibitory effect of RhoH. The findings are further supported by the fact that 

the PLC2SA variant lacking the SH domains and the internal split PH domain is strongly 

inhibited by RhoH. The activity of PLC2SA is reduced by 33 % and 72 % in the 

presence of RhoH (300 and 1000 ng, respectively). This indicates that the split PH domain 

of PLC2 is not necessary for RhoH-mediated inhibition. Therefore, swapping or deletion 

of either N-terminal or the split PH domain of PLC enzymes does not interfere with RhoH 

inhibition on its activity. 
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Immunochemical analysis of protein expression was carried out in this experiment. Panel 

B shows the expression of PLCγ wt, PLCγ active variants (PLC1PCI, 1-122, 1-211PCI, 

PLC2PCI, PLC2SA), as well as RhoH. Protein bands were detected at their expected 

molecular mass (PLC1 with 149 kDa, PLC1PCI with 148 kDa, 1-122 with 150 kDa, 1-

211PCI with 147 kDa, PLC2 with 148 kDa, PLC2PCI with 147 kDa, and PLC2SA 

with 98 kDa). However, the expression of some PLC variants like PLC1PCI, 1-

211PCI, and PLC2SA were hardly detectable. This weak expression is due to the low 

amount of tranfected DNA. Despite the differences in protein expression, all PLC active 

variants showed an elevated basal activity. 
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Figure 23 Influence of RhoH on the activity of PLC1PCI, 1-122, 1-211PCI, PLC2PCI, and 

PLC2SA. A, COS-7 cells were transfected as indicated at the abscissa with either 1300 ng of empty vector 

(Control), 300 ng of vector encoding PLC1, 10 ng of vector encoding PLC1PCI, 300 ng of vector 

encoding 1-122, 10 ng of vector encoding 1-211PCI, 300 ng of vector encoding PLC2, 300 ng of vector 

encoding PLC2PCI, or 10 ng of vector encoding PLC2SA, together with increasing amounts (300 ng, 

and 1000 ng) of vector encoding RhoH. The total amount of DNA was maintained constant at 1300 ng by 

adding empty vector. Twenty four hours after transfection, the cells were incubated for 20 h in the presence 
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of myo-[2-3H]inositol (2.5 μCi/ml) and 10 mM LiCl, and the levels of inositol phosphates were then 

determined. Data are presented as means ± SD of triplicates.  B, COS-7 cells were transfected as described 

above, and cells from one well were lysed in 200 μl of SDS-PAGE sample buffer. An aliquot of the lysate 

was subjected to SDS-PAGE, and immunoblotting was performed using an antibody reactive against the c-

myc epitope and RhoH. 

Considering that 2-122PCI had no increase in basal activity, RhoH inhibition on this 

specific construct was examined via stimulation with Rac2. The activity of PLC2 wt and 

2-122 were stimulated (71 and 60-fold, respectively) by coexpressing Rac2G12V in trans-

fected COS-7 cells. These enhanced activities were also seen in 2-122PCI variant with an 

increase of approximately 79-fold (Figure 24A). When the influence of RhoH is assessed, 

wt PLC2 activity had a significant RhoH inhibition of 62 % and 91 % according to 

increasing amounts of vector encoding RhoH. This RhoH inhibitory behaviour was also 

observed with PLC2 chimeras, in which their N-terminal PH domain was replaced by the 

corresponding domain of PLC1. Rac2 stimulated activity of 2-122 was inhibited by RhoH 

by 69 % and 94 %, and the 2-122PCI construct by 19 % and 69 %. The results showed 

that introduction of PLC1 -N-terminal PH domain to PLC2 enzyme had no effect on the 

high sensitivity of this enzyme to RhoH. This further implies that the N-terminal PH 

domain of PLC2 is not necessary for the mediated inhibition of RhoH. 

To verify the expression of these proteins in COS-7 cells, control cells were transfected 

with the same amount of plasmid DNA and the proteins contained in the cell lysates were 

separated by SDS-PAGE. After transfer of the proteins to a nitrocellulose membrane, the 

proteins were detected with an anti-myc and anti-RhoH antibody immunochemically. 

Figure 24B shows the expression of recombinant proteins. An overall uniform expression 

of all recombinant proteins was observed. Although, the expression of the chimeric mutant 

2-122PCI was slightly stronger than 2-122 protein. This expression difference of the two 

mutants has correlated with the different Rac2G12V-mediated stimulation of their activities. 

Higher expression of 2-122PCI can be possibly the reason for stronger stimulation of this 

variant by Rac2. RhoH protein was strongly expressed based on its increasing quantity. 

The position of the protein bands on the immunoblot corresponds to the molecular mass of 

the individual PLC2 variants and RhoH (PLC2 with 148 kDa, 2-122 with 150 kDa, and 2-

122PCI with 149 kDa).  
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Figure 24 Effect of RhoH on Rac2G12V-mediated stimulation of 2-122PCI. A, COS-7 cells were 

transfected as indicated at the abscissa with either 1520 ng of empty vector (Control), 500 ng of vector 

encoding PLC2, 500 ng of vector encoding 2-122, 500 ng of vector encoding 2-122PCI, together with 20 

ng of vector encoding Rac2G12V, and increasing amounts (300 ng, and 1000 ng) of vector encoding RhoH. 

The total amount of DNA was maintained constant at 1520 ng by adding empty vector. Twenty four hours 

after transfection, the cells were incubated for 20 h in the presence of myo-[2-3H]inositol (2.5 μCi/ml) and 10 

mM LiCl, and the levels of inositol phosphates were then determined. Data are presented as means ± SD of 
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triplicates.  B, COS-7 cells were transfected as described above, and cells from one well were lysed in 200 μl 

of SDS-PAGE sample buffer. An aliquot of the lysate was subjected to SDS-PAGE, and immunoblotting was 

performed using an antibody reactive against the c-myc epitope and RhoH. 

 

3.4.2 Analysis whether the switch I region of RhoH is the site interacting with 
PLCisozymes.  

 

In the following experiments, we put our efforts in exploring the interaction sites of RhoH 

on PLC isozymes. Thus, site-directed mutagenesis was carried out to identify these critical 

sites of interactions. First, the dynamic properties of the switch I region of the small GTP-

binding proteins was investigated by using mutants of Threonine, an invariant residue 

necessary for the switch function. We have generated a RhoHT36A mutant; this conserved 

T36A effector domain mutation was described to have a reduced affinity to GTP and 

downstream effectors. Moreover, it was used as a partial loss of function mutant in cell-

based assays (John et al., 1993; Spoerner et al., 2001). 

Figure 25 presents the results of the effect of RhoHT36A mutant on PLCγ2 (Panel A) and 

PLCβ2 (Panel B) activity stimulated by Rac2G12V. COS-7 cells were cotransfected with 

DNA of PLCγ2 or PLCβ2, wild-type RhoH or RhoHT36A, and Rac2G12V to measure inositol 

phosphate production in an intact cell setting. The expression of Rac2G12V increased the 

activity of PLC and PLCβ2. Both RhoH and RhoHT36A inhibited the activity of Rac2G12V-

mediated stimulation of PLC2 and PLC2, with inhibition of PLC2 to a greater extent. 

The inhibitory effect of RhoH on PLC2 activity was approximately 63 % when cells had 

been transfected with 300 ng of RhoH-DNA and 92 % inhibition was observed with 1000 

ng of encoding vector, while RhoHT36A showed stronger inhibitory effects than wild type 

from approximately 78 % to 96 % inhibition. The activity of PLC was also inhibited by 

wt RhoH (20 % to 79 %) and by T36A mutant (47 % to 92 %). In addition, the effect of 

RhoH wild-type and T36A mutant on the basal activity of PLC2 and PLC2 was also 

examined (Figure 25). In this experiment, as well as in previous study, PLC2 enzyme 

consistently showed a higher basal activity as compared to PLC2, which remains strictly 

in its autoinhibited state. And as shown in Panel B, both wild-type and T36A mutant of 

RhoH strongly inhibited the basal activity of PLC2 by 85 % and 92 %, respectively. As 

overall findings, RhoHT36A mutant appeared to be comparably the same from wt RhoH 

with respect to inhibitory activity, suggesting that the dynamic of switch I region has no 
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functional relevance for the inhibitory effect of RhoH on Rac2G12V-mediated stimulation of 

PLC enzymes 

As shown in Panels C and D, a relatively uniform expression of all recombinant proteins 

was detected. In comparison with marker proteins of known size, the molecular mass 

matched with that of the expected proteins (PLCγ2 with about 148 kDa, PLCβ2 with about 

134 kDa, and RhoH with about 21 kDa).  
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Figure 25 Effect of wild-type RhoH and its mutant RhoHT36A on Rac2G12V-mediated stimulation of 

PLC2 and PLC2. A, COS-7 cells were transfected as indicated at the abscissa with either 1520 ng of empty 

vector (Control), 500 ng of vector encoding PLC2, together with 20 ng of vector encoding Rac2G12V, and 

increasing amounts (300 ng, and 1000 ng) of vector encoding wild-type RhoH or vector encoding RhoHT36A. 

B, COS-7 cells were transfected with either 1253 ng of empty vector (Control), 250 ng of vector encoding 

PLC2, together with 3 ng of vector encoding Rac2G12V, and increasing amounts (300 ng, and 1000 ng) of 

vector encoding wild-type RhoH or vector encoding RhoHT36A. The total amount of DNA was maintained 

constant by adding empty vector. Twenty four hours after transfection, the cells were incubated for 20 h in 

the presence of myo-[2-3H]inositol (2.5 μCi/ml) and 10 mM LiCl, and the levels of inositol phosphates were 

then determined. Data are presented as means ± SD of triplicates.  C, D, COS-7 cells were transfected as 

described above and cells from one well were lysed in 200 μl of SDS-PAGE sample buffer. C, An aliquot of 

PLC2 and PLC2PCI, D, PLC2 and PLC220 lysate was subjected to SDS-PAGE, and immunoblotting 

was performed using an antibody reactive against the c-myc epitope, PLCβ2, and RhoH. 

 

We further explored RhoHT36A mutant to test whether it is still capable of inhibiting PLC 

activity in the absence of Rac2, by utilizing constitutively active variants PLCγ2ΔPCI and 

PLCβ2Δ20. The inositol phosphate formation assay was conducted in COS-7 cells. As 

shown in Figure 26, activities were both elevated in PLCγ2ΔPCI (Panel A) and PLCβ2Δ20 

(Panel B) variants compared to wt and control. RhoHT36A in this experiment showed again 

a similar inhibitory effect as wild-type on the activity of both active PLC variants. The 

direct inhibitory effect of RhoH on PLCγ2ΔPCI increased from an approximately 59 % to 

90 % with increasing amount of transfected DNA and that of the T36A mutant from about 

72 % to 91 %. In the case of PLCβ2Δ20, both RhoH (60 % and 85 %) and RhoHT36A (61 % 
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and 86 %) led to a significant inhibition. This finding confirmed that the switch I region 

mutation did not abolish the direct inhibitory effect of RhoH on PLC activity. 

Again, the expression levels were examined to detect expression differences between wt 

RhoH and T36A (Figure 25, Panel C and D). In fact, both were almost uniformly ex-

pressed according to transfected amounts (300 and 1000 ng), similar to their exerted 

inhibitory effects. The protein expression of constitutively active PLC variants was also 

visible. 

 

        A                                            B 

 

Figure 26 Effect of wild-type RhoH and its mutant RhoHT36A on the activity of PLC2PCI and 

PLC220. A, COS-7 cells were transfected as indicated at the abscissa with either 1520 ng of empty vector 

(Control), 500 ng of vector encoding PLC2, 300 ng of vector encoding PLC2PCI, together with increasing 

amounts (300 ng, and 1000 ng) of vector encoding wild-type RhoH or vector encoding RhoHT36A. B, COS-7 

cells were transfected with either 1253 ng of empty vector (Control), 250 ng of vector encoding PLC2, 250 

ng of vector encoding PLC220, together with increasing amounts (300 ng, and 1000 ng) of vector 

encoding wild-type RhoH or vector encoding RhoHT36A. The total amount of DNA was maintained constant 

by adding empty vector. Twenty four hours after transfection, the cells were incubated for 20 h in the 

presence of myo-[2-3H]inositol (2.5 μCi/ml) and 10 mM LiCl, and the levels of inositol phosphates were then 

determined. Data are presented as means ± SD of triplicates.   
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3.4.3 Comparison of the effect of switch one region mutation in RhoH and Rac2 on 
the activity of PLCisozymes.  

 

We have shown that T36A mutant did not alter the inhibitory effect of RhoH on PLC 

enzymes activity. In order to compare the consequence of the switch I region mutation 

with another Rho GTPase, such as Rac2, a corresponding replacement of threonine residue 

was introduced in the context of Rac2. The effect of RhoHT36A together with Rac2G12V/T35A 

mutant on PLC activity was analyzed (Figure 27). Consistent with the preceding experi-

ments, Rac2G12V-stimulated activity of PLC2 was inhibited by RhoH wild-type and T36A 

mutant. RhoH inhibition on PLCγ2 was approximately 67 % to 73 % with increasing 

amount of transfected DNA and that of the RhoHT36A mutant from 18 % to 44 %. In 

contrast to this observed RhoH inhibition, the ability of constitutively active Rac2G12V to 

mediate activation on PLC2 (14-fold) could not be achieved when the Thr-35 mutation 

was inserted (Rac2G12V/T35A). As expected, Rac2T35A mutation alone did not enhance the 

basal activity of PLC’s since this mutant is not constitutively active without replacement of 

amino acid residue at position G12. In spite of the differences on their effects, the protein 

expression of the Rho GTPases and their corresponding mutants was detectable and 

roughly uniform (Panel B). RhoH and Rac2 have a molecular mass of about 21 kDa. 

The substitution of threonine residue in Rac2 and RhoH demonstrated that the dynamic of 

the switch I region is necessary for the stimulatory function of Rac2 while it has no 

functional relevance for the inhibitory function of RhoH. This suggests that the two Rho 

GTPases completely differ in their structural requirements to modulate PLC activity.  
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Figure 27 Effect of RhoHT36A and Rac2G12V/T35A on the activity of PLC2. A, COS-7 cells were transfected 

as indicated at the abscissa with either 1100 ng of empty vector (Control), 500 ng of vector encoding PLC2, 

increasing amounts (100 ng and 500 ng) of Rac2G12V/T35A, 500 ng of vector encoding Rac2T35A, together with 
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100 ng of vector encoding Rac2G12V, and increasing amounts (200 ng and 500 ng) of vector encoding wild-

type RhoH or vector encoding RhoHT36A. The total amount of DNA was maintained constant at 1100 ng by 

adding empty vector. Twenty four hours after transfection, the cells were incubated for 20 h in the presence 

of myo-[2-3H]inositol (2.5 μCi/ml) and 10 mM LiCl, and the levels of inositol phosphates were then 

determined. Data are presented as means ± SD of triplicates.  B, COS-7 cells were transfected as described 

above, and cells from one well were lysed in 200 μl of SDS-PAGE sample buffer. An aliquot of the lysate 

was subjected to SDS-PAGE, and immunoblotting was performed using an antibody reactive against the c-

myc epitope, Rac2, and RhoH. 

 

3.4.4 Analysis whether the post translational modification of RhoH is important for 
the inhibitory RhoH-PLC isozymes interaction  

 

A feature typical to Ras proteins is that they associate with the cytoplasmic leaflet of 

cellular membranes, where they perform their regulatory functions. These proteins are 

hydrophilic, with no transmembrane segments and therefore are not integral membrane 

proteins. Instead, post-translational lipidation is the mechanism by which small GTPases 

interact with membranes (Seabra et al., 1998). The next experiments were designed to 

address the question whether the closely linked posttranslational modification steps 

processing (isoprenylation, proteolysis, and carboxyl methylation), signaled by the 

carboxyl-terminal CA1A2X motif (C= cysteine; A = any aliphatic amino acid; X = any 

amino acid) present in Ras proteins is critical for RhoH inhibitory function. In this 

experiment, we focus on A2 residue which was known to be important for both AAX 

proteolysis and carboxyl methylation , as well as the X residue that dictates the extent and 

specificity of isoprenoid modification whether the protein is modified by a farnesyl (C-15)  

or by a geranylgeranyl (C-20)  group (Moores et. al., 1991). Previous studies demonstrated 

that the introduction of aspartic or tyrosine residues (D and Y) at residue A2 both impaired 

signal processing of Ki-Ras4B protein significantly (Kato et al., 1992). In addition, as 

predicted in vivo where X is equivalent to amino acid serine, alanine, cysteine, glutamine, 

or methionine allowed efficient farnesyl modification. CAAX peptides terminating in 

leucine were efficiently geranylgeranylated. The residue phenylalanine at the X-position 

can conduct both farnesylation and geranylgeranylation (Moores et al., 1991; Seabra et al., 

1991). 
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To determine that RhoH (CA1A2X) CKIF sequence might be the requirement for the 

inhibitory function, single amino acid substitutions were introduced into residue I190 (A2), 

or  F191 (X) to generate  different mutant proteins such as RhoHI190Y, RhoHF191S (specific 

for farnesylation), RhoHF191L (geranylgeranylation). When the constructs encoding the 

RhoHF191S and RhoHF191L mutants were transfected into COS-7 cells, not any significant 

consequence on its inhibitory role was observed in inositol phosphate formation assays 

(Figure 28). Like wild-type RhoH, these mutant proteins with either serine or leucine 

substitutions at F191 position markedly influenced the Rac2G12V- stimulated activity of 

PLC2and PLC2Panel A,C from lower to higher inhibition according to the increasing 

amounts of vector used (200, 500, and 1000 ng). RhoH showed a significant inhibition of 

PLC2 activity (13 %, 53 %, and 74 %) that is relatively similar with RhoHF191L (44 %, 66 

%, and 74 %). In the case of RhoHF191S, it only showed a substantial inhibition (21 % and 

51 %) at 500 and 1000 ng of transfected DNA encoding this mutant. This inhibitory effect 

of wild-type and mutant RhoH was also seen on PLC2 activity. RhoH inhibition was 44 

%, 66 %, and 74 % using different amounts of tranfected DNA. The mutant RhoH F191L, 

exerted an inhibition by 15 %, 34 %, to 54 %, while RhoHF191S showed 40 % (both 200 and 

500 ng) and 70 % (1000 ng) inhibition. The substitution of isoleucine at position 190 for 

tyrosine displayed a marked decrease of RhoH inhibition compared to wild-type. The 

inhibitory effect of RhoHI190Y on PLC2 activity was impaired (Panel A), and even though 

a higher amount (1000 ng) of transfected DNA was used, the inhibition of this mutant was 

just 27 %. The same consequence was illustrated by the effect of RhoHI190Y on PLC2 

activity. This mutant showed merely a partial inhibition by 24 % (200 ng), 18 % (500 ng), 

and 54 % (1000 ng). In general, RhoH mutants had different effects on their inhibition of 

PLC enzyme activity. A potent inhibitory effect was retained with all of the substitutions at 

X amino acids, while A2 substitution displayed a defect in inhibition. These results implied 

that the mode of isoprenylation (farnesylation or geranylgeranylation) is not critical for the 

inhibitory effect of RhoH while an efficient proteolysis of AAX and/or carboxyl methyla-

tion seems to be essential for the inhibitory activity of RhoH. 

Uniform expression levels of PLC2 and PLCβ2 were observed as shown in Panel B and D. 

The three RhoH mutants displayed slightly weaker protein expression than wild-type. 

However, the difference in their expression has no effect on their inhibitory activity.  

RhoHF191S and RhoHF191L still showed strong inhibition as wild-type even if the expression 

of these mutants was weaker. 
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Figure 28 Effect of RhoH and mutants F191S, F191L, and I190Y on Rac2-mediated stimulation of 

PLC2 and PLC2. A, COS-7 cells were transfected as indicated at the abscissa with either 1550 ng of empty 

vector (Control), 500 ng of vector encoding PLC2, together with 50 ng of vector encoding Rac2G12V, and 

increasing amounts (200 ng, 500 ng, and 1000 ng) of vector encoding wild-type RhoH or vector encoding 

RhoHF191S, RhoH F191L, or RhoHI190Y. C, COS-7 cells were transfected with either 1253 ng of empty vector 

(Control), 250 ng of vector encoding PLC2, together with 3 ng of vector encoding Rac2G12V, and increasing 
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amounts (200 ng, 500 ng, and 1000 ng) of vector encoding wild-type RhoH or vector encoding RhoHF191S, 

RhoH F191L, or RhoHI190Y. The total amount of DNA was maintained constant by adding empty vector. 

Twenty four hours after transfection, the cells were incubated for 20 h in the presence of myo-[2-3H]inositol 

(2.5 μCi/ml) and 10 mM LiCl, and the levels of inositol phosphates were then determined. Data are presented 

as means ± SD of triplicates.  B, D, COS-7 cells were transfected as described in Panel A and C, and cells 

from one well were lysed in 200 μl of SDS-PAGE sample buffer. B, An aliquot of PLC2, D, and PLC2 

lysate was subjected to SDS-PAGE and immunoblotting was performed using an antibody reactive against 

the c-myc epitope, PLCβ2, and RhoH. 

 

Further analysis of RhoHF191S, and RhoHF191L confirmed that these mutants did not abolish 

the inhibitory function, as measured by the inositol phosphate formation of the active 

variants PLCγ2PCI and PLCβ220 (Figure 29, Panel A and C). There is no striking 

inhibition difference between the wild-type RhoH and the mutants having substitution for 

serine/leucine at X position (F191S and F191L). The activity of PLCγ2PCI was directly 

inhibited by wt RhoH (44 %, 67 %, and 78 %), RhoHF191S (49 %, 61 %, and 73 %), 

RhoHF191L (41 %, 57 %, and 78 %) with the use of increasing amount of transfected DNA 

(200 ng, 500 ng, and 1000 ng). RhoH showed inhibition to constitutively active PLCβ220 

by approximately 27 %, 52 %, and 73 %, and this effect was also observed for RhoHF191S 

(16 %, 33 %, and 50 %), and RhoHF191L (50 %, 60 %, and 68 %). On the other hand, a 

marked difference in 190Y protein with substitution at A2 was observed. RhoHI190Y 

resulted in a weak inhibition of PLCγ2PCI (7 %, 40 %, and 46 %) and impaired inhibition 

of PLCβ220 activity. These data demonstrated again that among the amino acids (A2 and 

X position) mandatory for a functional CAAX motif, only A2 residue is critical for RhoH-

negative regulation of PLC isozymes.  

There were PLC active variants and RhoH proteins detected at their expected molecular 

mass as shown in Panel B and D (PLCγ2PCI with 147 kDa, PLCβ220 with 131 kDa, 

RhoH and corresponding mutants with 21 kDa). As in the previous experiment, wild-type 

RhoH was predominantly expressed compared to the mutants (RhoHF191S, RhoHF191L, and 

RhoHI190Y). However, the inhibitory effect of RhoH and mutants does not depend on their 

expression. We observed that despite the differences in protein expression between RhoH 

and mutants F191L and F191L, both exerted a roughly similar significant inhibitory effect 

on constitutively active PLC enzymes. In addition to this observation, the expression of 

I190Y mutant at 1000 ng of transfected DNA was almost similar to that of wt-RhoH at 500 

ng of transfected DNA (Panel B and D), however, there is a marked difference in their 
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inhibitory activity. In contrast to wild-type, RhoHI190Y exhibited a decreased inhibition of 

PLCγ2PCI and PLCβ220 activity (Panel A and C). 
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Figure 29 Effect of RhoH and mutants F191S, F191L, and I190Y on the activity of PLC2PCI and 

PLC220. A, COS-7 cells were transfected as indicated at the abscissa with either 1300 ng of empty vector 

(Control), 300 ng of vector encoding PLC2, 300 ng of vector encoding PLC2PCI, together with increasing 

amounts (200 ng, 500 ng, and 1000 ng) of vector encoding wild-type RhoH or vector encoding RhoHF191S, 

RhoHF191L, or RhoHI190Y. C, COS-7 cells were transfected with either 1300 ng of empty vector (Control), 300 

ng of vector encoding PLC2, 300 ng of vector encoding PLC220, together with increasing amounts (200 
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ng, 500 ng, and 1000 ng) of vector encoding wild-type RhoH or vector encoding RhoHF191S, RhoHF191L, or 

RhoHI190Y. The total amount of DNA was maintained constant by adding empty vector. Twenty four hours 

after transfection, the cells were incubated for 20 h in the presence of myo-[2-3H]inositol (2.5 μCi/ml) and 10 

mM LiCl, and the levels of inositol phosphates were then determined. Data are presented as means ± SD of 

triplicates.  B, D, COS-7 cells were transfected as described in Panel A and C, and cells from one well were 

lysed in 200 μl of SDS-PAGE sample buffer. B, An aliquot of PLC2PCI, D, and PLC220 lysate was 

subjected to SDS-PAGE and immunoblotting was performed using an antibody reactive against the c-myc 

epitope, PLCβ2, and RhoH. 

 

3.4.5 Analysis whether the post translational modification of Rac2 has a role in 
stimulatory Rac2-PLC isozymes interaction  

 

To analyze the role of a proper posttranslational C-terminal CAAX processing in Rac2-

mediated stimulation of PLC enzymes, as well as to compare this CAAX function with 

regard to RhoH inhibitory activity, the same amino acids substitutions were introduced into 

constitutively active Rac2G12V at position L191 (A2) and L192 (X) for tyrosine and serine, 

respectively. The generated Rac2G12V/L191Y and Rac2G12V/L192S mutants were then character-

ized for their effect on PLC activity in transfected COS-7 cells. Similar to RhoH, mutation 

at X residue of Rac2G12V did not cause any significant changes in the activation of PLC 

and PLCFigure 30A. PLC2 activity was elevated 11-fold and 16-fold) with increas-

ing amounts of transfected vector coexpressing constitutively active Rac2G12V (Panel B). 

Cells transfected with Rac2G12V/L192S mutant also showed an increase in activity (7-fold and 

15-fold). Similar results were observed for the activity of PLC (Panel A) coexpression 

of increasing amount of constitutively active Rac2G12V caused an enhanced activity (7, 21, 

and 42-fold). This stimulatory effect was retained in the substitution mutant, Rac2G12V/L192S 

(5, 14, and 30-fold). Moreover, Rac2G12V/L191Y mutant which incorporates substitution at 

A2 residue largely retained the ability to stimulate both PLC2 (7-fold and 15-fold) and 

PLC2 (5, 12, and 32-fold) activity.  Based on our findings with RhoH190Y with corre-

sponding A2 mutation, this variant was defective in its inhibitory activity. Hence, this result 

revealed that there is a marked difference between the two Rho GTPases in their CAAX 

function. 

All PLC proteins, and Rac2 variants were expressed (Panel C) which is in agreement to 

their molecular masses (PLC2 with 148 kDa, PLC2 with 134 kDa, Rac2 variants with 21 

kDa).A uniform protein expression was observed for both PLC2 and PLC2 proteins. 
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There is no significant difference between the expression of constitutively active Rac2G12V 

and the mutants, Rac2G12V/L192S and Rac2G12V/L191Y
.
 

A                                              B 

 

            C 

 

Figure 30 Effect of Rac2G12V, Rac2G12V/L192S, and Rac2G12V/L191Y on the activity of PLC2 and PLC2. A, 

COS-7 cells were transfected as indicated at the abscissa with either 1280 ng of empty vector (Control), 250 

ng of vector encoding PLC2, together with increasing amounts (3 ng, 10 ng, and 30 ng) of vector encoding 

Rac2G12V or vector encoding Rac2G12V/L192S and Rac2G12V/L191Y. B, COS-7 cells were transfected with either 

1600 ng of empty vector (Control), 1000 ng of vector encoding PLC2, together with increasing amounts (30 
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ng, and 100 ng) of vector encoding Rac2G12V or vector encoding Rac2G12V/L192S and Rac2G12V/L191Y. The total 

amount of DNA was maintained constant by adding empty vector. Twenty four hours after transfection, the 

cells were incubated for 20 h in the presence of myo-[2-3H]inositol (2.5 μCi/ml) and 10 mM LiCl, and the 

levels of inositol phosphates were then determined. Data are presented as means ± SD of triplicates. C, COS-

7 cells were transfected as described in Panel A and B, and cells from one well were lysed in 200 μl of SDS-

PAGE sample buffer. An aliquot of the lysate was subjected to SDS-PAGE and immunoblotting was 

performed using an antibody reactive against the c-myc epitope, PLCβ2, and Rac2. 

 

We performed subcellular fractionation experiments to evaluate whether the precise 

isoprenoid modification (farnesylation or geranylgeranylation) and proteolysis altered Rho 

GTPase membrane localization. For this reason, we analyzed the localization of RhoH 

mutants F191S, F191L, I190Y, together with Rac2 mutants G12V/L192S, G12V/L191Y. 

All RhoH variants were exclusively localized in the particulate fractions, equal to the 

distribution of wt RhoH (Fig. 31A). On the other hand, the subcellular distribution of all 

Rac2 variants was found to be localized both in the cytosolic and particulate fractions 

(Panel B). There is no detectable difference in the distribution between soluble and 

particulate fractions with Rac2 mutants G12V, G12V/L192S, and G12V/L191Y. 
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Figure 31 Subcellular localization of wild-type and RhoH mutants F191S, F191L, I190Y, and Rac2 

mutants G12V, G12V/L192S, G12V/L191Y. COS-7 cells were grown on 100 mm cell culture plates (2.5 

x 106 cells/plate). After 24 h, cells were transiently transfected using Lipofectamine™ 2000 with A, 24 μg of 

vectors encoding wt RhoH or RhoHF191S, RhoHF191L, and RhoHI190Y, and B, 3.5 μg of vectors encoding 

Rac2G12V, Rac2G12V/L192S, and Rac2G12V/L191Y. The total DNA was maintained constant in each transfection by 

adding empty vector. Forty-eight hours after transfection, the cells were harvested, homogenized, and 

fractionated into postnuclear soluble (S) and particulate (P) constituents. Aliquots of the S and P fractions 

containing 200 μg (RhoH) or 100 μg (Rac2) of total protein  were subjected to SDS-PAGE, and immunoblot-

ting was performed using antibodies reactive against RhoH, Rac2, G1-4, or Rho-GDI. TheG hetero-

trimeric G-protein subunit which is localized at the plasma membrane was used as a marker protein for the 

particulate fraction and Rho-GDI as a marker for the soluble fraction localized in  the cytosol, respectively. 
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3.4.6 Analysis whether mutations at the C-terminal domain in RhoH abrogate the 
inhibitory RhoH-PLC isozyme interaction  

 

Many small GTPases in the Ras and Rho families have a C-terminal polybasic region 

(PBR) with multiple lysines or arginines, as well as the carboxyl terminal CAAX box. PBR 

of Rho GTPases control diverse functions, including their ability to associate with 

membranes, interact with specific proteins, and localize in subcellular compartments 

(Williams, 2003; Chae et al., 2008). The CAAX motif is posttranslationally modified by 

isoprenylation, where AAX residues are removed (Hancock et al., 1991) and the lipid moiety 

is attached to the cysteine residue, which is further modified by the addition of a methyl 

group (Hrycyna et al., 1990; Pérez-Sala et al., 1991). The isoprenoid moiety is required to 

anchor these small GTPases to the cell membrane. 

In line with the importance of the C-terminal region in the functioning of small GTPases, 

the next point we studied is the consequence of the mutation or deletion of these sites to 

the RhoH-PLC inhibitory interaction. For this, we substituted the cysteine-prenylation site 

for serine (RhoHC188S), and deleted the CAAX box (residues 188-191) or the entire PBR 

including the CAAX box (residues 175-191) thereby generating RhoH188-191 and 

RhoH175-191, respectively. In addition, the polybasic region of RhoH was replaced by a 

stretch of Q residues to neutralize the charge of this region (R175RRNRRR of RhoH → 

Q175QQNQQQ). Figure 32A represents the result of the inositol-phosphate formation assay 

for PLC2 stimulated by Rac2. A substantial inhibition of PLC2 activity can only be 

observed for wt RhoH (39 % and 64 %) with increasing amounts of DNA, while its C-

terminal mutants C188S, 188-191, 175-191, R/Q did not display any apparent inhibitory 

function. In the case of Rac2 stimulated activity of PLC2 (Panel C), all RhoH mutants still 

inhibited the enzyme activity, but they showed a marked reduced inhibitory activity 

compared to wild-type. Using different amounts of transfected DNA (200 ng, 500 ng, and 

1000 ng), RhoH considerably inhibited PLC2 activity by 40 %, 63 %, to 81 %. Some 

RhoH C-terminal mutants displayed lower inhibition particularly RhoH188-191(6 %, 26 

%, and 60 %) and RhoH175-191(18 %, 35 %, and 58 %). Other mutants caused even 

more drastic decrease of this inhibitory effect; RhoHR/Q
 showed a very weak inhibition of 

about 10 %, 24 %, to 25 %, and RhoHC188S only showed an inhibition at 1000 ng of 

tranfected DNA (24 %), but did not exert any inhibitory activity at 200 ng and 500 ng of 

DNA. Comparing the effects of the mutants at different amounts of transfected cDNA, it is 
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conceivable that the posttranslationally modified C-terminus, as well as the upstream 

polybasic region of RhoH is required for its inhibitory effects on Rac2 activation of PLC 

and PLC.   

The Western blot analyses in Panel B and D revealed that PLCand PLC proteins are 

expressed evenly according to their transfection amount. A slight difference in expression 

was detected between wt RhoH and the mutants. Here, C188S, 188-191, 175-191, and 

R/Q bands were faint or not detectable especially at lower amount of transfected DNA. Wt 

RhoH and the corresponding mutants have a molecular mass of approximately 21 kDa, 

except for deletion mutant 188-191 (20 kDa) and 175-191 (19 kDa), which differ in 

their molecular masses. 

Basing on the expression profile, C188S mutant at 500 ng of transfected DNA is similarly 

expressed as wt RhoH at 200 ng of transfected DNA. While wt RhoH exerts significant 

inhibitory effect on PLC2 at 200 ng of DNA, C188S is unable to inhibit PLC2 at 500 ng 

of transfected DNA. So, the abolished inhibitory effect of RhoH mutants on PLC2 

stimulation does not rely on the weaker expression level of the mutants. In the case of 

PLC2, RhoH175-191 and RhoHR/Q showed a similar expression as wild-type RhoH at 

500 ng of transfected DNA. Nevertheless, these mutants had a markedly reduced inhibitory 

effect on Rac2-mediated PLC2 stimulation.  
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Figure 32 Effect of RhoH and its C-terminal mutants C188S, 188-191, 175-191, R/Q on Rac2-

mediated stimulation of PLC2 and PLC2. A, COS-7 cells were transfected as indicated at the abscissa 

with either 1520 ng of empty vector (Control), 1000 ng of vector encoding PLC2, together with 20 ng of 

vector encoding Rac2G12V, and increasing amounts (200 ng, and 500 ng) of vector encoding wild-type RhoH 
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or vector encoding RhoHC188S, RhoH188-191, RhoH175-191 or RhoHR/Q. C, COS-7 cells were transfected 

with either 1253 ng of empty vector (Control), 250 ng of vector encoding PLC2, together with 3 ng of 

vector encoding Rac2G12V, and increasing amounts (200 ng, 500 ng, and 1000 ng) of vector encoding wild-

type RhoH or vector encoding RhoHC188S, RhoH188-191, RhoH175-191 or RhoHR/Q . The total amount of 

DNA was maintained constant by adding empty vector. Twenty four hours after transfection, the cells were 

incubated for 20 h in the presence of myo-[2-3H]inositol (2.5 μCi/ml) and 10 mM LiCl, and the levels of 

inositol phosphates were then determined. Data are presented as means ± SD of triplicates. B, D, COS-7 cells 

were transfected as described in Panel A and C, and cells from one well were lysed in 200 μl of SDS-PAGE 

sample buffer. B, an aliquot of PLC2, D, and PLC2 lysate was subjected to SDS-PAGE and immunoblot-

ting was performed using an antibody reactive against the c-myc epitope, PLCβ2, and RhoH. 

 

The same holds true when the RhoH C-terminal mutants were analyzed for their direct 

inhibitory effects on the activity of constitutively active PLC2PCI and PLC220 

(Figure 33, Panel A and C). The inhibition levels were notably decreased, in contrast to the 

strong inhibition by wt RhoH. For example, at 500 ng of transfected DNA, RhoH mediated 

inhibition of PLCγ2ΔPCI was approximately 61 % while the inhibitory effects of the RhoH 

mutants were only about 19 % for C188S, about 26 % for 188-191, and about 15 % for 

175-191. The inhibitory activity of R/Q was fully abolished. All mutants also resulted in 

a defective inhibitory function on PLCβ2Δ20 activity. RhoH mediated inhibition was 

approximately 67 % while the inhibitory effects of the RhoH mutants were only about 3 % 

for both C188S and 188-191, and about 31 % for 175-191. Again, R/Q mutant did not 

show any inhibition. Although the inhibitory effects of RhoH mutants at highest amount of 

transfected DNA were evident to a certain extent, the effect is much weaker than wild-type 

RhoH.  

The expression levels were examined to determine whether the differences of the inhibi-

tory effect were caused by mutation or expression. In this case, the protein bands of the 

RhoH mutants C188S, 188-191, 175-191 and R/Q are weaker than wt at all transfected 

amounts of cDNA (Fig. 33B and D). However, the data presented show that the defect in 

inhibitory activity of RhoH mutants are not the result of their differences in expression 

pattern but are rather the result from interference of the C-terminus sequences (CAAX box 

and polybasic region). As judged by the protein level between the mutants and wt-RhoH 

with the different amounts of cDNAs in the transfection experiments, there is no direct 

correlation of the inhibitory effects and expression. For example in Figure 3-23B, 500 ng 

transfected cDNA of the R/Q mutant led to a similar protein expression with 200 ng cDNA 
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of the wt. Interestingly, the 500 ng transfected R/Q was not able to inhibit the activity of 

PLCγ2ΔPCI whereas wild-type RhoH at 200 ng cDNA exhibited a significant inhibitory 

effect on the activity of the enzyme. 
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Figure 33 Effect of RhoH and its C-terminal mutants C188S, 188-191, 175-191, R/Q on the activity 

of PLC2PCI and PLC220. A, COS-7 cells were transfected as indicated at the abscissa with either 1300 

ng of empty vector (Control), 300 ng of vector encoding PLC2, 300 ng of vector encoding PLC2PCI, 

together with increasing amounts (200 ng, 500 ng, and 1000 ng) of vector encoding wild-type RhoH or 

vector encoding RhoHC188S, RhoH188-191, RhoH175-191 or RhoHR/Q. C, COS-7 cells were transfected 
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with either 1300 ng of empty vector (Control), 300 ng of vector encoding PLC2, 300 ng of vector encoding 

PLC220, together with increasing amounts (200 ng, 500 ng, and 1000 ng) of vector encoding wild-type 

RhoH or vector encoding RhoHC188S, RhoH188-191, RhoH175-191 or RhoHR/Q. The total amount of DNA 

was maintained constant by adding empty vector. Twenty four hours after transfection, the cells were 

incubated for 20 h in the presence of myo-[2-3H]inositol (2.5 μCi/ml) and 10 mM LiCl, and the levels of 

inositol phosphates were then determined. Data are presented as means ± SD of triplicates. B, D, COS-7 cells 

were transfected as described in Panel A and C, and cells from one well were lysed in 200 μl of SDS-PAGE 

sample buffer. B, An aliquot of PLC2PCI, D, and PLC220 lysate was subjected to SDS-PAGE and 

immunoblotting was performed using an antibody reactive against the c-myc epitope, PLCβ2, and RhoH. 

 

 

 Comparison of the effect of C-terminal mutations in RhoH and Rac2 on the 
activity of PLC

 

We also studied the effect of the C-terminal mutation in the context of Rac2. For this, the 

different RhoH C-terminal mutants and the C189S variant of Rac2G12V were subjected to 

inositol phosphate formation assay and and their effects on PLC2 activity were analyzed. 

Consistent with the previous data, RhoH C-terminal mutants including RhoHC188S, 

RhoH188-191, and RhoH175-191 showed a defect in inhibiting PLC2 activity. This 

means that wt RhoH had a stronger inhibitory effect than C188S, 188-191, and 175-191 

as can be seen in Figure 34A. On the other hand, Rac2G12V led to a 14-fold increase of 

PLC2 activity, but this stimulatory effect was abolished when cysteine substitution 

(Rac2G12V/C189S) is incorporated.    

 

All recombinant proteins were expressed. Here, there is no significant expression differ-

ence between the two Rac2 mutants, while a little difference was observed between RhoH 

and its C- terminal mutants (Panel B). 
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Figure 34 Effect of wild-type and RhoH mutants C188S, 188-191, 175-191 and Rac2 mutants G12V, 

G12V/C189S on the activity of PLC2. A, COS-7 cells were transfected as indicated at the abscissa with 

either 1600 ng of empty vector (Control), 1000 ng of vector encoding PLC2, 500 ng of vector encoding 

Rac2G12V/C189S, together with 100 ng of vector encoding Rac2G12V, and 500 ng of vector encoding wild-type 

RhoH or vector encoding RhoHC188S, RhoH188-191, RhoH175-191. The total amount of DNA was 

maintained constant  by adding empty vector. Twenty four hours after transfection, the cells were incubated 

for 20 h in the presence of myo-[2-3H]inositol (2.5 μCi/ml) and 10 mM LiCl, and the levels of inositol 

phosphates were then determined. B, COS-7 cells were transfected as described above, and cells from one 
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well were lysed in 200 μl of SDS-PAGE sample buffer. An aliquot of the lysate was subjected to SDS-

PAGE, and immunoblotting was performed using an antibody reactive against the c-myc epitope, Rac2, and 

RhoH. 

Association of Ras proteins with the plasma membrane is of paramount importance for 

their transforming activity. As already discussed in the previous section, prenylation of the 

CAAX sequence is responsible for membrane targeting. In addition, the polybasic domain 

targets the protein to specific membrane domains such as lipid rafts. We performed a 

subcellular fractionation assay to determine protein levels of wildtype RhoH and the C-

terminally modified RhoH variants in the subcellular fractions.  

Wt RhoH protein was solely present in the membrane-containing fraction (particulate 

fraction) as shown in Figure 35A. The same is true for C188S which is only localized in 

the particulate fraction, although this mutant is not isoprenylated. The 188-191 and R/Q 

mutants showed a little shift to the cytosolic fraction, whereas 175-191 mutant with 

simultanously deleted CKIF-motif and RRRNRRK polybasic domain showed a prominent 

shift to the cytosolic fraction. In comparison to RhoH, Rac2G12V is mainly detectable in the 

soluble fraction, but a proportion of the protein is also localized in the particulate fraction 

(Panel B). Interestingly, there is no difference between Rac2G12V and the C-terminally 

modified mutant C189S in their distribution between soluble and particulate fractions. 

They are both localized in soluble and particulate fractions. These results demonstrated 

that the polybasic domain and a CKIF prenylation site in RhoH work together to mediate 

its membrane targeting. 
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Figure 35 Subcellular localization of wild-type and RhoH mutants C188S, 188-191, 175-191, R/Q 

and Rac2 mutants G12V, and G12V/C189S. COS-7 cells were grown on 100 mm cell culture plates (2.5 

x 106 cells/plate). After 24 h, cells were transiently transfected using Lipofectamine™ 2000 with A, 24 μg of 

vectors encoding wt RhoH or RhoHC188S, RhoH188-191, RhoH175-191, or RhoHR/Q, and B, 7 μg of 

vectors encoding Rac2G12V or Rac2G12V/C189S. The total DNA was maintained constant in each transfection by 

adding empty vector. Forty-eight hours after transfection, the cells were harvested, homogenized, and 

fractionated into postnuclear soluble (S) and particulate (P) constituents. Aliquots of the S and P fractions 

containing 200 μg (wt or RhoH mutants) or 100 μg (Rac2 mutants) of total protein were subjected to SDS-

PAGE, and immunoblotting was performed using antibodies reactive against RhoH, Rac2, G1-4, or Rho-

GDI.TheG heterotrimeric G-protein subunit which is localized at the plasma membrane was used as a 

marker protein for the particulate fraction and Rho-GDI as a marker for the soluble fraction localized in the 

cytosol. 
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4 Discussion 

The PLC isoforms contain a second PH domain that makes them unique among phosphol-

ipase C family. This second PH domain is split into two halves (PHn and PHc) by insertion 

of tandem repeats of SH2SH2SH3 domains (Katan, 2005; Fukami et al., 2010). Although 

the three-dimensional structure of the joined PHn-PHc of PLC1 and PLC2 that forms into 

a complete PH domain has been solved (Wen et al., 2006; Walliser et al., 2008; Bunney et 

al., 2009), we wondered whether in the context of the full-length PLC molecules, these 

two fragments also fold together and represent a dynamic process with distinct structural 

features and biological functions. The discovery of the split PH domain of -syntrophin 

revealed that the isolated partial PH fragments are both unfolded, but soluble in solution. 

Yan et al. (2005) suggest that partial PH domains may stably exist in proteins, and that 

such partial PH domains easily escape detection by conventional computer algorithms. 

Thus, it is possible that partial PH is spatially dissociated and potential interactions of the 

two partial halves (whether ‘hidden’ or not) may exist within one protein (intramolecular 

binding) or between two different proteins (intermolecular binding) favoring a folded PH 

domain state. If this is also the case for the split PH domain of full-length PLC, the 

interaction between PHc of PLC1 and the hypothetical partial PH domain of TRPC3 

suggested by van Rossum et al. (2005) requires a prior dissociation of PLC1-PHc from 

PLC1-PHn. In the same study, it was demonstrated that the PH domain formed by the 

intermolecular two halves of the PH domain from TRPC3 and PLC1 was able to bind to 

phosphatidylinositol (4,5)P2 phospholipids. This indeed assumed a functional PH domain-

like fold capable of binding to specific lipids. It is critical to know whether the complex 

formed by two fragments from PLC and from other proteins, including EF-1(Chang et 

al., 2002), G(Thodeti et al., 2000), and -tubulin (Chang et al., 2005) also fold into a 

canonical PH domain. A key question is whether the split PH halves may take place 

independently in such intermolecular binding to target proteins (where the PHc half is 

somehow dissociated from the PHn half) that assumed a correct PH complementation and 

folding. It is also possible that the intermolecular binding of the one half of the spPH of 

PLC to other protein domain does not induce PH-like fold and the other PH half is still 

required for its proper folding. An analogy can be illustrated here; the X and Y domains of 

phospholipase C which are conserved in all mammalian phosphoinositide-specific PLC 

isoforms are shown to interact to form the catalytic site. When assayed individually, 
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neither the X nor Y polypeptide possesses detectable enzyme activity. The author ex-

plained that perhaps residues within both the X and Y domains directly contribute to the 

catalytic site. If not, catalysis may require residues in the X domain only since studies have 

identified residues within the X domain that are essential for catalytic activity and residues 

within the Y domain have not been reported. It could be that the Y domain is needed for 

the correct folding of the X domain (Horstman et al., 1996). By the same token, the 

switching of either or both of the PHn and PHc abolished activation of PLC2 by Rac2. 

Hence, both PH halves are required for this activation. Since in the further analysis only 

residues within the PHc fragment  are engaged in binding with Rac, the incorrect folding of 

each spPH half may be the reason for the loss of interaction with Rac (Walliser et al., 

2008). However, further work is required to validate the dynamic events governed by the 

split PH domain of PLC enzymes. 

 

The expression and purification of high yield of folded and stable recombinant proteins has 

been a challenge for the spPH domain dynamic study. A common problem with protein 

overproduction is the accumulation of insoluble protein into inclusion bodies. In this work, 

the poor solubility of PHc half of PLC isoforms is a major obstacle. Sufficient amounts of 

pure, recombinant GST-PHc of PLC1 was obtained in the study of Wen, and this half of 

the PH domain remained soluble at concentrations up to 0.5 mM (Wen et al., 2006). The 

bacterial production of PHn and PHc halves had been tried before in our group, but unlike 

PHn, the other PHc half was found to be insoluble. To circumvent inclusion body forma-

tion, fusion tags were exploited which have been found to enhance solubility of the protein 

to which they are fused. In attempts to produce recombinant PHc for the present work, we 

tried several different fusion protein systems including GST, NusA, and MBP fusions 

(Cabrita et al., 2005). Currently, the 26-kDa GST protein from Schistosoma japonicum 

(Smith and Johnson, 1988) is very often used as a fusion partner in molecular biology 

research. The 55-kDa NusA protein from E. coli was predicted and shown to be a good 

fusion partner for increasing solubility (Davis et al., 1999). And the 43-kDa MBP protein 

from E. coli (di Guan et al., 1988) is commonly used with known solubility enhancing 

properties. From our data on expression and solubility we show that MBP is the recom-

mended fusion protein with regard to solubilizing effect on PHc half of PLC1 and PLC2 

(Figure 11). We also utilized MBP tag for purification based on affinity chromatography 

aside from being a solubility enhancer.  There are numerous case studies showing pro-
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moted solubility of recombinant proteins at lower cultivation temperatures (Baneyx, 1999). 

However, we have not seen that effect on MBP-PHc fusion protein at different growth 

temperatures ranging from 16 °C, 20 °C to 30 °C.  Instead, MBP-PHc prefers to carry out 

screening for improved solubility at 37 °C (data not shown).  This favored high cultivation 

temperature in our experiment is possibly disadvantage since proteins are likely more 

vulnerable to aggregation at optimal growth temperatures. Protein production at lower 

temperatures has a profound impact on protein quality. Work on a recombinant GFP 

protein by the Villaverde lab has shown that fraction of aggregated protein largely 

decreased at lower temperatures, while the conformational quality and functionality of this 

GFP, both in soluble and aggregated form progressively improved when the temperature of 

the culture is reduced (Vera et al., 2007). In addition, it is interesting to note as discussed 

in other study that sometimes impaired solubility of smaller proteins could be an effect of 

other factors such as missing cofactors, post-translational modifications, or folding partners 

(Hammarström et al., 2002). Exactly why MBP is such an effective solubility enhancer (in 

contrast to other solubility tags used) remains uncertain, but the fact that it can perform this 

feat appears to adopt the “chaperone magnet” model. In this model, Kapust and Waugh 

(1999) suggested that MBP functions as a kind of passive chaperone in the context of a 

fusion protein. Repeat cycles of nonspecific hydrophobic binding and release by MBP of 

partially folded passenger proteins eventually results in their spontaneous folding while 

avoiding the kinetically competing self-aggregation pathway. In addition, the hydrophobic 

ligand-binding pocket in MBP, which is not present in other soluble proteins, was pro-

posed to be the locus of polypeptide binding (Fox et al., 2001). Because the MBP-PHc 

fusion protein exhibited the highest solubility and expression level, we chose to pursue 

further purification scheme for this system. A His tag was incorporated to the N-terminus 

of MBP for purification by immobilized metal affinity chromatography using an Ni2+ 

chelate affinity column. The solubility enhancing MBP protein can also be used for protein 

purification by amylose affinity chromatography (Pryor and Leiting, 1997, Costa et al., 

2014). In the case of MBP-PHc1, better results were obtained by performing amylose 

affinity chromatography (refer Figure 12). The purification of MBP-PHc2 was successful 

with the usage of Ni2+ affinity chromatography. The reason for this preference in particular 

affinity columns is not well understood. The chromatographic procedures of other pro-

duced recombinant proteins, such as PHn, PHnPHc and PLC isozymes were successful in 

general and substantial amount of these proteins were produced (Figure 13, 14, 15 and 16). 

A clear protein band was visible in the Coomassie stained SDS-PAGE gel. There were 
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hardly any contaminating proteins and if there were some, the protein bands were light 

compared to the protein bands of the target protein. The number of chromatography steps 

is usually two, depending on the purity of the protein after the first step, and has to be 

considered carefully. Only one purification step can result in an impure protein sample, 

while more steps cause a significant loss of protein. In a number of attempts to investigate 

spPH interaction by FCS, we have observed differences in our data, particularly in the 

binding study of MBP-PHc fusion protein (data not shown). The reason for this is unclear, 

but the inconsistency of our data might be a syptoms that the MBP-PHc proteins used in 

our experiment exist in a soluble but aggregated state which can possibly caused nuisance 

in our measurements. In this aggregated state, majority of the passenger protein (PHc) 

fused to MBP is not properly folded. Although we show very promising results for the 

solubility of MBP fusion proteins expressed in E. coli, it should be remembered that this 

does not per se mean that the proteins are correctly folded. There are examples of soluble 

fusion proteins lacking activity both before and after cleavage of the fusion, or gaining 

activity only after refolding (Saavedra-Alanis et al., 1994; Sachdev and Chirgwin, 1998). 

Nomine et al. (2001) were able to detect soluble aggregates in their MBP fusion protein 

preparation which likely indicates aggregation of the passenger moiety. Efforts in optimiz-

ing expression and purification conditions allowed them to banish the soluble aggregates 

and attained soluble and active target protein. Therefore, obtaining a considerable amount 

of soluble MBP-PHc protein is not the end of our challenge. The protein may still be of 

poor quality; i.e., protein adopts an incomplete folding and it does not have the activity it 

should. For this reason, we feel it would be worthwhile trying size exclusion chromatogra-

phy (SEC) to examine the components for some of our purified recombinant proteins since 

solubility is not always a guarantee for proper folding and misfolded proteins generally 

form as aggregates. The results of SEC described in this thesis have shown that purified 

MBP-PHc1 and MBP-PHc2 contained a major portion in its multimer forms which may 

indicate their existence as only soluble aggregates (Figure 17). This is not surprising 

anymore because a number of MBP fusion proteins have been shown to be dimers, 

tetramers, or larger forms (Martinez et al., 1995; Martin et al., 1997; Kishore et al., 1998; 

Ohto et al., 1998). Moreover, a degraded form corresponding in size of MBP alone was 

also identified in our preparation. It seems that MBP is cleaved off from our passenger 

moiety (PHc). It is interesting to note that one of our analysis showed that MBP alone exist 

as a monomer, which has also been reported by other researchers (Kishore et al., 1998).  

While the preparation of recombinant protein especially PHc half is prone to aggregation, 
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we have produced a soluble and mainly monomeric joined PHnPHc of PLC1 (PHn1PHc1) 

as shown in Figure 18. Unlike PHc1, our data implied that joined PHn1PHc1 protein is not 

vulnerable to aggregation and this can be explained by its potential correct folding. Indeed, 

it has been described that the PH domain formed by two separate halves is stable and even 

the insertion of SH2SH2SH3 does not alter the structure of the split PH domain (Wen et 

al., 2006).  

Although we observed binding between MBP-PHc and PLC in FCS (data not shown), it is 

very difficult in our experience to achieve accurate results. One possible interpretation in 

the inconsistent results of our binding measurements between MBP-PHc and PLC is the 

aggregation of our purified proteins which cause nuisance in our FCS measurements. This 

aggregation is due to the fact that the MBP-PHc fusions were detected as multimer forms 

that end in our MBP fusion protein unsuitable for further studies. We cannot rule out the 

possibility that some technical artifacts can as well be responsible for the deviation in our 

work. For example, Egner et al. (1998) presented a detailed study of the aberration effects 

introduced by even small refractive index mismatches, which may be a problem for correct 

FCS data evaluation when working in biological samples. Another important consideration 

is that most protein molecules tend to adhere to any surfaces like cover slips or the walls of 

reaction chambers due to their surface charges which may split apart some of the dye 

labeled to the protein or a significant amount of the molecules may simply disappear 

(Schwille and Haustein, 2001), although we could show in our experience that such effects 

are reduced when specially coated containers are used.  

Furthermore, binding parameters have been estimated from FCS data showing affinity 

between PHn1 half and PLC1 enzyme (see Figure 19). We did not observe the expected 

increase in correlation time of about 2.4-fold for PHn1 interacting with PLC1, although 

the concentration of PLC1 (36 µM) used in the titration curve was already high enough. 

The experimental constraints were possibly be determined by the saturation behavior of the 

probes or by the characteristics of the fluid system like viscosity. In principle, binding 

increases rapidly at the lower concentrations while reaching a plateau at the higher 

concentrations. In our work, formation of dimers or multimers of PLC at certain high 

concentration might come into play, which is the driving force for not reaching saturation. 

Information has appeared in the literature documenting that purified PLC1 contained a 

minor aggregate component equivalent to its dimeric form (Gresset et al., 2010). In fact, 

we did one experiment titrating labeled PLC1 with PLC1 presented in Figure 20, and 
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could measure a first increase in correlation time at concentration as low as 5 µM PLC1 

which may suggests self-aggregation. A second key issue is that viscosity of the solution 

tends to increase at high concentration which in turn decreases protein diffusivity, thereby 

affecting saturation. While we cannot state with absolute certainty the binding affinity, our 

data support the fact that intermolecular interaction of PHn and PLC exists. A control 

experiment was performed to verify that such specific binding likely emerged. PHn1 was 

titrated with increasing concentrations of alcohol dehydrogenase (ADH) of relatively 

identical size with PLC enzyme (data not shown). In this experiment, we have seen a 

much smaller increase in correlation time as compared to PLC1. This observation could 

provide us two implications; non-binding of the ADH control and specific binding of 

PLC to PHn1. Furthermore, our data in Figure 21 also indicate binding of PHn1PHc1 to 

PLC1, despite that saturation of this reaction is still an unresolved matter. The negative 

control ADH did not bind to PHn1PHc1. Based on overall FCS study, we suggest that PHn 

or PHnPHc possibly associate with the other complementary half (PHc or PHn) of the 

known spPH that is present in PLC implying that in the context of the full-length 

enzyme intra- or inter-molecular interactions of spPH domain could also ex-

istMoreoverthe interaction between the joined two halves of the split PH domain 

(PHn1PHc1) and PLC would mean that it may undergo spontaneous dissociation or 

conformational changes. Yet, it remains as an open question whether the partial PH 

domain (PHn or PHc) can exist and interact independently complementing the other half of 

PH domain, or alternatively both folded PH halves are necessary for interaction. Future 

studies are essential for a thorough understanding of the underlying dynamic interaction of 

split PH domain of PLC isoforms. These will require different approaches, including 

further binding study of PLC mutants to verify that the interaction site is specific to spPH 

and the use of different techniques to analyze protein-protein interaction (i.e., Surface 

Plasmon Resonance). Another approach that can be considered is in vivo quantitative study 

of the molecular dynamic behavior of spPH in living cells.  

 

The regulation of PLC enzymes by RhoH is an emerging concept that was further verified 

in this thesis. Unlike typical Rho GTPases, RhoH lacks the GTPase activity owing to the 

absence of important amino acid residues in the GTPase domain, and it exists as 

GTPbound active form only (Foster et al., 1996; Li et al., 2002; Riento et al., 2005). This 

identified hematopoietic-specific RhoH (Fueller et al., 2008), is reported to display 
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inhibitory effects on many cellular signaling pathways, such as in the activation of MAP 

kinase p38 and NFB (Li et al., 2002), along with LFA-1 mediated adhesion (Cherry et al., 

2004) and bone marrow progenitor migration (Gu et al., 2005; Chae et al., 2008). More-

over, as described by Li et al. (2002), RhoH has inhibitory effects on selected transcrip-

tional pathways whose activation was mediated by other Rho GTPases namely Rac1, 

RhoA and Cdc42. Thus, RhoH functions as an antagonist for these classical Rho GTPases. 

We have also observed antagonistic effects of RhoH on Rac2-mediated activation of PLC 

enzymes. This work and the previous results of our group have shown that RhoH inhibits 

Rac2G12V-mediated stimulation of PLCγ2 and PLCβ2. Interestingly, phospholipase C 

enzymes-PLCγ2 and PLCβ2 as Rac2 and RhoH, are all expressed mainly in hematopoietic 

cells (Fukami et al., 2010; Troeger and Williams, 2013). The molecular mechanism for 

such function of RhoH in an antagonistic fashion to other Rho GTPase-mediated signaling 

is largely unknown. One possible explanation of RhoH in the regulation of Rac function is 

that it affects the localization of Rac. Chae et al. (2008) described that Rac1 is localized in 

the plasma membrane after SDF-1α stimulation of primary hematopoietic progenitor cells 

(HPC) and RhoH inhibits its membrane translocation. RhoH has a similar polybasic 

domain within its C terminus and also localizes in the plasma membrane in HPCs (Chae et. 

al., 2008). This may lead to a competition for the binding sites in the lipid rafts between 

RhoH and Rac1. Another possible mechanism that can explain RhoH regulation of Rac 

activity is that RhoH can inhibit Rac activation which was observed in RhoH-transduced 

progenitor cells indicating that RhoH acts on the level of GEFs (Gu et al., 2005). In our 

experiments, a constitutively active,  GTPase-deficient variant of Rac2, Rac2G12V was 

used. The fact that RhoH can still inhibit the activity of Rac2G12V indicates that RhoH-

mediated inhibition is most likely further downstream on the level of effectors like PLC. 

Interestingly, we have found that RhoH was  able to inhibit the activity of constitutively 

active variants of PLCγ2 and PLCβ2, namely PLCγ2PCI and PLCβ220 in which the 

autoinhibitory elements have been removed. This suggests a direct interaction between 

RhoH and the two PLC enzymes, consistent with the results of Matsumoto et al. (2009) 

which showed RhoH as an interaction partner of PLCγ2 in cultured lymphoma B 

cells.Here, we analyzed different mutants of PLC2 and RhoH to distinguish structural 

features concerning the specific interactions involved in RhoH-mediated inhibition of PLC 

enzymes.  Like all PLC isozymes, PLC1 and PLC2 contain an N-terminal PH domain. 

However, they also contain a second unique PH domain split into halves. These two PH 

domains are possible interaction sites of RhoH, since mutational studies and NMR 
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spectroscopy revealed that Rac2 binding interface resides in β-strand 5 and the α-helix 

region of the split PH domain of PLC2 (Walliser et al., 2008, Bunney et al., 2009). In 

contrast, Rac1 binding to PLCβ2 notably differs and was shown by Jezyk et al. (2006) to 

involve primarily β-strand 1 and loop regions of the N-terminal PH domain. This study 

using mutants of PLCwith interchanged N-terminal or split PH domains, or with deleted 

SA region implicated that both PH domains of PLC were not the structural determinants 

that defined RhoH inhibitory regulation, the results of which are shown in Figure 23. It is 

interesting to note that the 2-122PCI variant (with switched N-terminal PH domain and 

deleted phospholipase C inhibitor) was not constitutively active as expected, the reason for 

this is unclear. Nevertheless, its activity was enhanced by Rac, and was consequently 

inhibited by RhoH (Figure 24). Our study points to an alternative interaction mechanism 

between these two important signaling molecules- PLC and RhoH. Thus, unlike Rac1-

PLC2 and Rac2-PLC2 interactions in which the N-terminal and split PH domains are 

required, respectively, the involvement of other domains in PLC seems to be the key 

elements for its interaction with RhoH. Previous studies of RhoE, another GTPase-

deficient Rho GTPase, showed that RhoE binds to RockI through another site other than 

the canonical Rac1 binding site (Garg et al., 2008; Wang et al., 2010), indicating that 

GTPase-deficient Rho GTPases might have a distinct structural feature in binding to their 

targets. So far, there is no hint to confer for plausible interaction domain of PLC enzyme, 

yet a better understood structural mechanism was described between the interaction of 

RhoH and its target p21-activated kinases (PAKs). It was shown that RhoH is required for 

Jurkat cell migration in response to high concentrations of SDF1α, and this is mediated 

through direct binding and activation of PAK1 by RhoH (Wang et al., 2010). PAK1 

consists of N-terminal regulatory domain including the overlapped AI domain and p21-

binding domain (PBD), a minimal region within the PBD, called CRIB (Cdc42 and Rac 

interactive binding). It has also a C-terminal catalytic (CAT) domain (Lei et al., 2000). The 

group of Wang et al. (2010) explored the RhoH-PAK interaction and their result illustrated 

that CRIB is necessary but not sufficient for RhoH binding. It requires the CAT domain for 

a stable RhoH-PAK1 interaction. CRIB is sufficient for a conventional Rho GTPase-PAK 

interaction. The association of RhoH to additional PAK1 domain suggests that the 

GTPase-deficient Rho members (together with RhoE) have an alternative binding feature 

to targets that is not found in typical Rho GTPases. 
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As to RhoH-PLC2 interaction, the task of defining the interaction topology on PLC2 was 

apparently complicated. Our group pressingly sorted out the details of the binding sites on 

RhoH. Therefore, different sets of RhoH mutants were used and their inhibitory influence 

on Rac2G12V-stimulated activity of PLC and PLC, as well as on the constitutively 

active enzymes PLCγ2PCI and PLCβ220 were examined. We have investigated the role 

of threonine (conserved residue of small GTP-binding proteins) positioned at the effector 

loop in the switch I region for the inhibitory property of RhoH. In this study, we showed 

that the T36A mutation, previously described as a loss of function mutant (Gu et al., 2005) 

did not have an impact on the inhibition of PLC enzyme activity by RhoH (refer to Figure 

25 and 26). On the other hand, the mutation of Thr-35 in Rac2 displayed a different 

outcome, whereat the stimulation of PLC activities by Rac2G12V/T35A mutant appears totally 

defective when compared with the constitutively active Rac2G12V variant alone (Figure 27). 

These observations suggest that T35A mutation could influence Rac2 interaction, with 

much lower affinity, to PLC isoforms. It is known that the invariant switch I Thr residue 

(Thr-35 in Ras and Rac) is involved in the coordination of the Mg2+ ion in the guanine 

nucleotide binding site and in contacting the -phosphate of GTP (Valencia et al., 1991), 

resulting in the GTP-bound conformation proposed to specifically interact with effector 

proteins. NMR studies of GTP-bound Ras in solution by Spoerner et al. (2001) revealed a 

dynamic equilibrium with two different conformational states: one of which (state 2) 

corresponds to the structure found in the complex with the effectors, with Thr-35 interact-

ing with the -phosphate of GTP, and the other conformation observed in mutant T35A 

which occur primarily in the nonbinding conformation (state 1). Little change in the switch 

I region, like removing crucial components for threonine residue contacts, significantly 

affect dynamic behavior and, in turn, affinity with effectors (Spoerner et al., 2001). If 

RhoH-PLCinteraction indeed exists, the dynamic switch mechanism proposed for GTP-

binding proteins involving threonine (Thr-36 in RhoH) is likely not important for the 

interaction between RhoH and its effectors PLC2 and PLC2. The fact that GTPase-

deficient RhoH does not adopt the classical switch molecule that cycle between the GDP-

bound inactive and the GTP-bound active form, it is possible that the regulation of  the 

formation of active signaling complexes with its target is accompanied by other mecha-

nisms.In the current study, we explored the C-terminus of RhoH by introducing a variety 

of amino acids substitutions or deletions into its polybasic region (PBR) and CA1A2X 

motif to discover the effect of these regions on the inhibitory role of RhoH. We expect that 

RhoH, similar to the majority of Rho family GTPases, is also engaged in a series of 
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posttranslational modifications that promote proper subcellular localization to the plasma 

membrane and/or intracellular membranes, which might be required for RhoH inhibitory 

activity. The sequence of modifications is triggered by the recognition of CA1A2X 

tetrapeptide motif in the carboxyl-terminus (where C represents cysteine, A is an aliphatic 

amino acid, and X is any amino acid). The first step, mediated by farnesyltransferase 

(FTase) 2 and/or geranylgeranyltransferase (GGTase) type I, results in the covalent 

addition of a farnesyl or geranylgeranyl isoprenoid lipid, respectively, to the cysteine 

residue of the CAAX sequence. Then, the -AAX peptide is cleaved from the carboxyl 

terminus by the Rce1 Ras-converting enzyme 1 endoprotease. Eventually, isoprenylcys-

teine-O-carboxyl methyltransferase (Icmt) catalyzes the addition of a methyl group to the 

prenylated cysteine residue (Sebti et al., 2003). The X residue of the CA1A2X motif is the 

primary determinant of whether a peptide is a substrate for FTase, GGTase-I, both or 

neither. In the prenylation process, RhoH can be modified both by farnesylation and 

geranylgeranylation since it possesses a phenylalanine residue at the C-terminus X amino 

acid (CKIF motif). In intact cells expressing RhoH, dual treatment with farnesyltransferase 

inhibitors and geranylgeranyltransferase inhibitors is needed to induce relocalisation of 

RhoH to the cytoplasm indicating that RhoH is modified by both isoprenoids (Roberts et 

al., 2008). Biochemical data although showed that GST-RhoH was preferentially modified 

in vitro by farnesyl-transferase (Fueller et al., 2008).  In our study, we observed that 

RhoHF191S where X=S determines farnesylation of RhoH and RhoHF191L where X=L 

determines exclusively geranylgeranylation of the Rho GTPase retained inhibitory activity 

(Figure 28 and 29). Thus, CAAX sequences with X-position residues that are able to signal 

efficient isoprenoid addition, independent of whether a farnesyl or geranylgeranyl moiety 

is added, would still be expected to ensure inhibitory activity of RhoH. This is also true for 

Ras where its transforming activity can be promoted by either farnesylation or geranylger-

anylation (Hancock et al., 1991; Cox et al., 1992). Interestingly, replacement of isoleucine 

by tyrosine at A2 (I190Y) considerably reduced the inhibitory effects of RhoH on Rac2 

activation of PLC enzymes, as well as on the active PLCγ2PCI and PLCβ220 variants 

(Figure 28 and 29). Substitution of isoleucine at A2 (I187Y) of Ras protein was found to 

hinder AAX proteolysis and carboxyl methylation steps, without abolishing farnesylation 

(Kato et al., 1992). Our findings indicate that isoprenylation alone is not sufficient to 

support inhibitory activity of RhoH and that the two modification steps including proteoly-

sis and carboxyl methylation are important for RhoH-mediated inhibition of PLC2 and 

PLC2 activity. On the other hand, the analogous mutation in Rac2 did not substantially 
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affect the ability of Rac2G12V to stimulate PLC2 and PLC2 activity (Figure 30). Similar to 

constitutively active Rac2G12V, the substitution of A2 and X residues in Rac2, generating 

the mutants Rac2G12V/L191Y and Rac2G12V/L192S, respectively (Figure 30), did not abrogate 

the stimulatory effect of activated Rac2 on PLC activity, indicating that in the case of Rac2 

isoprenylation alone is sufficient for stimulation of PLC activity. Ras A2 mutant (187Y) 

did not undergo either proteolysis or carboxyl methylation, but still displayed efficient 

membrane association (=50 %) and transforming activity (0.55 relative focus-forming 

activity) suggesting that isoprenoid modification alone is sufficient for oncogenic Ras 

function (Kato et al., 1992). These results contrast with the observation for the RhoH A2 

mutant (190Y) which showed that proteolysis and carboxyl methylation site are critical for 

its inhibition activity. Thus, the importance of the mode of isoprenylation, proteolysis, and 

carboxyl methylation for protein function is different for each Rho GTPase. In our 

experiment we could not see any difference in subcellular distribution between wild-type 

RhoH and RhoHI190Y. RhoHI190Y is exclusively located in the particulate, membrane-

containing fraction (Figure 31). However, Roberts et al. (2008) found that loss of Rce1 and 

Icmt function in mouse embryonic fibroblasts did not impair association of RhoH with the 

plasma membrane but resulted in a reduced association with endomembranes. These 

changes in the subcellular membrane distribution could account for the substantially 

reduced inhibitory activity of RhoHI190Y. So, complete C-terminal modification is required 

for proper subcellular localization and function of RhoH. To verify accurately the defect of 

postprenylation CAAX processing of this I190Y RhoH mutant, it is possible to apply the 

electrophoretic mobility assay described by Kato et al. (1992). This technique is able to 

distinguish between (i) unprocessed protein, (ii) isoprenylated or both isoprenylated and 

proteolyzed protein, and (iii) fully processed protein. Furthermore, the importance of AAX 

proteolysis and carboxyl methylation for the function of other Ras and Rho GTPases was 

described by Michaelson et al. (2005). Their results demonstrated that postprenylation 

CAAX processing is essential for the localization and function of farnesylated Ras 

proteins, but, not of geranylgeranylated Rho proteins such as Cdc42 and Rac1. In future 

experiments, it would be important to analyze the activities of RhoH double mutants, 

RhoHI190Y/F191S and RhoHI190Y/F191L that are selectively subject to farnesyl and geranylger-

anyl modification, respectively, in order to examine the sensitivities of these mutants to 

deficient postprenylation CAAX processing. In addition, the inhibitory activity of wild-

type RhoH and mutants RhoHF191S and RhoHF191L can also be analyzed in mouse embry-

onic fibroblasts lacking RceI or Icmt. Interference with the C-terminal region of RhoH, 
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making use of cysteine exchange to serine (C188S), CAAX deleted (188-191), and 

PBR+CAAX deleted (175-191) mutants, indicated that the carboxyl-terminal isoprenyla-

tion is required for RhoH inhibition on PLC activity (Figure 32 and 33). Our results are in 

line with those obtained by Chae et al. (2008) demonstrating that the C-terminal domain of 

RhoH is required for its inhibitory effect on cortical F-actin assembly in hematopoietic 

progenitor cells. Tampering with the important sequences that prevents the three posttrans-

lational modifications (isoprenylation, proteolysis, and carboxyl methylation) renders 

RhoH defect in inhibition. As is generally known, these modifications together increase 

protein hydrophobicity and facilitate membrane association of Ras and Rho family 

members, thereby promoting their participation in membrane-localized signaling pathways 

and other biological interactions (Hancock, 2003; Wright and Phillips, 2006). In considera-

tion to this view, it is tempting to suggest that reduced interactions with membranes can be 

accounted for the diminished inhibitory effectiveness of RhoH mutants with mutated or 

deleted CAAX. Intriguingly, this assumption does not totally correlate with our data from 

cell fractionation experiments. The deletion of CAAX alone or mutation at cysteine did not 

abolish membrane localization even though prenylation site is lacking (Figure 35 A). A 

significant shift of RhoH to the cytosolic fraction was only visible when CAAX and PBR 

were simultaneously removed. The study of Chae et al. (2008), however, showed that both 

of their C-terminally truncated RhoH mutants (CAAX and PBR+CAAX) had totally 

diminished membrane localization with a clear shift to the cytosolic fraction while most of 

wild-type RhoH was located in detergent soluble membrane-containing fractions (23 %) 

and detergent-insoluble lipid rafts (35 %) (Chae et al., 2008). The possible explanation for 

this apparent discrepancy could be the difference between the two experimental strategies 

employed in the subcellular fractionation. For instance, Chae et al. (2008) used different 

cell line and lysis procedure in their analysis. We still observed signal for membrane 

localization when CAAX sequence alone is absent in RhoH. The reason for this distinct 

result might be that the C-terminal PBR plays an additional role in the regulation of the 

membrane localization of Rho GTPases (Hancock, 2003; Van Hennik et al., 2003; 

Williams, 2003). Hence, the modifications of the CAAX motif may provide only one part 

of the signal for the RhoH protein to localize to the plasma membrane. In the case of Rac2 

GTPase, CAAX-modification is also important for its stimulatory effect on PLC activity. 

The mutation of the cysteine prenylation site at the CAAX motif of activated Rac2 

(Rac2G12V/C189S mutant) caused Rac2 to be inactive (Figure 34) and this is perhaps due to 

the reduced interaction with membranes.  However, our results showed that Rac2G12V/C189S 
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mutant is localized both in soluble and particulate fractions (Figure 35).  Furthermore, 

when the polybasic region of RhoH consisting of six positive Rs was replaced by a stretch 

of neutral Q residues, the results of this study indicate that PBR of RhoH contributed 

significantly to the inhibittory function of this atypical GTPase (Figure 32 and 33). It has 

been shown that when the six contiguous lysines in the PBR of K-Ras4B are mutated to 

neutral glutamines, the membrane association of K-Ras4B is abated (Hancock et al., 1990; 

Jackson et al., 1994). The positive charge of the basic lysines or arginines in the PBR was 

believed to enhance the association of the GTPase with membranes and other effector 

proteins through electrostatic interactions (Williams, 2003). The mechanism of this PBR-

dependent inhibition of RhoH, whether PBR associate with PLC enzyme or target RhoH to 

membrane region where it may participate in PLC signaling pathways, is still a subject to 

be clarified. Interestingly, in some small GTPases, PBR regulates their trafficking as they 

go through prenylation (Hancock, 2003; Winter-Vann and Casey, 2005; Wright and 

Phillips, 2006) and is required as a second signal for membrane localization (Hancock et 

al., 1990). Although it was not known how the PBR assists such trafficking through the 

prenylation pathway, several studies indicate that PBR promotes the interactions of small 

GTPases, including K-Ras, Rap1, RhoA, and Rac1, with small GTP-binding protein GDP 

dissociation stimulator  (SmgGDS) (Strassheim et al., 2000; Takakura et al., 2000; 

Quilliam et al., 2002, Lanning et al., 2003; Williams, 2003). SmgGDS, a protein consisting 

almost entirely of predicted Armadillo (ARM) domains (Peifer et al., 1994), was previ-

ously described to be a weak guanine nucleotide exchange factor (GEF) due to its ability in 

promoting the dissociation of GDP and uptake of GTP by its small GTPase partners 

(Takakura et al., 2000; Quilliam et al., 2002, Williams, 2003). However, SmgGDS does 

not have any of the known catalytic domains found in other GEFs, suggesting that 

SmgGDS regulates small GTPases by an alternative mechanism that might not involve 

classical guanine nucleotide exchange. Later on, the work of Berg et al. (2010) has 

provided evidence of the regulation of SmgGDS with small GTPases, involving their 

entrance and trafficking through the prenylation pathway. They reported that PBR 

containing small GTPases interact with two splice variants of SmgGDS, called SmgGDS-

558 and SmgGDS-607. These two splice variants participate together for the entry, transit, 

and exit of small GTPases moving through the prenylation pathway to their final sites of 

activity at membranes. Here, SmgGDS-607 specifically interacts with nonprenylated small 

GTPases. The authors explained in this literature that their findings support the possibility 

that SmgGDS-607 might sequester newly synthesized small GTPases in the cytoplasm as 
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reserves for rapid prenylation, or transfers nonprenylated small GTPases to the prenyltrans-

ferases (PTase) that attach the isoprenoid moiety, or perhaps facilitates a guanine nucleo-

tide exchange event necessary for prenylation. On the other hand, SmgGDS-558 was found 

to specifically associates with prenylated small GTPases and this implicates several 

possible mechanisms. Berg et al. (2010) proposed that SmgGDS-558 might promote the 

release of newly prenylated small GTPases from PTases, or SmgGDS-558 can also escort 

newly prenylated small GTPases to the endoplasmic reticulum (ER) for CAAX processing 

(Berg et. al., 2010). It is known that the prenylated GTPases move to the ER for post-

prenylation processing such as proteolysis and carboxyl methylation (Hancock, 2003; 

Winter-Vann and Casey, 2005; Wright and Phillips, 2006). They also recommend that 

SmgGDS-558, preferentially interacting with PBR-containing small GTPase, transfer these 

GTPases from the ER to the plasma membrane (PM) since PBR-containing GTPases were 

shown to follow a unique ER to PM route (Wright and Phillips, 2006).The mechanism of 

RhoH inhibition on PLC activity might be linked to one of the multiple ways utilized by 

SmgGDS to regulate small GTPase prenylation and membrane trafficking. Therefore, it is 

possible that interference of the C-terminal PBR and CAAX would affect these overall 

events, and in the end, fail to direct RhoH to its specific effectors- PLC or PLC at the 

plasma membrane. In fact, our results of subcellular fractionation experiments demon-

strated that wt RhoH protein was mainly present in the membrane-containing fractions, 

whereas deletion of the polybasic domain and CAAX resulted in a shift to the cytosolic 

fraction (Figure 35 A). This would signify that the absence of these C-terminal sites in 

RhoH influence its membrane localization (whether mediated by SmgGDS or by other 

means) and the negative regulatory effect on PLC enzyme activity. This study clearly 

established that the C-terminal PBR and CAAX are the components required for RhoH 

inhibition. At present there is only little experimental evidence to facilitate dissection of 

the distinct molecular mechanisms by which these C-terminal sites of RhoH regulates 

either direct or Rac2G12V-mediated inhibition of PLC enzyme activity. Detailed direct 

protein-protein interaction studies between RhoH and PLC isoforms (specifically PLC2) 

deserve further investigation. In addition, the reported PLC2-RhoH interaction in cultured 

lymphoma B cells (Matsumoto et al., 2009) is a critical finding and we intend to study the 

function of RhoH in PLC2 signalling in B-cell derived chronic lymphocytic leukemia 

(CLL) cells. The observations of Sanchez-Aguilera et al. (2009) and Troeger et al. (2012) 

suggest that RhoH plays a critical role in CLL progression by mediating pro-survival 

interactions with the tumor microenvironment. Hence, it is of tremendous importance to 
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dissect RhoH-mediated signaling pathways, in particular the role of RhoH in PLC2 

signalling upon B cell receptor stimulation. 
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5 Summary 

The two isoforms phospholipase C- (PLC), PLC1 and PLC2, play a critical role in 

signal transduction. This thesis covers mainly the study of the regulation of 

PLCinvolving the dynamic process of its split-PH domain and also its interaction with 

RhoH. Pleckstrin homology (PH) domain is a protein module found in many proteins and 

is widely known to be involved in cellular signaling and cytoskeletal organization. PLC 

isozymes harbor a unique PH domain split into an N-terminal (PHn) half and a C-terminal 

(PHc) half by an insertion of two Src homology 2 (SH2) domains and a Src homology 3 

(SH3) domain. It was described that these PHn and PHc fragments of PLC fold together 

to form canonical PH domain structures once they are expressed as fusion proteins in a 

head-to-tail arrangement, and that the SH2SH2SH3 domain tandem is not required for the 

correct folding of the PH domain. Previous studies have revealed an interaction between 

PHc of PLC1 and the type 3 canonical transient receptor potential channel (TRPC3) which 

is important for targeting of this non-selective ion channel to the cell surface. On the other 

hand, it was shown that the small GTPase Ras-related C3 botulinum toxin substrate 2 

(Rac2) interacts with and stimulates PLC2 in a PLC isozyme-specific way. The specific 

mode of this interaction was found to reside at the C-terminal half of the split-PH domain. 

Although, there are already reports demonstrating the interactions of the split-PH halves 

(PHn or PHc) of PLC with other proteins and its functional significance, our knowledge 

of the dynamics of its structures and functions still remains vague. Here, recombinant PHn 

half, PHc half, joined PHnPHc from PLC isoforms were produced, and  these sets of 

proteins were subjected to further interaction study using Fluorescence Correlation 

Spectroscopy (FCS) technique. To enhance the solubility of poorly soluble PHc, a 

solubility tag was fused to this protein. Among the three different commonly utilized 

solubility tags- glutathione S-transferase (GST), N utilization substance A (NusA), and 

maltose-binding protein (MBP), fusion to MBP was found to promote substantially the 

solubility of PHc. However, analysis with Size Exclusion Chromatography (SEC) revealed 

that MBP-PHc fusion proteins exist as soluble aggregates, making them unsuitable for a 

binding study.  Moreover, FCS evaluations have shown that PHn or PHnPHc interact with 

PLC suggesting that these isolated fragments possibly associate with the other comple-

mentary half (PHc or PHn) of the known spPH present in PLC Thus, it seems that in the 

context of the the full-length enzyme, intra or inter-molecular interactions of spPH domain 



5  Summary                    142 

 

exist. These findings merit future studies for a thorough understanding of the dynamic 

process of the split-PH domain of PLC. 

The later part of this thesis deals with the regulation of PLC enzymesspecifically PLC2 

and PLC2by RhoH. Ras-homologous protein H (RhoH) is an atypical Rho GTPase, 

which lacks the GTPase activity due to the absence of important amino acid residues in the 

GTPase domain. Our group recently uncovered antagonistic feature of this atypical 

GTPase towards Rac2. Rac2-mediated stimulation of PLCγ2 and PLC2 activity was 

inhibited by RhoH. We could also previously show that RhoH directly inhibits the activity 

of constitutively active variants of PLCγ2 and PLCβ2. The molecular mechanisms of the 

inhibitory function of RhoH are still unknown. Therefore, the structural requirements for 

RhoH inhibitory function were investigated here. In this work, mutational analysis using 

PLC chimeras revealed that neither the N-terminal nor the internal split-PH domain of 

PLCare potential interaction sites of RhoH. Furthermore, RhoH possesses structural 

domains that are known from other Rho GTPases for their important features. Our group 

has found that structural domains such as switch regions, ITAM-like, and insert region 

were not necessary for RhoH activity. On the other hand, findings of this thesis have 

shown that the C-terminal region of RhoH consisting of polybasic region (PBR) and 

CAAX are required for its inhibitory effect. CAAX and PBR are known to facilitate 

membrane localization and interaction of effectors. The interference of C-terminal 

sequences has allowed us to distinguish possible mechanisms of RhoH inhibitory effect on 

PLC enzymes and further detailed structural studies are mandatory. 
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